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Thesis abstract 

Climate change, which is characterized by the rise of global atmospheric temperatures known as 

global warming, has serious detrimental effects on crop production because of the direct influence of 

elevated temperature on plant development. One novel strategy to increase crop productivity while 

mitigating heat stress is the use of soil microbes, which is slowly gaining popularity because of its low-

cost approach, availability, sustainability, and quick turnover. Specific soil microbes can form 

symbiotic relationships with the roots, whose beneficial effects on plant growth and development, as 

well as on plant responses to biotic and abiotic stresses, lead to improved plant performance. The plant-

microbe interaction is complex and involves below-ground communication, followed by modifications 

of molecular, biochemical, and morphological processes in the plant. Plant roots display extreme 

plasticity in adapting to a range of environmental stimuli and are therefore important indicators of plant-

level responses to microbial colonization, via changes in architecture and metabolic processes. Lipids, 

which are essential constituents of the plasma membrane with diverse functions in cellular processes 

and homeostasis, have been proposed to play significant roles in the rhizosphere. Because heat stresses 

have a profound effect on membrane stability and lipid composition, rising global temperatures are 

likely to impact the formation of plant-microbe symbiosis.  

This study aimed to characterize and quantify the bacteria-induced growth promotion and heat 

tolerance in plants, and to investigate how plant root lipid profiles are altered under both bacteria and 

high-temperature conditions. For that, advanced phenotyping and lipidomics technology were 

employed to monitor plant responses to developmental and environmental changes. By using the high-

resolution, high-throughput phenotyping platform GrowScreen-Agar II, an open-top plant-bacteria co-

cultivation system was optimized utilizing the model plant Arabidopsis thaliana and the plant-growth-

promoting rhizobacteria (PGPR) Paraburkholderia phytofirmans PsJN. This allowed for in-depth, 

tissue- and time-specific root-and-shoot morphological trait characterization, which elucidated the 

dynamics of bacterial promotion on plant growth. We have quantified the magnitude of bacterial-

induced plant stimulation between ambient and elevated temperatures, confirming the excellent benefit 

of the PGPR in ameliorating the adverse effects of heat stress. These morphological traits were also 

associated with the root lipid profile using state-of-the-art lipidomics technology, which revealed 

specific lipid species and their functions in this tripartite interaction. Knowledge gained from this study, 

besides being fundamental in the understanding of plant-microbe interactions, can also inform research 

agenda of future directions for microbial studies as potential agricultural and biotechnological solutions 

in the endeavor to address global food security under climate change. 
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Zusammenfassung 

Der Klimawandel, der durch den auch als Erderwärmung bezeichneten Anstieg der globalen 

atmosphärischen Temperaturen gekennzeichnet ist, hat schwerwiegende negative Auswirkungen auf die 

Nutpflanzenproduktion, da sich höhere Temperaturen direkt auf die Pflanzenentwicklung auswirken. Eine 

neuartige Strategie zur Steigerung der Pflanzenproduktivität bei gleichzeitiger Abschwächung von 

Hitzestress ist der Einsatz von Bodenmikroben, der aufgrund ihrer geringen Kosten, ihrer Verfügbarkeit, 

ihrer Nachhaltigkeit und ihres schnellen Umsatzes langsam an Popularität gewinnt. Einige dieser 

Mikroorganismen gehen mit Wurzeln symbiotische Beziehungen ein, die sich positiv auf Pflanzenwachstum 

und -entwicklung auswirken, Schutz vor biotischen und abiotischen Stressfaktoren bieten und hierdurch zu 

einer verbesserten Pflanzenleistung führen. Die Interaktion zwischen Pflanzen und Mikroben ist ein 

komplexer Prozess, der durch Kommunikationsprozesse im Boden sowie morphologische, molekulare und 

biochemische Veränderungen in der Pflanze gekennzeichnet ist. Wurzeln, mit ihrer hohen Plastizität in 

Anpassung an eine Vielzahl von Umweltreizen, sind wichtige Indikatoren für die Reaktionen der Pflanzen 

auf mikrobielle Besiedlung, wie sich durch Veränderungen in der Architektur und verschiedener 

Stoffwechselprozesse zeigt. Lipide, die wesentliche Bestandteile der Plasmamembranen sind und vielfältige 

Funktionen bei zellulären Prozessen und der Zellhomöostase erfüllen, spielen eine wichtige Rolle in der 

Rhizosphäre. Steigende globale Temperaturen werden wegen ihres Einflusses auf Membranstabilität und 

Lipidzusammensetzung wahrscheinlich große Auswirkungen auf die Bildung von Symbiosen zwischen 

Pflanzen und Mikroben haben.  

Ziel dieser Studie war es, bakterieninduzierte Wachstumsförderung und Hitzetoleranz bei Pflanzen zu 

charakterisieren und zu untersuchen, wie sich die Lipidprofile von Pflanzenwurzeln durch Bakterien und 

erhöhte Temperaturen verändern. Um die Reaktionen der Pflanzen auf Entwicklungs- und 

Umweltveränderungen zu untersuchen, wurden moderne Phänotypisierungs- und Lipidomik-Technologien 

eingesetzt. Mit Hilfe der hochauflösenden Hochdurchsatz-Phänotypisierungsplattform GrowScreen-Agar II 

wurde ein offenes Pflanzen-Bakterien-Kokultivierungssystem mit der Modellpflanze Arabidopsis thaliana 

und der pflanzenwachstumsfördernden Rhizobakterie (PGPR) Paraburkholderia phytofirmans PsJN 

optimiert. Dies ermöglichte eine eingehende, gewebe- und zeitaufgelöste Charakterisierung der 

morphologischen Eigenschaften von Wurzel und Spross, wodurch die Dynamik der bakteriellen Förderung 

des Pflanzenwachstums aufgeklärt werden konnte. Hierbei wurde das Ausmaß der bakteriell induzierten 

Pflanzenstimulation zwischen ambienter und erhöhter Temperatur quantifiziert und damit ein grosser Nutzen 

der PGPR bei der Abschwächung der negativen Auswirkungen von Hitzestress bestätigt. Morphologische 

Merkmale wurden auch mit dem Wurzellipidprofil in Verbindung gebracht, wobei die modernste Lipidomik-

Technologie, die spezifische Lipidspezies und ihre Funktionen in dieser dreiteiligen Interaktion aufzeigte.  

Die aus dieser Studie gewonnenen Erkenntnisse sind nicht nur für das Verständnis der 

Wechselwirkungen zwischen Pflanzen und Mikroben von grundlegender Bedeutung, sondern können in 

zukünftige mikrobielle Studien einfließen und damit potenzielle landwirtschaftliche und biotechnologische 

Lösungen für die Bewältigung der globalen Ernährungssicherheit im Klimawandel bieten. 
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Preface to Chapter 1 

This chapter of the thesis introduces the complex underground interactions between plant roots 

the soil microbes under the climate-change driven elevated global atmospheric temperatures. 

The first part of the chapter describes the different components of this tripartite interaction such 

as the drivers and impacts of climate change and heat stress, the nature of plant roots and how 

they respond to the biotic and abiotic environment, and the potential of soil microbes for 

improving plant growth and tolerating high temperature stress. The second part of the chapter 

(sections 1.5. to 1.5.6) was published in the journal Trends in Plant Science with the title 

“Modulators or facilitators? Roles of lipids in plant root–microbe interactions” (Macabuhay, 

A., Arsova, B., Walker, R., Johnson, A., Watt, M., & Roessner, U. (2022, 2022/02/01/). 

Modulators or facilitators? Roles of lipids in plant root–microbe interactions. Trends in Plant 

Science, 27(2), 180-190. https://doi.org/https://doi.org/10.1016/j.tplants.2021.08.004) as a 

compressed review article and is presented in the Appendices. I contributed 80% of the work, 

which includes the survey of the literature and the writing of the manuscript. At the end of the 

chapter, the specific objectives of the PhD project and the chapter synopsis (with COVID-19 

impacts) are also presented.  
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1.1. Climate change: drivers and impacts  

Though people often think that it is a future problem, the effects of climate change are already 

happening now. Global climate change has long been predicted by scientists to cause 

occurrences such as the shrinking of glaciers and ice sheets, accelerated rise of the sea level, 

shifting of plant and animal geographic ranges, deep ocean acidification, and longer and more 

intense heat waves. According to the National Oceanic and Atmospheric Administration 

(NOAA), climate change is more than just an increase in global atmospheric temperatures. It 

also involves the changes in weather patterns leading to drought, wildfires, extreme rainfall, 

and flooding, including the El Niῆo–Southern Oscillation (ENSO) climate pattern (with La 

Niῆa as the colder counterpart) (https://www.noaa.gov/education/resource-collections/climate/ 

climate-change-impacts) – all of which can have detrimental impacts on the environment and 

the agricultural sector. 

As defined in the Fifth Assessment Report (AR5) of the Intergovernmental Panel on 

Climate Change (IPCC), climate change is the “alteration in the state of the climate that can be 

identified by changes in the mean and/or the variability of its properties, attributed to both 

natural phenomena and anthropogenic activities, and which persists for an extended period” 

(IPCC, 2014, p.5). On the other hand, the Framework Convention on Climate Change 

(UNFCCC), made a distinction between climate-related changes attributable to human 

activities altering the composition of the global atmosphere, and climate variability due to 

natural causes observed over comparable period of time (IPCC, 2014).  

Before the Industrial Revolution in the 1700s, climate change was caused by natural 

processes such as changes in the solar energy, volcanic eruption, and natural changes in 

greenhouse gases (IPCC, 2013). However, climate-induced variability that occurred after the 

Industrial Revolution could not be explained alone by natural causes but instead has been 

ascribed to likely been dominantly caused by human activities (Arias, 2021). Nowadays, 

according to the report, although natural causes are still influencing the Earth’s climate, humans 

are increasingly affecting it, to the point where we are now the main cause of recent and 

projected climate-related changes. Human activities contributing to climate change include 

burning fossil fuels for energy and heat, clearing the forests, use of fertilizers in crops, storing 

waste materials in landfills, raising livestock, use of transportation, and production of industrial 

products. 

https://www.noaa.gov/education/resource-collections/climate/%20climate-change-impacts
https://www.noaa.gov/education/resource-collections/climate/%20climate-change-impacts
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Figure 1. 1  Changes in atmospheric CO2 and global surface temperature (relative to 1850–1900) 

from the deep past to the next 300 years. This figure attempts to show that CO2 and temperatures are 

similar to those only from many millions of years ago. CO2 concentrations from millions of years ago 

are reconstructed from multiple proxy records. CO2 levels for the last 800,000 years through the mid-

20th century are from air trapped in polar ice; recent values are from direct air measurements. Global 

surface temperature before 1850 is estimated from marine oxygen isotopes, one of the multiple sources 

of evidence used to assess paleo temperatures. The temperature of the past 170 years is the Sixth 

Assessment Report (AR6) assessed mean. CO2 levels and global surface temperature change for the 

future are shown for three Shared Socio-economic Pathway (SSP) scenarios through 2300 CE, using 

Earth system model emulators calibrated to the assessed global surface temperatures. [Source: Image 

and description adapted from (Arias, 2021).] 

 

According to the U.S. Environmental Protection Agency (USEPA), changes imposed by 

the drivers of climate change are quantified by effective radiative forcing (ERF), which is a 

measure of influence on the Earth’s energy balance (in Wm-2), where warming of the planet’s 

surface is considered a positive radiative forcing (Arias, 2021). Some examples of ERF are 

greenhouse gases (GHG), aerosols, or land use change.  The report specified that the main 

contributor to the total radiative forcing is the increase in greenhouse gases. Since 1950, 

greenhouse gas emissions have been the cause of most warming. These gases make up the thin 

atmospheric layer that acts as a blanket covering and blocking sunlight from escaping or being 

reflected back in space, thus making the Earth’s surface and lower atmosphere a habitable 
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environment in a process known as the “greenhouse effect”. Gases that comprise the 

greenhouse gases include carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ozone 

(O3), and fluorinated gases (F-gases) such as chlorofluorocarbons (CFC), hydrofluorocarbons 

(HFC), and sulfur hexafluoride (SF6). Among these gases, atmospheric CO2, which has the 

largest concentration and the longest lifetime, significantly contributes to the largest forcing 

that is slowly heating the Earth’s surface. CO2 can come from the following sources: carbon 

cycle emissions (e.g. volcanic eruptions and ocean-atmospheric exchange), plant and animal 

respiration, anthropogenic activities such as the burning of fossil fuels (coal, oil, natural gas), 

and land use changes such as deforestation, land clearings for agriculture, and soil degradation 

(Arias, 2021).   

 

 

Figure 1. 2  Key greenhouse gases emitted by human activities based on global emissions from 

2010 (Left). Top global CO2 producers in 2014 (Right). Left figure shows the percentage of each gas 

comprising the global greenhouse gas, with corresponding sources mainly for CO2. Right figure shows 

CO2 emissions from fossil fuel combustion and some industrial processes such as cement manufacturing 

and gas flaring from different countries. [Sources: Figures and description adapted from IPCC (2014) 

and Boden et al. (2017)]    

 

The increase in the concentration of atmospheric CO2, along with other greenhouse gases, 

is responsible for most of the surface warming, in the so-called “enhanced greenhouse effect” 

or global warming, which is characterized by a significant increase in global atmospheric 

temperatures (IPCC, 2014). IPCC (2014) predicted an average increase in the global 

temperature of approximately 3.5°C (5.4°F), or 2°C by 2050 and about 4°C by the end of the 

century. Should global emissions of CO2 continue to rise, there will be more drastic incidences 
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of extreme temperatures or heat stress and extreme weather events such as heat waves, which 

are projected to continue and accelerate significantly (IPCC, 2021).  

 

 

Figure 1. 3  Atmospheric carbon dioxide (CO2) concentration (ppm) at Mauna Loa, Hawaii from 

pre-industrial period (<1700), through 1979 until 2021. CO2 concentration was mostly stable at 285 

ppm before the 1700s (Industrial Revolution) and has increased rapidly since then. [Source: Interactive 

video from National Oceanic and Atmospheric Administration (NOAA), Earth System Research 

Laboratory (ESRL), Global Monitoring Division] 

 

1.1.1. Implications of climate change to agriculture 

The range of available scientific evidence indicates that the net damage of climate change is 

likely to increase over time. The effects of climate change, together with associated 

environmental variations, are mainly estimated by the number of stress spells, their impacts on 

daily life, as well as damage to agricultural crops (WHO, 2018). High temperatures, in 

particular, are already felt in many sectors and are expected to become even more disruptive 

throughout the century, with variable intensities and impacts (Arias, 2021). Based on the 

National Climate Assessment of the U.S. Global Change Research Program (USGCRP), 

agriculture is one of the sectors most susceptible to elevated global temperatures mainly 

because of the agricultural system’s critical dependency on climate and the latter’s complex 

role in the social and economic system – on the local, national, and global scale (USGCRP, 

2017). As a side effect of the negative impacts of climate change on agriculture, there will be 
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global food insecurity through changes in crop yields. This is because an important prerequisite 

to attaining food security is crop production (Brown et al., 2015). With the unprecedented 

increase in the world population (projected to grow to about 9 billion in 2050), reduced 

availability of fertile agricultural lands, and high-input low-variability cropping systems, the 

reduction in crop productivity due to climate change-induced elevated temperatures can pose 

significant threat to food security (Raza, Razzaq, et al., 2019). In developing countries, where 

the effects of high temperatures are predominant, scientists have been forced to devise new 

strategies to cope with adverse environmental challenges, including the development and 

production of new climate-smart crop cultivars (Wheeler & von Braun, 2013). 

Under normal environmental conditions, plants are subjected to abiotic stresses, such as 

waterlogging, drought, heat, cold, and salinity – all of which can be exacerbated by climate-

related changes (Ashraf et al., 2018). The cultivation of agricultural crops and their yields is 

highly dependent on changes in temperature, as well as the intensity and frequency of weather 

conditions. On some level, increasing temperatures, simultaneous with elevated CO2 

concentrations, may have positive effects on crop yields depending on optimal growth 

requirements (variable across different developmental stages), the type of crop in a specific 

area, and the farmer’s utilization of warm weather in crop selection (Ziska et al., 2016). 

However, several conditions must be met in order to gain these benefits, including nutrient 

levels, soil moisture, and water availability. Conversely, a decline in crop yield will follow 

once the optimum temperature is exceeded. The optimum threshold temperatures of some crop 

plants are tabulated in Table 1.  

 

Table 1. 1  Threshold high temperatures for some crop plants 

 

[Source: Table adapted from Wahid et al. (2007)] 

 

Based on the study conducted by Lobell and Gourdji (2012), high temperatures can 

influence crop yields and responses through five main pathways. First, crops accelerate their 

development leading to shorted crop duration, generally associated with lower yields (Stone, 
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2001). Second, depending on the current temperature relative to optimum (with C4 plants 

having higher optimum temperatures), the rates of photosynthesis, respiration, and grain-filling 

of both C3 and C4 crops are adjusted (Crafts-Brandner & Salvucci, 2002). Third, there is an 

observed exponential increase in the saturation vapor pressure of the air which is the vapor 

pressure deficit (VPD) between the air and the leaf, a condition that results in reduced water-

use efficiency as plants lose more water per unit of carbon gain (Ray et al., 2002). Fourth, 

during the critical reproductive periods, increased probability of hot extremes and reduced 

probability of cold extremes will impose direct damage to plant cells, leading to sterility, lower 

yields, and the risk of complete crop failure (Teixeira et al., 2013). Finally, increased 

temperatures will favor an increase in the growth and survival of many pests and diseases 

specific to agricultural crops (Ziska et al., 2011).  

 

1.2. High temperature (heat) stress in plants  

Heat stress is defined as the rise in temperature beyond a threshold level for a period of time 

that is sufficient to cause irreversible damage to plant growth and development (Wahid et al., 

2007). Accordingly, a transient elevation in temperature of about 10-15°C above the optimum 

ambient temperature requirement of a plant can generally be considered heat stress (also “heat 

shock”). This phenomenon is a complex function of intensity, duration, and rate of increase in 

temperature. Extremely high temperatures can cause cellular injury and even cell death within 

minutes, while moderately high temperatures can cause direct injuries including protein 

denaturation and aggregation, and increased fluidity of the membrane only after long exposure 

(Schöffl et al., 1999; Shinozaki & Yamaguchi-Shinozaki, 1999). The occurrence of heat stress 

in specific climatic zones depends on the probability and period of high temperatures that 

happen during the day and/or night (Wahid et al., 2007). While others believe that night 

temperatures are the major limiting factors, many argue that day and night temperatures are not 

independently affecting plants and that the diurnal mean temperature is a better predictor of 

plant response to elevated temperature (Willits & Peet, 1998).  

Many crops and plant species have upper and lower developmental threshold temperatures 

– the daily mean temperatures that mark the beginning at which detectable reduction in growth 

begins when subjected to heat stress, which can vary in plant species belonging to different 

habitats (Siddique et al., 1999). Lower developmental threshold or base temperature is one 

below at which plant growth and development stop. In contrast, upper developmental threshold 

varies depending on plant species and genotypes within species and is affected by different 
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environmental conditions. In tropical and subtropical climates, the determination of high-

temperature sensitivity, which varies on the plant’s developmental stage, is particularly 

important as heat stress has the potential to become a major limiting factor for field crop 

production (Wahid et al., 2007). For example, brief exposure of certain plants to high 

temperatures during the grain-filling period can accelerate senescence, diminish seed set and 

seed weight, as well as reduce yield. This is because plants tend to divert resources that limit 

the availability of photosynthates for reproductive development. Heat stress can also induce 

sterility when imposed immediately before or after anthesis or flowering and can cause severe 

yield losses through flower drop or pod abortion, as with the case of pulse legumes (Siddique 

et al., 1999). Therefore, determining the threshold temperatures can help prevent damage 

throughout the plant’s ontogeny due to unfavorable temperatures. 

 

1.2.1. Plant responses to heat stress 

Whether transitory or constant, high temperature or heat stress elicits an array of responses in 

plants, and this can be through physiological, morpho-anatomical, molecular, or biochemical 

changes, which directly affect plant growth and productivity. Plants can be classified into three 

groups based on their preferred temperature of growth:  Psychrophiles, which grow optimally 

at low temperatures between 0℃ and 10℃; Mesophyles, which favor moderate temperature 

and grow well between 10 and 30℃; and the Thermophyles, which grow well between 30 to 

65℃. 

 

Figure 1. 4 Classification of plants based on heat tolerance. [Source: Image adapted from 

Hasanuzzaman et al. (2013)] 
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1.2.1.1. Morphological responses 

Morphologically, heat stress can cause scorching of leaves and twigs, sunburns on leaves, 

branches, and stems, leaf senescence and abscission, shoot and root growth inhibition, and fruit 

discoloration and damage, leading to reduced yield and dry matter accumulation (Vollenweider 

& Günthardt-Goerg, 2005).  These responses may be direct as with existing physiological 

processes or indirect in altering the pattern of development. In addition, these responses vary 

among plant species and from one phenological stage to another. For example, during seed 

development, a long-term application of heat stress can cause delayed germination or loss of 

vigor, which can ultimately lead to reduced emergence and seedling establishment. At seedling 

emergence, coleoptile growth in maize was reduced at 40°C and ultimately ceased at 45°C due 

to diurnally variable temperatures (Weaich et al., 1996). On established plants, heat stress can 

have the following morphological effects: a significant decline in shoot dry mass, relative 

growth rate, and net assimilation rates (in maize, pearl millet, and sugarcane), although with 

minimal effect on leaf expansion (Ashraf & Hafeez, 2004). A major impact of heat stress on 

shoot growth is the severe reduction in the length of the first internode, as with the case of 

sugarcane which exhibited smaller internodes but increased tillering, early senescence, and 

reduced total biomass (Hall, 1992).  

During anthesis and grain-filling, heat stress can critically affect many cereal crops in 

temperate regions. For example, heat stress has been known to reduce kernel growth leading 

to a reduction of kernel density and weight in spring wheat (Guilioni et al., 2003); reduction in 

starch, protein, and oil contents in maize kernel (Wilhelm et al., 1999) and grain quality in 

other cereals (Maestri et al., 2002); reduction in both grain weight and grain number in wheat 

(Ferris et al., 1998). Reproductive organs and processes are also adversely affected by high 

temperature, including meiosis in both female and male organs, pollen germination and pollen 

tube growth, ovule viability, stigmata and style positions, number of pollen grains retained by 

the stigma, fertilization and post-fertilization processes, growth of the endosperms, pre-embryo 

and fertilized embryo (as reviewed by Foolad (2005). The review also mentioned that the 

reproductive phases most vulnerable to high-temperature stress are gametogenesis (8-9 days 

before anthesis) and fertilization (1-3 days after anthesis). High temperatures can also induce 

poor fruit set due to the reduction in the levels of carbohydrates and growth regulators released 

in the plant sink tissues (Kinet & Peet, 1997). Overall, previous studies and available resources 

show that plant morphological responses to high temperature or heat stress vary with plant 

species and specific phenological stages. 
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1.2.1.2. Anatomical responses 

Anatomical responses in plants include a greater tendency for reduced cell size, closure of 

stomata to curtail water loss, increased stomatal and trichotomous densities, and greater xylem 

vessels of both roots and shoots (Bañon et al., 2004). A study on grapes revealed that heat stress 

severely damaged the mesophyll cells and increased the permeability of the plasma membrane 

(Zhang et al., 2005). The onset of a high-temperature regime was also found to induce the 

formation of polymorphic leaves and a reduction in transpirational water loss via bimodal 

stomatal behavior in Zygophyllum qatarense (Sayed, 1996). High temperature also caused 

changes on a sub-cellular level, such as the modifications in the chloroplast, which ultimately 

result in reduced photosynthetic activities. Chloroplast modifications include changes in the 

structural organization of the thylakoids, loss of grana stacking or its swelling, the re-shaping 

of the chloroplast (into a round shape), swelling of the stroma lamellae, and clumping of the 

vacuole contents (Zhang et al., 2005). In addition, there are also disruptions of the cristae and 

the emptying of the mitochondria, which lead to decreased respiratory activities. In general, 

these show that high temperature considerably affects anatomical structures not only on the 

tissue and cellular level but also at the sub-cellular level; and that cumulative effects of these 

changes imposed by high temperature may result in poor plant growth and productivity (Wahid 

et al., 2007). 

 

1.2.1.3. Phenological responses 

During the plant’s ontogeny, different phenological stages differ in their sensitivity to high 

temperature; however, this depends on species and genotype as there are great inter- and intra-

specific variations (Wollenweber et al., 2003). The effect of heat stress is evident in the rate of 

plant development, which may be increasing to a certain limit and decreasing afterward 

(Howarth, 2005). Different developmental stages in plants have varying sensitivity to high-

temperature stress. It is still unknown, however, whether the damaging effects of heat episodes 

from different developmental stages are cumulative (Wollenweber et al., 2003). The most 

sensitive stages of plant growth to high temperatures are the vegetative and reproductive stages, 

although germination is also highly susceptible. During the vegetative stage, plants are most 

vulnerable to damaged photosynthetic machinery, particularly involving the leaf gas exchange 

properties.  
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At the reproduction stage, heat stress can cause significant increases in the abortion of floral 

buds and opened flowers, impairment of pollen and anther development that leads to decreased 

fruit or grain set, and damage to fertilization and seed production (Guilioni et al., 2003). During 

grain-filling, high temperatures can cause modification in the flour and bread quality, and other 

physicochemical properties of grain crops (Perrotta et al., 1998), including the protein content 

of the flour. It is an advantageous trait for plants to have earlier heading to retain more green 

leaves at anthesis, leading to a smaller reduction in yield under high temperatures (Tewolde et 

al., 2006). Therefore, knowledge of the developmental stages and plant processes most 

vulnerable to high temperatures is crucial for crop production under high-temperature 

conditions.  

 

1.2.1.4. Physiological responses 

High temperature is frequently associated with a reduction in water availability, as with heat 

stress and drought, particularly observed in field conditions. In plants, physiological responses 

are those associated with photosynthesis, water relations, and cell membrane thermostability – 

where the water status is significantly influenced by fluctuating temperatures. Under sufficient 

water conditions, plants can maintain a stable tissue water status regardless of temperature; 

however, when there is limited moisture, high temperature can severely impair this process. 

This was observed by Bañon et al. (2004) when the elevated night temperatures caused a 

reduction in the leaf water potential of water-stressed Lotus criticus plants compared with 

unstressed ones; while similar occurrence in sugarcane under sufficient water supply and 

relative humidity implied the effect of heat stress on root hydraulic conductance. On the other 

hand, Tsukaguchi et al. (2003) found that high temperatures seem to cause more water loss 

during daytime than nighttime, and this can be attributed to enhanced transpiration during 

daytime that induces water deficiency in plants, leading to reduced water potential and 

perturbation of many physiological processes.  

While any constraint in photosynthesis can limit plant growth at high temperatures, 

alterations in the photosynthetic attributes can be good indicators of thermotolerance in plants 

as they show a correlation with growth (Wahid et al., 2007). Episodes of high temperature 

affect the photochemical reactions (thylakoid lamellae), carbon metabolism (stroma of 

chloroplast), chlorophyll fluorescence (the ratio of variable fluorescence to maximum 

fluorescence, Fv/Fm), and base fluorescence (Wise et al., 2004). These changes in chlorophyll 

or the photosynthetic apparatus were suggested to be associated with the production of active 
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oxygen species (Camejo et al., 2006). As a consequence of heat stress, there occurs an 

imbalance in photosynthesis and respiration, where the rate of photosynthesis decreases, while 

the dark- and photo-respiration rates increase considerably. In addition, the rate of biochemical 

reactions decreases, and enzyme activation and denaturation takes place as the temperature 

increases leading to severely reduced photosynthesis (Nakamoto & Hiyama, 1999).  

The cell membrane thermostability is also affected by high temperature since the latter 

accelerates the kinetic energy and movement of molecules across membranes, thereby 

loosening chemical bonds within molecules of biological membranes (Savchenko et al., 2014). 

This makes the lipid bilayer of biological membranes more fluid through either denaturation 

of proteins or an increase in unsaturated fatty acids. Such alterations of the membrane enhance 

their permeability, which can also be observed from the increased loss of electrolytes – also 

known as solute leakage, which is an indirect measure of heat stress tolerance in diverse plant 

species (Ashraf & Hafeez, 2004; Wahid et al., 2012).  

 

1.2.1.5. Molecular responses 

Aside from tissue dehydration that elicits several physiological responses, heat stress may also 

induce oxidative stress, such as the generation of activated oxygen species (AOS) including 

singlet oxygen (1O2), superoxide radical (O2−), hydrogen peroxide (H2O2) and hydroxyl radical 

(OH−), which are indicators of cellular injury (Liu & Huang, 2000). AOS is responsible for the 

autocatalytic peroxidation of membrane lipids and pigments, which leads to the loss of 

membrane semi-permeability and the modifications of its functions (Xu et al., 2006). 

Individually, O2− and H2O2 are not that toxic; however, these two combine to form OH− in the 

presence of trace amounts of Fe2+ and Fe3+ by the Haber–Weiss reaction (Sairam & Tyagi, 

2004). OH− can damage chlorophyll, protein, DNA, lipids, and other important 

macromolecules, thus fatally affecting plant metabolism and limiting growth and yield.  

To protect cells from oxidative damage, plants have developed a series of enzymatic and 

non-enzymatic detoxification systems to counteract AOS, such as the overexpression of 

superoxide dismutase protein (SOD) that affects several physiological phenomena (Scandalios, 

1993). Stressed tissues have decreased antioxidant activity resulting in higher levels of AOS, 

therefore, protection against oxidative stress is an important component in determining the 

survival of heat-stressed plants. Enhanced synthesis of antioxidants such as ascorbate and 

glutathione, and more studies on some signaling molecules that can increase the antioxidant 

capacity of cells, will be useful in the acclimation of plants to heat stress (Xu et al., 2006).  
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Another important adaptation mechanism of plants to cope with environmental stresses 

such as high temperature is the expression of stress proteins, which presumably assist in stress 

tolerance via the hydration of cellular structures due to their solubility in water (Nakamoto & 

Hiyama, 1999). Heat shock proteins (HSPs) and other proteins are implicated in the heat-stress 

response of plants. Production of HSPs is increased whenever plants experience either an 

abrupt or gradual increase in temperature (Schöffl et al., 1999), and this is a universal response 

to heat stress also observed in other organisms ranging from bacteria to humans (Vierling, 

1991). HSP-triggered thermotolerance is attributed to the observations that (a) their induction 

coincides with the organism under stress, (b) their biosynthesis is extremely fast and intensive, 

and (c) they are induced in a wide variety of cells and organisms (Nakamoto & Hiyama, 1999).  

 

1.2.2. Plant mechanisms for heat tolerance: 

Plants employ a variety of adaptation mechanisms to survive in hot and dry environments. 

According to Hasanuzzaman et al. (2013), there are two specific ways by which plants adapt, 

through avoidance and tolerance mechanisms, dependent on high-temperature duration, which 

both utilize several strategies.  

 

1.2.2.1. Avoidance mechanisms 

For short-duration high-temperature conditions, plants may exhibit avoidance or 

acclimation mechanisms. Acclimation strategies may include stomatal closure to reduce water 

loss, increased stomatal and trichomatous densities, and enlarged xylem vessels; while 

avoidance strategies include early maturation of crops to escape the hot spells during harvests, 

reduction in the absorption of solar radiation through the process of paraheliotropism (when 

leaf blades position themselves parallel to the sun rays), leaf blade rolling to increase water 

metabolism (as is the case with wheat during high temperature), and limiting transpiration with 

the use of the same anatomical and physiological adaptive mechanisms employed during water 

deficit (Adams et al., 2001; Rodríguez et al., 2005). On the other hand, plants that have been 

constantly subjected to high temperatures have evolved life histories allowing them to avoid 

the hottest period of the season. This is achieved through mechanisms such as the abscission 

of the leaf, leaving buds that are heat resistant, or early completion of the entire reproductive 

cycle during the cooler months (as with desert annuals). Such adaptations in morphology and 

phenology are commonly associated with net photosynthesis under high temperatures 

(particularly C4 and CAM photosynthetic pathways) (Fitter & Hay, 2012).  
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Tolerance to heat in plants can be described as the ability to grow and produce economic 

yield even under high temperatures (Wang et al., 2004). This trait has high specificity, causing 

closely related species, even various tissues and organs of the same plant, to exhibit some 

variations. Some major tolerance mechanisms that plants exploit to counteract the effects of 

heat stress are ion transporters, late embryogenesis abundant (LEA) proteins, osmoprotectants, 

antioxidant defense, and mechanisms implicated in signaling cascades and transcriptional 

control (Rodríguez et al., 2005). 

 

Figure 1. 5  Different adaptation mechanisms of plants to high temperature: A. Avoidance, T: 

Tolerance. [Source: Image adapted from Hasanuzzaman et al. (2013).] 

 

 

1.2.2.2. Induction of heat tolerance 

Plant stress tolerance mechanisms are first induced by the initial stress signals, which could be 

ionic or osmotic effects or alterations in membrane fluidity. These signals then trigger the 

downstream signaling processes and transcription controls, causing the stress-responsive 

mechanisms to activate and re-establish homeostasis and protect and repair the damaged 

membranes and proteins (Vinocur & Altman, 2005). These initial steps are crucial in that 

inadequate responses at one or more steps of the signaling and gene activation processes might 

result in irreversible damage to cellular homeostasis and destruction of functional and structural 

proteins and membranes, leading to cell death (Bohnert et al., 2006; Vinocur & Altman, 2005).  
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A series of response mechanisms to cope with high-temperature stress, beginning with heat 

perception and signaling and metabolite production, have been proposed. The effects of heat 

stress are prominent at several levels, originating from the plasma membrane and progressing 

down to the cytosol or cytoplasmic organelles through the operation of biochemical pathways 

(Sung et al., 2003). Wahid et al. (2007) summarized the induction of the heat tolerance process 

(Figure 6). The initial effect of heat stress is detected on the plasmalemma, which exhibits a 

more fluid lipid bilayer. This change in fluidity then induces the CA2+ influx and cytoskeletal 

reorganization, which results in the upregulation of the mitogen-activated protein kinase 

(MAPK) and calcium-dependent protein kinase (CDPK). This signaling cascade ultimately 

leads to the production of antioxidants and compatible osmolytes for cell water balance and 

osmotic adjustment. Another effect of heat stress that is of great significance for signaling, is 

the production of reactive oxygen species (ROS) in the organelles such as the chloroplast and 

mitochondria (Bohnert et al., 2006), the consequence of which is also the induction of 

antioxidant defense mechanism. In accordance with this, the capacity to acquire 

thermotolerance was correlated with the activities of catalase and superoxide dismutase, higher 

ascorbic acid content, and less oxidative damage in a set of wheat genotypes (Sairam & Tyagi, 

2004). Finally, one of the most investigated thermotolerance mechanisms is the induction of 

HSP from protein denaturation, involving several conserved families of proteins with unique 

chaperone mechanisms and activities. The HSP’s protective effects can be attributed to the 

concerted actions of a network of chaperone machinery, which interact with other stress-

response mechanisms (Wang et al., 2004), such as signal transductions and gene activation, 

redox state regulation, and production of osmolytes and antioxidants (Arrigo, 1998; Nollen & 

Morimoto, 2002; Panchuk et al., 2002).  

Although the study is still in its infancy, changes in the membrane lipid levels are 

considered an important element in high-temperature tolerance. For example, heat treatment in 

a heat-resistant mutant line was found to increase the relative quantities of linolenic acid 

(among galactolipids) and trans-3-hexaldecanoic acid (among phospholipids), when compared 

with its wildtype (Behl et al., 1996). The contribution of lipids, which are major structural 

components and contributes to several membrane functions, needs to be further explored, 

particularly under high-temperature stress.  
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Figure 1. 6  Proposed mechanisms of heat stress tolerance in plants. MAPK, mitogen-activated 

protein kinases; CDPK, calcium-dependent protein kinase; HSK, histidine kinase; ROS, reactive 

oxygen species; HSPs, heat shock proteins. [Source: Image and description adapted from Wahid et al. 

(2007).]   

 

1.2.3. Strategies for heat tolerance and plant adaptation 

Because of the variation in the environment due to climate change, which has a lasting 

influence on agriculture, several adaptation strategies for crops have emerged.  

 

1.2.3.1. Crop management 

One approach employed to combat climate-related stresses in agriculture is the use of crop 

management techniques to enhance crop development under various environmental stresses. 

This includes the alteration of planting and harvesting time, utilization of crops with shorter 

life cycles, application of crop rotation and irrigation methods, as well as varying the cropping 

schemes (Raza, Razzaq, et al., 2019). Additional crop management techniques used are seed 

priming, where seeds are placed in an osmotic solution at moderate temperatures before drying; 
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deep placement, which counters the emergence problem of plants due to very hot soil surface; 

and shading with foliage, which prevents intense direct solar radiation and high temperature. 

  

1.2.3.2. Conventional breeding technique 

Another approach is the use of conventional techniques through plant breeding (Blum, 2018). 

This allows plants to tolerate harsh weather conditions, particularly during their crucial growth 

phases. However, the direct selection process can have some serious difficulties, particularly 

in the field, where it is challenged by uncontrolled environmental factors that throw off the 

precision and repeatability of trials. A common method of selecting plants for heat tolerance 

studies has been to grow breeding materials in a targeted hot environment and identify and 

screen for high-yielding individuals or lines (Ehlers & Hall, 1998). Another technique used to 

define accomplished breeding is genetic divergence analysis, a technique used for the 

development of new cultivars based on genetic similarities and distance, which is used for 

polymorphism, inbreeding, assessment, assortment, and recombination to develop climate-

smart plants (Raza, Mehmood, et al., 2019).  

 

1.2.3.3. Genetic engineering and biotechnology 

Finally, there are also genetics and genomics strategies, which include omics-led breeding and 

marker-assisted selection (MAS) that provide resources to elucidate biological functions of any 

genetic information from crop upgrading and development (Stinchcombe & Hoekstra, 2008). 

Genome-wide association studies (GWAS) is a powerful tool for understanding the complete 

set of genetic variants in various crop cultivars to associate alleles with any specific trait 

(Manolio, 2010). Genome selection (GS) is done by using high-throughput phenotyping and 

marker densities to screen elite germplasm for improving polygenic traits (Kumar et al., 2018). 

There is also genetic engineering through the use of biotechnology for genetic manipulation of 

the genome to develop genetically-engineered plants demonstrating resistance against climate 

variations (Reynolds et al., 2015).  

Although plant breeding and plant engineering have been powerful tools in improving plant 

tolerance to abiotic stresses such as high temperature (Araus et al., 2008; Mittler & Blumwald, 

2010; Sangam et al., 2009), these are met with several challenges. The gaps in our knowledge 

of the complex mechanisms involved in stress tolerance (physiological, developmental, 

biochemical, genetic) and the difficulty of combining target alleles to create improved and 

high-yielding genotypes pose major constraints in improving the heat stress tolerance of crops. 
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In addition, most of the transgenic plant experiments are conducted under controlled 

greenhouse conditions, with only a few translated into field trials. It is a crucial requirement 

that transgenic plants be evaluated, and how the proof-of-concept of gene effect in studied 

model plant species can be adapted to crop species, particularly in close-to-field conditions 

(Bhatnagar-Mathur et al., 2008). Unfortunately, amidst breakthroughs and advancements in 

plant molecular and breeding techniques for abiotic stress tolerance, these approaches did not 

bring promising results in farmers’ fields (Bhatnagar-Mathur et al., 2008; Wang et al., 2003), 

except for notable exceptions (Munns et al., 2006). Whilst essential, these techniques entail a 

long and expensive process (Etesami et al., 2015). 

 

1.2.3.4. Microbe applications 

A new strategy that is slowly gaining momentum because of its sustainability, e.g., avoidance 

of indiscriminate use of fertilizers and agrochemicals (to increase crop production or to address 

pest/insect attacks that are exacerbated by hot and dry/humid conditions), is the use of 

beneficial soil microorganisms and their interactions with plants. According to Cheng et al. 

(2019), some rhizobacteria and endophytes could alleviate the adverse effects of high-

temperature stress on plants, and at the same time, expand the plant’s ability to grow at wider 

temperature ranges. Studies on abiotic stress tolerance, as with salinity by Shrivastava and 

Kumar (2015) and Dodd and Pérez-Alfocea (2012) have shown that microbial inoculants can 

alleviate plant stress and can offer a possible cost-effective, environment-friendly, agricultural 

input, which has a quicker turnover than new plant germplasm. Thus, there is a need to 

investigate the diverse beneficial microorganisms, their unique characteristics of heat 

tolerance, the mechanisms by which they impart thermotolerance in plants, and the resulting 

response reaction of the interacting partners against high-temperature stress.  

 

 

1.3. Rhizosphere and the resident “plant-friendly” microorganisms  

The area immediately surrounding the plant roots, also known as the rhizosphere, represents a 

critical hotspot for biogeochemical transformation that underlies the different processes 

involved in soil formation, carbon cycling, and the complex interaction of the Earth’s terrestrial 

ecosystems (Zhalnina et al., 2018). Within the rhizosphere, a dynamic and intricate interaction 

between plant roots and diverse networks of organisms, particularly microorganisms, have long 

existed and been shaped by over 450 million years of cohabitation. Several specific 
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characteristics have been named and associated with the enrichment of the rhizosphere, 

including the presence of secretory systems, phage defense, adhesion, iron mobilization, and 

sugar transport (Bulgarelli et al., 2015; Pini et al., 2011). This specific soil region, which is 

highly influenced by plant roots, offers an environment that is rich in nutrients for the survival 

of microorganisms (Bais et al., 2006).   

Although roots release both inorganic and organic compounds, the release of the latter 

significantly influences the biological, physical, and chemical nature of the soil; and this 

process is known as rhizodeposition. Bulgarelli et al. (2013) defined rhizodeposition as the 

process responsible for the formation of a distinctive rhizosphere microbiota. This involves the 

intertwined processes of plant development and secretory activities of the root system. 

According to Jones et al. (2009), there are several rhizodeposition processes by which carbon 

enters the soil, including from the loss of root cap and border cell loss, death and lysis of root 

cells (cortex, root hairs, etc), flow of C to root-associated symbionts living in the soil (e.g. 

mycorrhizas), gaseous losses, leakage of solutes from living cells (root exudates), and insoluble 

polymer secretion from living cells (mucilage) (Figure 7).  

 

Figure 1. 7  Schematic representation of a longitudinal section of a growing root showing the six 

major sites of rhizodeposition: (1) loss of root cap and border cells, (2) loss of insoluble mucilage, (3) 

loss of soluble root exudates, (4) loss of volatile organic C, (5) loss of C to symbionts (e.g. arbuscular 
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mycorrhizas), and (6) loss of C due to death and lysis of root epidermal and cortical cells. [Source: 

Image and description adapted from Jones et al. (2009).] 

 

The release of rhizodeposits also comes with an array of compounds such as organic acids 

(e.g. citric, malic, lactic, succinic, oxalic, and pyruvic acids), sugars (e.g. glucose, fructose, 

xylose, maltose, sucrose, and ribose), as well as nucleotides, amino acids, putrescine, vitamins, 

and fatty acids (Bais et al., 2006). It has been estimated that about 11% (Jones et al., 2009) - 

20% (el Zahar Haichar et al., 2016; Tian et al., 2020) of the photosynthetically-fixed carbons 

are exuded by plant roots into the rhizosphere.  

Because of their chemotactic nature, microbes are attracted to rhizodeposits for nutrition 

(Lugtenberg & Kamilova, 2009). It has been suggested that plants enrich or select microbes 

that are beneficial to their health and growth through the release of rhizodeposits, thereby 

shaping the composition of microbial communities (Sessitsch et al., 2002). Therefore, the 

recruitment of the rhizosphere microbes is highly influenced by rhizodeposition and often 

through bacterial chemotaxis and motility (Tian et al., 2020). This detectable influence on the 

shape and diversity of the microbial community in the rhizosphere was found not only in 

distinct plant species but even in unique cultivars. The structure of the microbial community in 

the rhizosphere is the outcome of a complex series of plant and microbe feedback and 

interaction, as well as the physical and chemical soil characteristics (Zhalnina et al., 2018).  

Although some microbes are found primarily outside of the roots (epiphytes), those that are 

found in the interstellar sites within the roots (endophytes) may have a greater impact and more 

advantage for colonization and nutrient exchange due to their proximity to the plant tissues 

(Sessitsch et al., 2002). The diverse microorganisms in the soil also influence the chemical 

setting of the rhizosphere by secreting an array of compounds, including their waste products, 

enzymes, secondary metabolites (e.g. acidic metabolites that facilitate solubilization of 

insoluble minerals and absorption of phosphorous and other nutrients for the plants), and 

phytohormones and growth stimulants, which have been found to influence plant growth and 

defense against biotic factors (Ortiz-Castro et al., 2011), and affect productivity and resistance 

against abiotic stresses (Etesami et al., 2015).  

The rhizosphere is comprised of soil microorganisms that thrive with the plant’s resources 

and include bacteria, fungi, oomycete, algae, and protozoan (Sohrabi et al., 2017). Microbiota 

is the term used to describe the totality of microbes in a particular environment (Bulgarelli et 

al., 2015). The multitudes of microbes present in the rhizosphere are in various forms of 

interactions with the plant roots; while some are in mutualistic association and benefit each 
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other, others are under commensalism, parasitism, or in a pathogenic relationship. Although 

the diversity of microorganisms is high in the bulk soil, the amount of diversity in the 

rhizosphere is considered to be a few to dozens of times more. Hao and Xiao (2017) mentioned 

that the most predominant microbes in the rhizosphere are the bacteria, with the Gram-negative 

bacteria more prevalent such as Pseudomonas, Flavobacterium, Alcaligenes, Agrobacterium, 

Chromobacterium, and the like. On the other hand, Gram-positive bacteria such as 

Brevibacteirum, coccus, and Bacillus, are found in less abundance in the rhizosphere. 

Conspicuous as well are the effects of interacting fungi and actinobacteria. In general, the 

microbiota of the rhizosphere is of high specificity, even between different cultivars of the 

same species (Leff et al., 2015). 

Most of the rhizosphere microbes are beneficial to plants; and in the absence of 

environmental stressors, have been found to impart growth promotion in plants (Bulgarelli et 

al., 2015). They are generally referred to as plant growth-promoting rhizobacteria (PGPR) or 

plant growth-promoting fungi (PGPF) but can be more generically called plant growth-

promoting microorganisms (PGPM) (Etesami et al., 2015). Exceptions to this are the arbuscular 

mycorrhizal fungi (AMF) and symbiotic nitrogen-fixing bacteria, which provide significant 

benefits to plants but are generally not regarded as PGPMs (Franche et al., 2009). 

 

1.3.1. Plant growth-promoting rhizobacteria 

Plant growth-promoting rhizobacteria or PGPRs are among the beneficial soil microbes - 

colonizing the plant rhizosphere and developing close physical, molecular, and biochemical 

contacts with plant roots (Lugtenberg & Kamilova, 2009). PGPRs include bacteria of diverse 

genera such as Arthrobacter, Azotobacter, Azospirillum, Bacillus, Enterobacter, Pseudomonas, 

Rhizobium, and Serratia (Gray & Smith, 2005), as well as Streptomyces spp. (Dimkpa et al., 

2009).  

In general, the proposed roles of PGPRs can be summarised as 1) reinforcing plant 

protection, e.g., through competition for growth space and essential nutrients and production 

of a wide range of antibiotics and enzymes (e.g. proteases and chitinases) which offset harmful 

microorganisms (Niazi et al., 2014); 2) production of siderophores (small metal-binding 

molecules) to solubilize and scavenge iron and other micronutrients from the environment, 

thereby making them unavailable for detrimental microbes while making them available for 

plants (Whipps, 2001); 3) stimulation of growth through the production of phytohormones such 

as auxins, gibberellins, and cytokinin (Hayat et al., 2010) and other plant growth promoting 
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substances (Singh, 2013); and 4) increasing yield by changing the morphology and architecture 

of the root system (Asari et al., 2017). A unique and novel benefit of some microbes is their 

influence on a plant’s mechanistic responses against abiotic stresses like drought (Cohen et al., 

2015), chilling injury (Grover et al., 2011), salinity (Pinedo et al., 2015), metal toxicity (Khan, 

2005), and extremely hot weather conditions (McLellan et al., 2007). This is through 

mechanisms such as the induction of osmoprotectants and heat shock proteins (Nuria et al., 

2018) and the production of exopolysaccharides and other determinants (Yang et al., 2009).  

PGPRs affect root phenotypes by either inhibiting or lengthening the primary roots and 

proliferation of lateral roots and root hairs (Ryu et al., 2005), ultimately leading to increased 

shoot biomass. These induced changes in root development phenotypes are due to the 

modulation of plant-endogenous mechanisms regulating root development, which can include 

regulation of plant hormones such as auxin (Grieneisen et al., 2007) and cytokinin (Moubayidin 

et al., 2013), and positive alteration of the reactive oxygen species (ROS) through 

transcriptional regulation of the transition from cell proliferation to cell differentiation in roots 

(Schmidt & Schippers, 2015). 

 

1.3.2. High-temperature effects on soil microbes 

The occurrence of heat stress or heat waves, which is becoming more common and intense, is 

massively impacting the agricultural systems. Such heat events affect the plants as well as the 

microbial communities within the soil. The soil is a dynamic and complex biophysical body 

that is predominantly constituted of microbes, which could be held responsible for its 

biogeochemical changes (Maitra et al., 2021). The majority of soil microbes, which are 

mesophilic by nature, can experience detrimental effects from high air and soil temperatures. 

According to Kumar and Verma (2018), prolonged exposure to high soil temperatures modifies 

the soil microbial community, thereby replacing the native mesophilic soil microbes with heat-

tolerant (thermophilic) ones. However, exposure to short-term heat stress may be tolerated by 

some microbial groups through genotypic and phenotypic heat acclimations.  

In general, high temperatures can induce severe loss of cell water content, leading to 

dehydration of microbial cells (Maitra et al., 2021). High temperatures (e.g. those above 50℃) 

may also induce some damage to the genetic material, protein structures, and enzymatic 

activities in microbes, which can be lethal. To tolerate high temperatures, microbes utilize 

several defensive strategies to counter the detrimental effects. This may include, but is not 

limited to, the production of HSPs, DNA repair mechanisms, production of the EPS-based 
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biofilm, use of molecular chaperones, and sporulation to stimulate the production of dormant 

spores (Maitra et al., 2021). These changes in the microbial community throughout the duration 

of the high temperatures persisted even after the removal of heat stress (Pettersson & Bååth, 

2003). Due to the continuous rise of the global mean temperatures, as much as the increasing 

events of high soil temperatures, the study of thermotolerant microbes is becoming increasingly 

useful. Previous investigations of beneficial microbes worldwide have identified several 

thermotolerant strains.  

Some of the commonly identified thermotolerant organisms include Aliclyvlobacillus 

acidoterrestris, Pseudomonas cerdrina, Pseudomonas putida, Pseudomonas aeruginosa, 

Brevundimonas terrae, Anthrobacter nicotiniae, Burkholderia phytofirmans (now 

Paraburkholderia phytofirmans), and others (Bensalim et al., 1998). Notable examples are the 

bacteria from the Geobacillus genus and other closely-related genera, which were able to grow 

up to 70℃ in laboratory settings. Previous studies (Marchant et al., 2008; Santana & Gonzalez, 

2015) found that these bacteria were commonly placed in soils within the mesophilic range as 

vegetative spores. Other examples were that of thermotolerant Bacillus cereus SA1, which has 

shown positive impacts on soybeans (Khan et al., 2020); actinomycetes from the 

Actinokineospora genus identified in China, which can tolerate up to 55℃ (Tang et al., 2012). 

Furthermore, phosphate-solubilizing thermotolerant bacteria such as Bacillus 

coagulans C45, B. licheniformis A3, and B. smithi F18 were able to tolerate up to 75℃ in lab 

conditions; while the fungus Aspergillus fumigants O4 and NTU-132 strains were reported to 

be active up to a temperature of 65℃ with undamaged enzymatic activities (Chang & Yang, 

2009).  

 

1.3.3. Mechanisms by which microbes enhance thermotolerance in plant 

Microbes are biological agents that can be utilized to combat heat stress when inoculated in 

plants. The beneficial effects of root microbes on plant growth and the suppression of diseases 

in plants have been exhaustively studied. However, due to advancements in technology and 

scientific knowledge, a growing number of studies have identified microbes that can also assist 

plants in combating abiotic stress conditions. This shows the symbiotic relationship of the host 

plants with the rhizosphere microbes. The growth and performance of the rhizosphere microbe 

community are dependent on the easy carbon source provided through the plant root’s 

rhizodeposits; therefore, microbes must invest in the survival and proper functioning of the 

plant under normal and stress conditions (Maitra et al., 2021).  
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1.3.3.1. Induction of heat shock protein (HSP) 

Microbes can mediate heat tolerance through the induction of heat shock proteins. In particular, 

heat shock protein 90 (HSP90), which is a molecular chaperone involved in the plant-microbe 

crosstalk, has been proven to impart some degree of thermotolerance to plants (Picard, 2002; 

Pratt & Toft, 2003). As demonstrated by several studies, manipulation of the levels of HSP90 

may result in phenotypic alterations as well as heritable genetic changes due to epigenetic 

changes (Queitsch et al., 2002; Sollars et al., 2003). A study on the rhizospheric fungus 

Paraphaeosphaeria quadrisepata by McLellan et al. (2007), which showed heat tolerance in 

Arabidopsis and wheat plants through the modulation of HSP90 chaperone with HSP90-

specific inhibitor monocillin I (MON) and radiciol (RAD), led to the upregulation and 

expression of major heat responsive elements (e.g. HSP70 and HASP101). 

 

1.3.3.2. Production of plant growth regulators 

Another mechanism that is utilized by microbes to assist plants in responding to environmental 

stress conditions is the production of plant growth regulators. Ahammed and Yu (2016) 

indicated that all of the major plant growth regulators and phytohormones, such as auxin, 

gibberellin, cytokinin, ethylene, ABA, and brassinosteroid, as well as the signaling molecules 

salicylic acid and jasmonic acid, take essential roles in the heat tolerance of plants. These 

growth regulators have specific functions and consequences. For example, auxin has been 

found to interact with HSPs and plant heat transcription factors in Arabidopsis (R. Wang et al., 

2016). Gibberellin reduction is associated with the accumulation of DELA proteins (Hedden 

& Thomas, 2012), which results in the inhibition of growth but enhancement of stress tolerance. 

Cytokinins are involved with the promotion of cell division, regulation of redox potentials, 

maintenance of meristematic activity (Gupta & Rashotte, 2012), maintenance of stomatal 

conductance that induces transpirational cooling (Macková et al., 2013), and with specific roles 

in HASP metabolism (Sobol et al., 2014) during heat stress. ABA has the following roles: as a 

signaling molecule, inducer of HSP, acts as a growth regulator, and is also involved in stomatal 

regulation in plants, to induce heat tolerance (Hsieh et al., 2013; Li et al., 2015; Tang et al., 

2008). Some of the studied microbes that produce plant growth regulators imparting heat 

tolerance are bacterial strains Azospirillum brasilense Sp245 (auxin and cytokinin) in wheat 

(Choudhary et al., 2016), Achromobacter piechaudii ARV8 (ACC deaminase enzyme) in 
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pepper (Gururani et al., 2013), and Bacillus cereus SA1 (auxin and gibberellins) in soybeans 

(Khan et al., 2020). 

 

1.3.3.3. Mediation of ROS 

Microbes mediate the production of ROS. ROS, mainly the by-products of the plant’s 

metabolism under normal conditions, include a range of active radicles such as hydroxyl 

radicles, peroxide radicles, singlet oxygen, superoxide radicles, and more (Gupta et al., 2017). 

Under normal conditions, plants can handle these radicles; however, during stresses, the ROS 

production exceeds the optimum levels, leading to a cascade of effects such as membrane 

leakage, lipid peroxidation, denaturation of proteins, pigment, and food storage material 

degradation, and cell damage (Bose et al., 2014; Van Ruyskensvelde et al., 2018). Several 

studies suggest the active involvement of rhizosphere microbes in ROS metabolism under heat-

stress conditions. For example, thermotolerant strain Pseudomonas mendoina reduced 

membrane damage due to increased SOD, POX, APX, and antioxidant enzymes (Maitra et al., 

2021); Azospirillum brasilense showed lower heat damage as indicated by low oxidative 

damage, cell leakage, etc. in maize crops (Maitra et al., 2021); IAA-overproducing heat-

tolerant rhizobacteria in Medicago showed enhanced antioxidant activities (Maitra et al., 2021); 

and the thermotolerant strains Azospirillum brasilense NO40 and Bacillus amyloliquefaciens 

UCMB5113 resulted in higher antioxidant activities in young wheat seedlings (Abd El-Daim 

et al., 2014). 

 

1.3.3.4. Defense through EPS or biofilm formation 

Exopolysaccharides or EPS serve as the extracellular environment for the microbes, often 

ranging from 40-95% of the total cell weight as with bacteria (Flemming & Wingender, 2001). 

Microbe-produced EPS are nearly 97% water in a complex polymer matrix, which is 

advantageous during desiccation events. This matrix is generally released by microbes as cell 

exudates for competition and defense, as with Pseudomonas (Sandhya et al., 2009). The 

production of EPS is particularly high during incidences of stresses (e.g. heat, salinity, 

drought). EPS are active components of the soil organic matter; and as such, are known to 

physically impact the soil properties by increasing its water-holding capacity, therefore, 

delaying the onset of water stress. Soil structure is improved through the EPS’ excellent binding 

properties of the polysaccharides (Morcillo & Manzanera, 2021). With an improved soil 

structure due to EPS, water is not a limiting factor in plant growth and if this balance is 
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maintained, transpirational cooling will be effective enough against the deleterious effects of 

heat stress. The thermotolerant strains Bacillus ceres P2 and Planomicrobium chinense P1 have 

been found to produce enough EPS to counter the negative effects of drought and temperature 

stress on rainfed wheat (Khan & Bano, 2019). Naseem and Bano (2014) also found the same 

trend in drought- and heat-stressed maize plants with thermotolerant strains Proteus penneri 

PP1, Pseudomonas aeruginosa PA2, and Alcaligens faecalis AF3.  

 

1.3.3.5. Moderation of protective molecules 

Diverse small and large molecular weight compounds within the plant’s system have active 

roles in the mitigation of heat stress, most of which are nitrogenous compounds, small organic 

molecules, and non-protein amino acids (Parida & Das, 2005). Several studies have also 

reported that the accumulation of proline and glycine betaine is involved in the plant's stress 

response (Basu et al., 2021; Szabados & Savouré, 2010; Verbruggen & Hermans, 2008). 

Moreover, the application of thermotolerant PGPR has increased these two compounds in 

plants; and these enhancements were through direct absorption of microbial origin compounds, 

or via the up-regulation of the genetic control for increased production of said molecules (Ait 

Barka et al., 2006; Singh et al., 2019). 

 

1.3.3.6. Nutrient and water uptake 

Heat stress, which is usually accompanied by water stress, results in oxidative stress and 

nutrient deficiency in plants (Sattar et al., 2020; Zhou et al., 2017). During thermo-stress, one 

of the highly impacted physiological processes in plants is photosynthesis. Once this is 

impaired, energy-consuming processes such as active uptake of nutrients are nearly stopped, 

causing the reduction of nutrients in the plant. This can be worsened by the development of 

water stress in the soil, leading to further reduction in nutrient availability to the plant roots 

(Bista et al., 2018). If the plant’s nutritional status is negatively impacted, this will weaken the 

plant’s performance under stress conditions. Thermotolerant bacteria have gained attention due 

to their potential for mitigating heat stress in plants through involvement in the availability of 

soil phosphorous. Some thermotolerant strains were reported to be involved in phosphorous 

mineralization through organic acid production (Rodrı́guez & Fraga, 1999). This includes the 

thermotolerant strains from Erwinia, Bacillus, Rhizobium, and Pseudomonas genera. Other 

thermotolerant strains Bacillus smithi, Bacillus coagulans, Bacillus licheniformis, Aspergillus 

fumigatus, and Streptomyces thermophiles were also good at phosphate solubilizing activity 
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that they have now commercialized biofertilizers for high-temperature soils (Chang & Yang, 

2009).  Finally, some of the microbe root dwellers can secrete siderophores, thus, increasing 

the availability of iron and zinc (Carmen & Roberto, 2011).  

 

With all the mechanisms by which microbes assist plants in tolerating high-temperature 

stress, it is no wonder they are considered an excellent alternative strategy for mitigating heat 

stress effects, particularly in agriculture. Since the survival and the ability to impart tolerance 

to heat stress of the rhizosphere microbes rely heavily on the health and nutrients provided by 

the plants, it is, therefore, necessary to have a good working interaction between the soil 

microbes and the host plant roots.  

 

 

1.4 Plant roots – The hidden half 

Plant roots are intricate structures with anatomical and morphological features that exhibit 

diverse interactions with their niche and other living organisms with which they cohabitate. 

They are mainly involved with plant anchorage, water uptake, nutrient absorption, and the 

production and storage of essential compounds for plant growth. At the initial growth stage, 

roots show three distinct types of tissue systems – the epidermis (dermal tissue system), which 

contains the root hairs; the ground tissues (comprised of the cortex and endodermis), which 

occupies the largest volume of most roots; and the vascular tissues (vascular tissue system), 

which consist of the xylem (water transport) and phloem (nutrient transport) and is surrounded 

by the pericycle where lateral root formation arise (Smith, 2007).  The roots undergo extension 

(of the root axes from the apical meristems) and branching (of lateral roots from the pericycle) 

to expand the resource base and anchorage of the plant. The primary root can be divided into 

three developmental zones: the meristematic (surrounded by the root cap, which has the gravity 

sensing part at the tip – the columella), elongation, and differentiation (maturation) zones 

(Verbon & Liberman, 2016) (Figure 8). 
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Figure 1. 8  Cross and longitudinal section of a dicot root structure. [Source: Image by Dave Carlson 

- https://www.carlsonstockart.com/photo/root-structure-monocot-dicot-cross-longitudinal-section/] 

 

 

There are generally two types of roots: those that are formed in the embryo such as the tap 

or primary and seminal roots (Khan et al., 2016); and those that are formed post-embryonically, 

such as adventitious roots that form from consecutive nodes on shoots, basal roots, nodal roots, 

and lateral roots (Lynch & Brown, 2012). Primary roots, which comprise the basic component 

of the root system, are initiated during embryogenesis and develop shortly after germination 

(Qin et al., 2019). The growth of primary roots is maintained by two basal developmental 

processes: cell proliferation in the root apical meristem and cell elongation in the elongation 

zone. These processes are centrally regulated by phytohormones including auxin, ethylene, 

abscisic acid, gibberellins, cytokinins, jasmonic acid, strigolactones, and brassinosteroids, 

which play vital roles in the regulation of primary root growth (Li et al., 2015; Pacifici et al., 

2015). On the other hand, lateral roots are formed from the pericycle through auxin-dependent 

cell cycle activation, which produces the founder cells that undergo several rounds of cell 
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division (Overvoorde et al., 2010). The development and growth dynamics of the individual 

component of the root system, including the elongation of the root types, formation of the 

growth angles from the main axis, together with the branching of the lateral roots, are 

determined by genetics, physiological, and environmental factors (Lynch & Brown, 2012).

  

1.4.1. Root system architecture 

Root system traits have long been a target of interest by many researchers and plant breeders 

since many of the traits required in future crops and sustainable plant production are associated 

with root properties (Tracy et al., 2020). 

An important feature of the root in the soil, to cope with heterogeneously distributed 

resources, is its architecture. Roots change their architecture, direction, and rate of growth in 

response to a wide range of stimuli, including gravity, light, water, nutrient availability, toxic 

metals, and microorganisms. They tend to grow towards nutrients and water, however, this 

mechanistic growth pattern changes when these factors are in interaction with each other. For 

example, root gravitropic responses are influenced by hydrotropism (Takahashi, 1997) and the 

presence of toxic metals (Hawes et al., 2002). 

All the root components make up the dynamic root system architecture (RSA). The RSA is 

characterized by the spatial configuration of the root system or the explicit deployment of the 

root axes and is also described as the topological or geometric measure of the root shape 

(Bucksch et al., 2017). 

 

1.4.1.1. Microbial effect on the RSA 

Under a changing environment, the RSA exhibits plasticity and responds to diverse external 

conditions, which in this study, are the presence of microorganisms and high-temperature 

conditions. For example, PGPRs have been described to affect post-embryonic root 

development by altering cell division and differentiation within the primary root as well as 

affecting root hair formation and lateral root development (Verbon & Liberman, 2016).  The 

most common PGPR-induced root phenotype is either the inhibition of primary root growth 

coupled with the proliferation of lateral roots and root hairs (Ryu et al., 2005), leading to 

increased shoot biomass; or the increase in primary root growth that is coupled with an increase 

in plant biomass (Schenk et al., 2012).  
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1.4.1.1. High temperature stress effect on the RSA 

On the other hand, high-temperature stress induces several morphological responses in roots 

including changes in the RSA, such as the decrease in primary root length; reduction in the 

number, length, and emergence angle of lateral roots; increase in diameter and number of the 

second and third order laterals; and increase in the density of root hairs (Calleja-Cabrera et al., 

2020). In general, the modulating effects of high temperature on the RSA limit the volume that 

roots may access for the uptake of water and nutrients (Koevoets et al., 2016). 

Through its direct effects on growth and development, as well as on metabolic processes, 

temperature affects the expansion of the root system. Reduced or even no growth below the 

minimum temperature, maximal growth at optimum temperature (usually a broad range), and 

reduced to no growth again above the maximum temperature are the common responses of a 

root system. Both soil and air temperatures have a marked effect on root axes development, as 

with the increase in the number of root axes and lateral roots with accumulated temperature at 

the meristems (Vincent & Gregory, 1989). The effect of temperature on growth can be seen in 

terms of root length, with the rate of root expansion increasing faster approaching optimum 

temperature and decreasing thereafter (Seiler, 1998), and root mass, which also depends on 

assimilate supply or light interception (Stone & Taylor, 1983). Temperature also affects the 

orientation of the roots, as with root pleiotropism (angled growth from the vertical), and the 

rate and duration of metabolic processes such as water and nutrient transport. As the 

development progresses, root metabolism becomes more temperature-sensitive due to the 

decreasing mobilization of seed reserve during early seedling growth. Responses to the 

temperature at different organization levels (e.g. changes in lipid composition and carrier 

activity at the membrane level and size and morphology on the root system level) within the 

plant usually manifest after prolonged exposure with the end goal of ensuring efficient nutrient 

uptake and transport (McMichael & Burke, 1994). 

 

1.4.2. Root Phenotyping 

The target of doubling crop production by 2050, to address the increasing global 

population, is challenged by the impacts of climate change on water availability and the drive 

to reduce fertilizer inputs for a more sustainable agriculture (Atkinson et al., 2019). It has been 

proposed that developing crops with enhanced nutrient and water uptake efficiency, essentially 

improving the belowground root system traits (known as the “second green revolution”) will 

provide an alternative solution (Lynch, 2007). Root system traits have long been a target of 
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interest by many researchers and plant breeders since many of the traits required in future crops 

and sustainable plant production are associated with root properties (Tracy et al., 2020).  

Tracy et al. (2020) highlighted the root traits selected to be incorporated into new 

germplasms for plant breeders. These traits are either directly involving roots or indirectly with 

shoots. Some of the desired traits include the phenotype for deep water captures such as deeper 

and more extensive root growth and steeper roots (wide angle to soil surface). For better water 

conservation, a good trait is having a narrow xylem anatomy. For maintained, if not, greater 

yield in drought-prone areas, thicker tap roots can be selected, along with optimal leaf width. 

For greater use of phosphorous, shallower roots can be utilized. Another preferred trait involves 

malate exudation through the identification of malate transporters at root tips, within the roots, 

and the leaf sheaths. In gist, the functional root types were selected to confer: increased water 

acquisition (Hurd, 1974), enhanced water use efficiency (WUE) (Richards & Passioura, 1989), 

heat and drought tolerant (Caradus & Woodfield, 1998), access to phosphorous (Wissuwa et 

al., 2016), and tolerance to high soil Al (Sasaki et al., 2005), NA (Munns et al., 2012), and 

cereal cyst nematodes (Ogbonnaya et al., 2001). 

Elucidating the RSA could help in improving agricultural productivity and understanding 

how plants respond and adapt to changing environmental conditions. However, evaluating the 

plant root systems poses several challenges, mainly because of their hidden nature. In early 

studies, the root system could not be assessed without destroying or losing part of it to invasive 

measurement and harvest. Moreover, studying the ideal root systems for crop growth under 

natural conditions is complicated due to the variations in the environment. Despite these 

challenges, specific root traits have been incorporated into crops. RSA studies were made 

possible owing to the advancements in root phenotyping and analytical software development 

(Takahashi & Pradal, 2021).  

Root system trait phenotyping has some challenges and (Atkinson et al., 2019) tried to 

summarize them and mentioned the different techniques and technological innovations. First 

of all, in natural conditions, the opaque nature of soils makes in situ phenotyping of the root 

systems challenging as compared to measuring and analyzing the shoots. Traditional non-

destructive techniques employed under controlled laboratory conditions included the use of 

transparent or artificial growth media, growth pouches, and rhizotrons. These, however, only 

generated 2D images, and if the soil is used, there is the difficulty of capturing the complete 

RSA as it gets occluded by soil particles. This was addressed with the use of soil-free 

techniques (artificial media) such as gel plates, hydroponics, aeroponics, and growth pouches, 

which provided greater contrast between root and substrate, although results can vary with 
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actual soil setting (Kuijken et al., 2015). Examples of 2D soil and artificial media system are 

the high-throughput phenotyping platforms GrowScreen-Rhizo (Nagel et al., 2012), 

Phytomorph (Subramanian et al., 2013), GrowScreen-PaGe (Gioia et al., 2016), RADIX (Le 

Marié et al., 2016), and RhizoTubes (Jeudy et al., 2016) (Figure 9). 

 

 

Figure 1. 9  2D imaging of plant roots. (a) GLO-Roots. Arabidopsis plant expressing a luminescent 

reporter imaged on each side of the rhizotron (colored green and magenta respectively) at 21 days after 

sowing (DAS). (b) GROWSCREEN-Rhizo. A high-throughput automated root phenotyping platform 

using soil-filled rhizotrons. (c) Pouch system for cereal seedlings (left panel). RootNav analysis 

software (right panel). (d) Phytomorph. A high-throughput robotic imaging platform for Arabidopsis 

growing on agar plates. [Source: Image and description adapted from Atkinson et al. (2019).] 

 

Another issue with root phenotyping is that plant root systems are three-dimensional (3D) 

structures with many features difficult to quantify in 2D (Topp et al., 2013). Some of these 

features include the arrangement of seminal roots at the root crown of cereals, the angle of the 

roots, and the number of roots and root whorls in maize crowns. An advantage of 3D is its 

capability to capture dynamic growth responses such as gravitropism and circumnutation 

(Clark et al., 2011). Currently, 3D non-invasive phenotyping of roots in soil is achieved using 

three tomographic techniques originally developed for medical applications: X-ray computed 

tomography (X-ray CT), magnetic resonance imaging (MRI), and positron emission 
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tomography (PET) (Figure 10). Both X-ray CT and MRI can be used continuously to monitor 

root system development, with no adverse effect due to periodic scanning (van Dusschoten et 

al., 2016). 

 

 

Figure 1. 10  3D tomographic imaging of plant roots. (a) X-ray CT micrograph of a wheat seedling 

12 DAS. (b) MRI imaging of a maize root system at 6, 9, 12, and 15 DAS. Upper panel, MRI data (2D 

maximum intensity projection). Lower panel, 3D surface rendering. Scale bar: 20 mm. (c) Maize roots 

imaged using MRI-PET. Two plants are growing in the same pot. The greyscale image is MRI, the color 

is 11C PET data following application to a leaf of one plant. (d) OpenSimRoot simulation using output 

from (a) to model rhizosphere N depletion. (e) Maize root imaged at 9 DAS using optical projection 

tomography (OPT) and PET. The black and white image is OPT, the color is 11C PET data. [Source: 

Image and description adapted from Atkinson et al. (2019).] 

 

Because of the challenge of belowground imaging in the field, phenotyping for root system 

traits is met with difficulties, thus the lag in technological advancements. Some of the classic 

methods used for field-based phenotyping include soil core break, which is currently being 

improved by employing UV illumination and fluorescence spectroscopy for enhanced soil and 

root contrast (Wasson et al., 2016). Another popular high-throughput method is shovelomics 

or root crown phenotyping. This method generates a number of key RSA parameters including 

root crown number angle and number (Trachsel et al., 2011). There are also geophysical 
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methods to study the root and the soil profile, such as the Electrical Resistance Tomography 

(ERT), which measures soil water profiles to analyze large diameter root profiles (Amato et 

al., 2008); and ground penetrating radar, which uses high-frequency waves to detect and 

quantify tree roots (Liu et al., 2016).  

Root phenotyping does not only involve imaging and measurement, but also root trait 

digitization and quantification (Takahashi & Pradal, 2021). Due to the large number of datasets 

generated by the high-throughput capture of root systems, there is a need for fast and accurate 

root trait characterization software solutions to reliably derive traits. Several tools have 

emerged fairly recently, which exhibit a mixture of manual approaches. This includes DART 

(Le Bot et al., 2010), the semi-automated SmartRoots (Lobet et al., 2011) and RootNav (Pound 

et al., 2013), and the fully automated EZ-Rhizo (Armengaud, 2009), GiA Roots (Galkovskyi 

et al., 2012), and DIRT (Bucksch et al., 2014). 

 

 

Figure 1. 11  Automated root image analysis software. (a) DIRT measures traits based on the 

‘shovelomics’ approach. Root systems are washed and imaged from above in front of a dark 

background. Root systems are separated from the background via thresholding, and RSA traits are 

derived from each segmented object. (b) Root-soil segmentation in X-Ray CT. Root and soil pixels are 

identified via a Support Vector Machine classifier trained on deep-learned features. Images show the 

ground truth, original image, and SVM classifier output. (c) End-to-end deep learning for root tip 

identification. A deep network trained on thousands of instances of root tips and negative samples can 

be passed over an entire image to obtain likely root tip locations. [Source: Image and description adapted 

from Atkinson et al. (2019).] 
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To address some of the shortcomings of the root software analysis tools, deep machine 

learning is slowly being utilized. This is a standard technique for many computer vision 

problems with the availability of large datasets. Deep learning is aimed at reducing the reliance 

on the high user input in order to increase both the throughput and quality of the phenotypic 

data (Atkinson et al., 2017) 

 

 

1.5. Biochemical nature of plant root-microbe interactions 

 

1.5.1. Lipids at the forefront of biochemical research 

For a long time, the focus of scientific research has been on the accepted dogma of biology: 

DNA (genomics), RNA (transcriptomics), and proteins (proteomics) to resolve mechanistic 

investigations of cell functions (Stephenson et al., 2017). The study and characterization of 

endogenous small molecules – metabolites (metabolomics), which are substrates and products 

of biochemical reactions that reveal the interconnectivity of biological pathways, has also 

rapidly emerged (Zhang et al., 2013). As primary metabolites, lipids maintain cellular functions 

and are involved in primary metabolic processes. However, amid the precipitous growth of 

scientific knowledge and databases that can be attributed to unprecedented progress in genome 

sequencing and annotation, protein function interpretation, and metabolome profiling, studies 

on lipids have been considerably less (Shevchenko & Simons, 2010). To gain a complete 

understanding of cellular physiology and metabolic homeostasis, a comprehensive analysis of 

lipids is essential, therefore prompting lipid biology to be a major research target of systems 

biology (Fahy et al., 2005).  

Lipids are a diverse and ubiquitous class of biomolecules and major constituents of 

eukaryotic and prokaryotic cell membranes (Fahy et al., 2011; van Meer et al., 2008). They 

play essential roles in maintaining the structure and function of the plasma membrane (Horn & 

Jaiswal, 2019) and intracellular membranes (Casares et al., 2019). They provide various 

biological functions in energy and carbon storage, serve as mediators in cell signaling 

pathways, and regulate stress responses (Welti et al., 2007). Because of diverse roles in cellular 

functions, systemic effects of lipid homeostasis and lipid metabolism can reflect the greater 

biochemical changes of the whole system, influencing the overall health status of an organism 

(Boutte & Jaillais, 2020; Wu et al., 2020). 
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Plants are exposed to their surrounding environment, thereby, in constant interaction with 

a multitude of organisms. Numerous studies on aboveground plant-microbe interactions have 

already been documented; however, rhizosphere studies have been restricted due to limitations 

in the application of “omics” profiling techniques (Downie et al., 2015) and difficulties in 

simulating a natural underground ecosystem (Sergaki et al., 2018). Although these interactions 

have been mostly investigated at metabolic and transcriptomic levels, there are still many open 

questions on the biochemical interaction, resource exchange, and communication between the 

involved organisms. Rhizosphere-related phenomena such as rhizodeposition, microbial 

chemotaxis, and plant-microbe signaling are some important underground processes that still 

need to be further explored (Mendes et al., 2013), and in which lipids are highly involved 

(Cassim et al., 2019; Niu & Xiang, 2018).  

In the rhizosphere, whenever plant roots communicate with or contact microbes, molecular 

information is exchanged. During this interaction, the plasma membrane acts as the interface, 

either allowing advantageous resource exchange or inhibiting interaction through downstream 

signaling cascades (Cacas et al., 2016; Lodish et al., 2008). The plasma membrane serves as a 

critical player in signaling responses to external stimuli, initial microbe recognition, and 

multiple downstream responses, which the microbes attempt to manipulate to suppress plant 

defense responses (Cacas et al., 2016; Lodish et al., 2008). Overcoming these defense 

responses leads to successful colonization and procurement of nutrients from plants (Boon & 

Smith, 2002).   

As major components of the plasma membrane, lipids establish the physical barrier on the 

living cell surfaces, modulate the communication between the host and microbe, and serve as 

signaling molecules or providers of elicitors for pathogen recognition, thereby influencing the 

establishment or prevention of microbial colonization (Abdel-Mawgoud & Stephanopoulos, 

2018; Siebers et al., 2016). The isolation and characterization of a vast number of lipids have 

been a challenging task, requiring a cohort of multi-level and interdisciplinary studies, and 

leading to the emergence of the research field of lipidomics (Wu et al., 2020). With 

advancements in molecular identification and quantification methods brought by the 

development and availability of highly sensitive analytical technologies, our knowledge of the 

roles of lipids in rhizospheric interactions has tremendously expanded. This section will 

highlight the various roles of lipids in plants and at the different stages of plant root-microbe 

interactions: from (i) signaling and resource exchange; to (ii) pattern-recognition, signal 

transduction, and downstream defense response mechanisms during perception and contact; 

leading to (iii) the establishment of symbiosis that can either impart plant growth-promotion 
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and stress tolerance or cause diseases and death. This will also provide an overview of the 

recent developments in visualizing and characterizing lipid components in membranes and 

plant tissues. Moreover, we will also look into the advances in the lipidomics workflow, 

including sample extraction protocols, mass-spectrometry-based techniques, biostatistical data 

analysis, and lipidomic data interpretation. 

 

1.5.2. Lipids: Description, categories, and nomenclature 

Lipids have been initially defined as biological substances that are generally hydrophobic, 

which, in many cases, can be soluble in organic solvents (Smith, 2000). They have also been 

broadly subdivided into two groups: “simple” lipids, those that yield at most two types of 

hydrolysis products (e.g., fatty acids, sterols, and acylglycerols), and “complex” lipids, yielding 

three or more products (e.g. glycerophospholipids and glycosphingolipids) (Fahy et al., 2005). 

However, for a comprehensive and standardized classification, Fahy et al. (2005) broadly 

defined lipids as “hydrophobic or amphipathic small molecules that originate entirely or in part 

by carbanion-based condensation of thioesters and/or by carbocation-based condensation of 

isoprene units”. The production, transport, and recognition of lipids are performed by the 

concerted actions of numerous enzymes, binding proteins, and receptors ((Fahy et al., 2005).  

To deal with the massive amounts of data generated by the growing lipid research 

community and to facilitate international communication, a comprehensive and standardized 

classification with a common platform compatible with informatics requirements has been 

developed. The Lipid Metabolites and Pathway Strategy (LIPID MAPS), founded to “unify the 

field of lipidomics”, is a web portal designed to be a gateway for Lipidomics resources (Fahy 

et al., 2009), which includes a relational database that encompasses structures and annotations 

of biologically-relevant lipids (Sud et al., 2007). 

 

1.5.2.1. Categories of lipids:  

The Lipid Maps consortium has divided lipids into eight principal categories based on their 

functions (https://www.lipidmaps.org/data/classification/LM_classification_exp.php). Fatty 

acyls (FA) represent the major building block of complex lipids, and therefore, are one of the 

most fundamental categories of biological lipids. They are characterized by a series of 

methylene groups imparting their hydrophobic characteristic and are subdivided depending on 

the existence of double bonds in their hydrocarbon chains. Common examples include fatty 

acid esters such as wax monoesters and diesters and lactones. Glycerolipids (GL) are mainly 

https://www.lipidmaps.org/data/classification/LM_classification_exp.php
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composed of mono-, di-, and tri-substituted glycerols; the most well-known of which are 

triglycerides (TAG). They comprise the bulk of oil storage in plant tissues. 

Glycerophospholipids (GP), also known as phospholipids, are amphipathic molecules with a 

polar head consisting of glycerol and a phosphate group, and a non-polar tail made of 

hydrocarbon chains. As key components of the plasma membrane bilayer, they act as binding 

sites for intra- and intercellular proteins and are involved in cell metabolism and signaling. 

Sphingolipids (SP) are a family of compounds sharing a common structural feature – a 

sphingoid base backbone synthesized de novo from serine and a long-chain fatty acyl-CoA then 

converted into products such as ceramides, phosphosphingolipids, glycosphingolipids, and 

other derivative species. They have protective functions and play important roles in cellular 

signaling. Sterol lipids (ST) are important components of the cell membrane, participating in 

signal transduction. The most well-known examples are phytosterol in plants, and cholesterol 

and derivatives, such as steroids that have specific roles as hormones and signaling molecules. 

Prenol lipids (PR) are synthesized from the 5-carbon precursors, isopentenyl diphosphate and 

dimethyl diphosphate, which are mainly produced via the mevalonic acid (MVA) pathway. 

They are essential for immune response and some regulatory functions, e.g. carotenoids that 

function as antioxidants and precursors of Vitamin A and E. Saccharolipids (SL) are 

composed of a fatty acid linked to a sugar backbone, forming structures that are compatible 

with membrane lipid bilayers. They can be found in the Lipid A component of 

lipopolysaccharides (LPS) in gram-negative bacteria as acylated glucosamine precursors. 

Finally, Polyketides (PK) have great structural diversity and comprise a very large number of 

secondary metabolites. They are often cyclic molecules whose backbones are further modified 

by glycosylation, methylation, hydroxylation, oxidation, and/or other processes. PKs are found 

in anti-microbial, anti-parasitic, and anti-cancer agents, such as erythromycins, tetracyclines, 

and avermectins (Fig. 1.5.2.)  

 

1.5.2.2. Lipid nomenclature 

Once the classification of lipids was established, the next step was to have a systematic way of 

naming them. The requirement for naming lipids was to have an unambiguous definition of the 

lipid structure that is equally amenable to chemists, biologists, and medical researchers. 

Therefore, in conjunction with the classification scheme, Fahy et al. (2005) also provided a 

systematic naming scheme for the various classes and subclasses of lipids. This closely 

followed the existing rules of the International Union of Pure and Applied Chemists and the 
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International Union of Biochemistry (IUPAC-IUBMB), except for a few differences. Based on 

LIPID MAPS, the lipid nomenclature falls into two main categories, systematic and common 

trivial names; the latter of which includes abbreviations to conveniently define acyl/alkyl 

chains in glycerolipids, sphingolipids, and glycerophospholipids. 

 

 

Figure 1. 12  Representative structure of each lipid category. The LIPID MAPS consortium has 

subdivided lipids into eight principal categories based on their functions, chemical characteristics, and 

specificities. A more consistent format for representing lipid structures has been proposed by Fahy et. 

al [84] in which, in the simplest case of the fatty acid derivatives, the acid group (or equivalent) is drawn 

on the right hand while the hydrophobic hydrocarbon chain is on the left, with some notable exceptions. 

Fatty acyls [FA]- have aliphatic chain of methylene groups and can be subdivided into saturated or 

unsaturated; Glycerolipids [GL]- characterized by the number of glycerol groups; 

Glycerophospholipids [GP]- amphipathic with a polar glycerol and phosphate group and non-polar 

hydrocarbon; Sphingolipids [SP]- have a sphingoid backbone; Sterol lipids [ST]- with sterol nucleus 
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composed of four tightly fused carbon rings and a hydroxyl group attached to the first ring; Prenol lipids 

[PR]- synthesized from the five-carbon precursors (isopentyl diphosphate and dimethylallyl 

diphosphate); Saccharolipids [SL]- has fatty acid and a sugar backbone; Polyketides [PK]- has various 

structural forms, often as cyclic molecules with modifications such as methyl group or hydroxyl groups. 

[Image created with Biorender.com.] 

 

1.5.3. General functions of lipids 

In general, lipids have various complex biological functions. As main components of a 

eukaryotic cell membrane, they perform essential roles in maintaining its form and 

physiological processes. Glycerophospholipids mainly comprise the structure of biological 

membranes such as the plasma membrane and the intracellular membranes of the cell 

organelles (Casares et al., 2019; Horn & Jaiswal, 2019).  These lipids in biological membranes 

are also involved in the formation of the bilayers, which are energetically preferred processes 

under an aqueous environment that utilize strategic lipid alignment and behavior (Alberts et 

al., 2002). Lipids also function as energy storage, as with triacylglycerols (TAG) located in 

adipose (fat) tissues in mammals (Ahmadian et al., 2007). The continuous synthesis and 

breakdown of this product are mainly controlled by the activation of the enzyme called 

hormone-sensitive lipase. Fatty acid breakdown provides more calorific content (about 

9kcal/g) as compared to the breakdown of carbohydrates and proteins (4 kcal/g), which is 

associated with considerable hydration of water, making fat a more efficient storage of energy 

(Stryer, 1995). Lipid signaling is also a vital component of cell signaling, which may be 

controlled and activated by several receptors and lipids identified as signaling molecules and 

messengers (Okazaki & Saito, 2014). In plants, there are several lipid signaling molecules, 

which have low abundance at less than 1% of the total lipids and a fast turnover (Hou et al., 

2016). Hou et al. (2016) enumerated some of the common groups of signaling lipids: 

phosphatidic acid, which is a diacyl glycerophospholipid that serves as a precursor for the 

biosynthesis of complex lipids (Munnik & Testerink, 2009); phosphoinositides, signaling 

molecules important in membrane trafficking, cytoskeleton organization, growth of the polar 

tip, and stress responses (Di Paolo & De Camilli, 2006; Munnik, 2010), sphingolipids, 

representing a heterogenous group of compounds that are involved in a variety of cellular 

processes and environmental responses such as the modulation of PCD (Liang et al., 2003); 

lysophospholipids, minor membrane compounds which have been found to accumulate in 

response to freezing, wounding, pathogen infection, or elicitor application (Welti et al., 2002); 

and oxylipins, which are involved in plant development and response to environmental cues, 
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with JA as the most common example (Savchenko et al., 2014). Other signaling lipids were 

identified and characterized, although this was done through animal studies. Examples are the 

N-acylethanolamine, found most abundant in desiccated seeds and which are implicated in 

plant growth and pathogen defense (Y.-S. Wang et al., 2006); alkamides, which are structurally 

similar to NAE with similar functions in plant development that intersect with jasmonate and 

cytokinin signaling pathway (López-Bucio et al., 2006); and free fatty acids, derived from 

triglycerides, phospholipids, sphingolipids, or NAEs, which were suggested to have direct 

involvement with biotic and abiotic stress responses in plants (e.g. study of Mandal et al. (2012) 

on oleic acids). Lipids have also other functions, particularly in humans. For example, 1) fat-

soluble vitamins A, D, E, and K serve as essential nutrients stored in the liver and fatty tissues 

as with isoprene-based lipids (Kono & Arai, 2015); 2) acyl-carnitines are involved in the 

transport and metabolism of fatty acids in and out of the mitochondria (Jones et al., 2010); 3) 

polyprenols and phosphorylated derivatives are involved in the oligosaccharide transport 

across membranes (Akhtar et al., 2017); and 4) polyprenol phosphate and di-phosphate sugars 

function in extra-cytoplasmic glycosylation reactions and eukaryotic protein N-glycosylation 

(Eichler & Guan, 2017). The next sections discuss the functions of lipids particularly in the 

plasma membrane and during interactions between plants and microbes.  

 

1.5.3.1. The plasma membrane and the lipids regulating its functions 

The plasma membrane is a highly-ordered key biological structure that separates the interior 

of the cell from the extracellular medium – and which functions mainly in cell protection, 

nutrient exchange regulation, and signaling mediation (Xue et al., 2009). It functions like a 

sensor that regulates cellular activities and with an intricate pathway that orchestrates reception, 

signal transduction, and appropriate response mechanisms against a continuously changing 

environment. Because of these inherent functions, the plasma membrane needs to be both stable 

and robust – to maintain structural stability, while being fluid and adaptable – to cope with 

external factors and changes (Cassim et al., 2019). The remarkable molecular organization of 

the plasma membrane, which is constituted of a huge diversity of proteins and lipids in an 

asymmetric proteo-lipidic matrix, is what allows for its short-term dynamics and long-term 

stability. Given that the protein-to-lipid ratio (mass/mass) was determined to be close to 1.3, as 

with the case in the tobacco plasma membrane (Cacas et al., 2016), it can only be deduced that 

lipids largely contribute to the organization and composition of the plasma membrane, which 

is responsible for maintaining essential processes of plant cell physiology, abiotic stress 
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adaptation, intra- and intercellular communication, nutrient exchange, and plant-microbe 

interactions (Xue et al., 2009). 

 

1.5.3.1.1. Roles of lipids in the structural formation and integrity of the plasma membrane 

The structure of the plasma membrane is attributed to the unique properties of the lipid 

molecules, allowing them to assemble spontaneously in bilayers in an aqueous environment. 

The main lipid components found in the plasma membrane are glycerophospholipids, 

sphingolipids (SP), and sterol (ST) lipids (Cassim et al., 2019).  

The plasma membrane is mostly composed of molecules that are amphipathic (or 

amphiphilic) - characterized by a hydrophilic (“water-loving”) polar end and a hydrophobic 

(“water-fearing”) non-polar end (Lodish et al., 2008). Among these, glycerophospholipids 

which have polar head groups and two hydrophobic hydrocarbon tails, are the most abundant. 

Their tails are made up of fatty acids which can differ in length (most commonly within 14-24 

carbon atoms); with saturated and unsaturated (with one or more cis-double bonds that create 

a kink) tails (Alberts et al., 2002). The fluidity of the membrane is highly influenced by the 

differences in the length and desaturation degree of these fatty acid tails, as these affect the 

packing of the lipid molecules against one another (Alberts et al., 2002). Another factor 

influencing the fluidity of the bilayer is the mobility of the lipid molecules within each 

monolayer (also called a leaflet) and between them. Using electron spin resonance (ESR) 

spectroscopy, the principles of which are similar to that of nuclear magnetic resonance (NMR), 

the motion and orientation of a spin-labeled lipid were determined to be 1) “flip-flop” – lipid 

migration from one leaflet to another (occurs <once a month); and 2) “flexion”, “rotation”, or 

“lateral diffusion” – movement within the same leaflet (occurs ~107 times per second) (Liu & 

Conboy, 2005). This illustrates the flexibility of the hydrocarbon chains and the rapid rotation 

of individual lipid molecules around their long axis. The lipid composition, as well as 

temperature, also affect the fluidity and viscosity of the bilayer (Uemura et al., 2006). For 

example, the temperature can induce a phase transition, changing the liquid state of the bilayer 

to a two-dimensional rigid crystalline (or gel) state at a characteristic freezing point, depending 

on the length of the hydrocarbon chains and the presence of double bonds. Shorter chain lengths 

prevent the interaction of hydrocarbon tails with one another, while the cis-double bonds 

prevent packing, letting the membrane remain fluid even at lower temperatures (Seelig & 

Seelig, 1977). As such, some organisms have learned to adapt to fluctuating environmental 
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temperatures, by changing the proportion of and synthesizing fatty acids with more cis-double 

bonds (Seelig & Seelig, 1977).  

Aside from phospholipids, however, the bilayer is also composed of sterols that enhance 

and maintain the permeability-barrier properties of the lipid bilayer (Hartmann, 1998). Sterols 

tend to make the bilayer less fluid because of their 1:1 proportion with phospholipid molecules. 

This is due to the orientation of their hydroxyl group and steroid rings against the polar head 

and first hydrocarbon chains of phospholipids, respectively, which causes rigidity and less 

permeability, as well as their high concentrations in most eukaryotic plasma membranes. 

However, they also prevent the packing and crystallizing of the hydrocarbon chains which 

inhibits potential phase transition. Since the plasma membrane is not only composed of the 

lipid bilayer but also of embedded membrane proteins – integral and peripheral, other lipids 

also play crucial roles in maintaining the order in the membrane (Brown & London, 2000). 

Because of their long and saturated fatty hydrocarbon chains, van der Waals attractive forces 

tend to hold sphingolipids together in small microdomains known as “lipid rafts” (also rich in 

sterols) (Brown & London, 2000). The lipid rafts are thicker than the other parts of the bilayer, 

allowing them to accommodate and organize certain membrane proteins – either to concentrate 

them for small vesicle transport or to enable the simultaneous functioning of proteins, e.g. 

during extracellular signal conversion to intracellular ones. Depending on their shape, lipid 

molecules can spontaneously aggregate to bury their hydrophobic tail in the interior while 

exposing the hydrophilic heads to water (Dowhan & Bogdanov, 2002). This is done in either 

of two ways: wedge-shaped lipid molecules forming a spherical micelle (tails inwards) or 

cylinder-shaped phospholipid molecules forming a bilayer (hydrophobic tails sandwiched 

between hydrophilic head groups). Both the cylindrical shape and amphipathic nature of 

glycerophospholipids contribute to the plasma membrane stability, allowing a self-healing 

property where a tear in the bilayer can be spontaneously repaired (Kozlov et al., 2014) [plasma 

membrane structure illustrated in Fig. 1.6.3.1-A].  

 

1.5.3.1.2. Roles of lipids in nutrient transport (permeability) across the plasma membrane: 

According to Lodish et al. (2008), one of the amazing characteristics of the plasma membrane 

is its ability to regulate the entry and concentration of essential substances into and out of the 

cell. This includes ions such as Ca++, Na+, K+, and Cl–, and nutrients including glucose, fatty 

acids, and amino acids. The plasma membrane also maintains the metabolic intermediates 

within the cell and removes the waste and toxic products from the cell, particularly carbon 
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dioxide (CO2) or Na+. Therefore, this selective permeability of the plasma membrane allows 

the cell to maintain a constant internal environment. Lodish et al. (2008) also mentioned that 

because of its non-polar tails, the glycerophospholipid bilayer can only move relatively small, 

non-polar materials such as other lipids, oxygen (O2) and carbon dioxide (CO2) gases, and 

alcohol. It is essentially impermeable to water-soluble molecules such as glucose and amino 

acids, and electrolytes. Their movement is generally mediated by transport proteins associated 

with the bilayer - the specificity of which depends on the cell type and the required low-

molecular-weight compounds (Lodish et al., 2008). The diffusion of substances through the 

lipid bilayer is categorized based on whether energy is required. Passive transport describes the 

movement without the expenditure of cellular energy by following a concentration gradient 

such as diffusion (e.g. O2 and CO2) and facilitated diffusion (e.g. large polar glucose molecule 

which requires a specialized glucose transporter) (Mueckler & Thorens, 2013; Yang & Hinner, 

2015). On the other hand, active transport involves the movement of substances across the 

bilayer against a concentration gradient using energy from adenosine triphosphates (ATP) such 

as the use of protein pumps (e.g. sodium-potassium pump or Na+/K+ ATPase), endocytosis 

(which can be phagocytosis, pinocytosis, or receptor-regulated endocytosis), or exocytosis 

(Cooper et al., 2007).  

 

1.5.3.1.3. Roles of plasma membrane lipids in cell signaling (reception, transduction, and 

response) 

The bilayer of eukaryotic membranes contains a variety of glycerophospholipids, with head 

groups that differ in size, shape, and charge (Alberts et al., 2002). This variability is essential 

as some membrane proteins can function only in the presence of specific head groups, just as 

several enzymes in aqueous solution require specific ions for activity. Moreover, to be recruited 

and concentrated into specific membrane sites in the cytosolic leaflet of the bilayer, some 

enzymes only bind to specific phospholipid head groups. Notable as well is the asymmetric 

distribution of the lipid composition in the two leaflets of the bilayer (Boon & Smith, 2002). 

The external leaflet of the bilayer is enriched primarily with choline-containing lipids, 

phosphatidylcholine (PC), and sphingomyelin (SM); whereas the cytoplasmic leaflet is 

preferentially enriched with amine-containing glycerophospholipids such as 

phosphatidylethanolamine (PE) and phosphatidylserine (PS) (Daleke, 2003). Minor 

glycerophospholipids such as phosphatidic acid (PA), phosphatidylinositol (PI), 

phosphatidylinositol-4-monophosphate (PIP), and phosphatidylinositol-4,5-bisphosphate 
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(PIP2), are also found on the cytoplasmic leaflet of the membrane (Daleke, 2003) [Fig. 1.6.3.1-

B]. These membrane phospholipids have important implications in cellular signaling as 

described by (Alberts et al., 2002). Because of the negative charge of PS, the leaflets of the 

bilayer have a significant charge difference which is functionally important in the direct 

binding of cytosolic proteins (e.g. enzyme protein kinase C (PKC)) to the plasma membrane 

as a signaling response. In other cases, protein-binding sites are created at a particular time and 

place only after the lipid head groups are modified. For example, the phosphorylation of PI via 

lipid kinases (e.g., phosphatidyl kinase (PI 3-kinase) activated as a response to extracellular 

signals) then leads to the recruitment of proteins from the cytosol into the cytosolic leaflet of 

the membrane. Another way is by the cleavage of specific glycerophospholipid molecules by 

phospholipases that generate fragments acting as short-lived intracellular mediators. An 

example would be the cleaving of inositol phospholipid by phospholipase C leading to its 

separation into two fragments: the tail, which remains in the membrane that helps activate 

protein kinase C; and the head, released into the cytosol that stimulates the release of Ca2+ from 

the endoplasmic reticulum (ER) [Fig. 1.5.3.1.3. B-C]. 
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Figure 1. 13  Lipid components and signaling in the plasma membrane. (A) Lipids in the plasma 

membrane. The plasma membrane is primarily comprised of glycerophospholipids (GP), sphingolipids 

(SP), and sterol lipids (ST) – with functions that maintain the structure, stability, and regulation of 

essential cell processes. (B) The five major glycerophospholipids that predominate in the plasma 

membrane are phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylcholine (PC), 

sphingomyelin (SM), and phosphatidylinositol (PI). Together they constitute more than half the mass 

of lipids in most membranes. Their distribution, variable within the two monolayers, leads to the bilayer 

asymmetry which is crucial in cell signaling and protein binding. (C) Membrane phospholipids have 

specific functions in cell signaling. (C-1) In response to extracellular signals, cytosolic proteins such as 

protein kinase C (PKC) are activated and bind to the cytosolic face of the membrane where the 

negatively-charged PS concentrated in this area, are required for their activity. (C-2) Extracellular 

signals can activate phosphatidylinositol kinase (PI 3-kinase), leading to phosphorylated inositol 

phospholipids in the plasma membrane. Various intracellular signaling molecules are then attracted and 

bind to the phosphorylated lipids in the membrane, where they interact and help relay the signal into 

the cell. (C-3) Other extracellular signals activate phospholipases (e.g. phospholipase C) that cleave 

phospholipids. These lipid fragments then act as separate signaling molecules to relay signals into the 
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cell – the tail retained in the membrane help activate protein kinase C while the head is released into 

the cytosol. [Image created with Biorender.com.] 

 

Depending on the specific lipid components (whether in abundance or small quantities) in 

individual organisms, lipids may play diverse roles both in the maintenance of inherent cell 

functions, as well as in the interaction with other organisms. The next section highlights the 

main lipids, with their associated functions, found in plants, fungi, and bacteria – which are 

major players in the rhizospheric interactions. 

 

1.5.4. Main lipids in plants and microbes and their associated functions  

Plants are sessile organisms whose tasks are not only to manage their growth and 

development but also to regulate their complex metabolic and biosynthetic processes to adapt 

against biotic and abiotic environmental stressors (Liu et al., 2019). Lipids, being the primary 

components of biological membranes, have important roles in their growth regulation and 

either symbiotic relationship with symbionts or defense response mechanisms against 

microbial attack (Siebers et al., 2016). Major lipids directly involved in these processes are 

glycerophospholipids and associated lipid-modifying enzymes such as phospholipases D, C, 

and A, glycolipids, free fatty acids, oxylipins, sterol lipids, carotenoids, and apocarotenoids 

(Siebers et al., 2016). 

 

1.5.4.1. Plant lipids 

Plant glycerophospholipids, predominantly synthesized at the endoplasmic reticulum, are 

mainly comprised of PC and PE, with palmitic and linoleic acids as the main acyl chains; while 

minor components include that of PG, PI, PA, and PS. PS species are the only ones associated 

with a high proportion of very long fatty acid chains such as behemic C22 and lignoceric C24 

acid (Grison et al., 2015). Phospholipases are instrumental in catalyzing the conversion of 

phospholipids into fatty acids and lysophospholipids, diacylglycerol (DAG), or PA, depending 

on their positional specificity (Pleskot et al., 2013). During pathogen attack, both 

phospholipases and glycerophospholipid-derived molecules in plant membranes are involved 

in cell signaling and induction of immunity responses (Arisz et al., 2009). Glycolipids can be 

mainly found in the chloroplasts of plants, including that of algae and cyanobacteria, and in 

some bacterial phyla (Abdel-Mawgoud & Stephanopoulos, 2018). The most common 

glycolipids found in plants are galactolipids, mainly 50% mono monogalactosyldiacylglycerol 

(MGDG) and 20% digalactosyldiacylglycerol (DGDG), while a minor proportion is comprised 
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of sulfolipid sulfoquinovosyldiacylglycerol (Hölzl & Dörmann, 2007). Fatty acids are major 

structural constituents of the cell as they are a component of glycerolipids (Mandal et al., 2012). 

Together with fatty acid metabolites, they are important modulators of many signal 

transduction pathways in response to variable stresses as well as plant-microbe interactions. 

Before they are converted into lipid mediators, fatty acids are first either produced by de novo 

synthesis or released from glycerolipids by lipases. Oxylipins in plants refer to a diverse class 

of lipid metabolites, which are important signaling molecules derived from the oxidation of 

unsaturated fatty acids, mostly during oxidative stress (Mosblech et al., 2009). Commonly 

found oxylipins in plants are fatty acid hydroperoxides, hydroxy-, oxo-, or keto-fatty acids, 

divinyl ethers, volatile aldehydes, or the plant hormone jasmonic acid (JA). They perform 

various biological roles as secondary messengers or even as bactericidal agents during defense 

response. The cytosol in plant cells is where sterol lipids are synthesized via the isoprenoid 

pathway (Wewer et al., 2011). Major sterols found in plants (also called phytosterols) are 

stigmasterol, β-sitosterol, and campesterol, while cholesterol can be found in low abundance. 

Sterols can either occur in their free form (free sterols) or are derivatized at the C3 hydroxy 

group to form conjugated sterols. While some sterols in plants are of low amounts (e.g. sterol 

esters), their relative abundance can be influenced by biotic or abiotic stresses. Carotenoids are 

C40 polyenes that are present in all photosynthetic organisms and serve as accessory pigments 

in the light-harvesting complex, both as photoprotectants and antioxidants (Mohammadi et al., 

2012). The presence of β-carotene in membranes has been postulated to also assist during initial 

xylem and leaf colonization of sweet corn by the pathogen Pantoea stewartia subsp. Stewartii. 

Apocarotenoids, on the other hand, are isoprenoids derived by the cleavage from C40 

carotenoid precursors catalyzed by carotenoid cleavage dioxygenases (CCDs) (Alder et al., 

2012). Most plant hormones, such as abscisic acid (ABA), strigolactones, the acyclic C14 

polyene mycorradicin, the cyclic C13 cyclohexenone, as well as hydroxylated and glycosylated 

derivatives of the latter, are comprised of apocarotenoids (Walter, 2013). Sphingolipids, which 

contain amino alcohol (long-chain base, LCB) instead of a glycerol backbone, are crucial for 

the integrity of the membrane bilayer and membrane raft formation (Siebers et al., 2016). The 

two major sphingolipid classes in plants, synthesized using ceramide as a substrate, are 

glucosylceramides (GlcCer) and glycosylinositol phosphoceramides (GIPC). Both are 

abundant components of the plasma membrane, ER membrane, and tonoplast; and together 

with sterols, maintain the lipid raft formation. Sphingolipids are also implicated in signaling 

and programmed cell death (PCD), which is a defense response mechanism against pathogen 

attack (Luttgeharm et al., 2015).   
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1.5.4.2. Fungal lipids 

As with most eukaryotic cells, fungal membranes contain huge amounts of 

glycerophospholipids, mainly PC, PE, and PA, including phosphatidylglycerol (PG) and 

cardiolipin (CL) (Beccaccioli et al., 2019). Their membranes also contain sterol lipids; 

however, instead of phytosterols that are found in plants, they accumulate ergosterol which has 

shown to have important roles during plant-fungal interactions (Siebers et al., 2016). 

Sphingolipids are also found in considerable amounts in their membranes, although they have 

a different set of LCB to that of plants (Warnecke & Heinz, 2003). Two complex sphingolipids 

are found in fungi: phosphoinositol sphingolipids and glucosylceramides (GlcCer), which 

show a distinct feature of having a C-9 methyl group on the LCB, that are particularly important 

for pathogenesis and induction of various plant defense mechanisms. Fatty acids such as 

palmitvaccenic acid, which are found abundantly in mycorrhizal fungi in the form of 

triacylglycerol (thus the term “oleaginous fungi”), can serve as a biomarker for the evaluation 

of mycorrhizal colonization (Bago et al., 2000). It is not yet clear though whether mycorrhizal 

fungi synthesize their fatty acids from plant-derived carbon sources such as hexose, or if these 

were provided by the host plant (Bago et al., 2000; Trépanier et al., 2005; Wewer et al., 2014). 

What has been found was that fungal de novo fatty acid synthesis was influenced by plant 

nutrient supply and that it was restricted to the intraradical mycelium (Trépanier et al., 2005). 

Lysophosphatidylcholine (LPC) is another lipid that may perform signaling functions during 

mycorrhizal symbioses, such as the upregulation of the expression of the phosphate transporter 

PT4 in plants (Vijayakumar et al., 2016). Ergosterol is one of the microbe-associated-molecular 

patterns (MAMPs) that act as an elicitor of the microbe-triggered immunity (MTI) upon contact 

with plants, leading to responses such as ROS production, changes in proton fluxes, and 

potential of the plasma membrane, and activation of isoprenoid synthesis inducing phytoalexin 

production (Tugizimana et al., 2014).  

 

1.5.4.3. Bacterial lipids 

Bacterial membranes are mainly composed of glycerophospholipids (PE, PG, and CL), the 

synthesis of which begins with the conversion of PA to cytidine diphosphate-diacylglycerol 

(CDP-DAG) by the CDP-DAG synthase CdsA with CTP as co-substrate (Parsons & Rock, 

2013). Bacteria that produce PC are often symbionts or pathogens of plants (Sohlenkamp & 

Geiger, 2015). Bacteria also produce a high variety of phosphate-free membrane lipids, 

including glycolipids found in cyanobacteria and gram-negative bacteria, which serve as 
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membrane anchors for lipoteichoic acids and in nodule-forming bacteria or plant pathogens 

(Diercks et al., 2015; Hölzl & Dörmann, 2007). Other examples of bacterial lipids are betaine 

lipids such as diacylglyceryl trimethylhomoserine (DGTS) which are specific to α-

proteobacteria, although homologs of enzymes in DGTS synthesis are encoded in the genomes 

of other bacterial groups (Sohlenkamp & Geiger, 2015), and ornithine lipids (OLs) which are 

common in bacteria, but absent in eukaryotes (Diercks et al., 2015). Another example of 

phosphate-free membrane lipids are hopanoids, which are specific lipids that play a role during 

nitrogen fixation of Frankia sp. and various Bradyrhizobium species (Silipo et al., 2014), and 

during plant-microbe interaction of B. diazoefficiens with its native host soybean and symbiosis 

with different species of the tropical legume Aeschynomene (Kulkarni et al., 2015). Bacterial 

membranes also have oleic acid-derived oxylipins, which function as autoinducers for the novel 

quorum sensing system by controlling the cell-density gene expression (Martínez et al., 2019). 

The most common class of autoinducers in gram-negative bacteria are the N-acyl homoserine 

lactones (AHLs) (Schuster et al., 2013). However, other bacterial species – gram-negative and 

positive alike, possess alternative quorum-sensing mediators such as alkylquinolones, α-

hydroxyketones, peptides, and fatty acid-like molecules. Quorum-sensing systems regulate 

important biological processes including bioluminescence, DNA transfer, antibiotic resistance, 

motility, biofilm formation, and virulence (Williams et al., 2007).  

  

1.5.5. Lipids: The chemical language during rhizosphere interactions 

Plant roots are surrounded and highly influenced by the rhizosphere – a complex ecosystem of 

nutrient-rich soil (Verbon & Liberman, 2016). This thin strip of soil is enriched with an 

assortment of root secretions including primary metabolites (e.g. organic acids, carbohydrates, 

and amino acids) and secondary metabolites (e.g. alkaloids, terpenoids, and phenolics), which 

come at a significant carbon (C)-cost for the plant, but with ultimate importance in driving all 

types of rhizospheric interactions. Because of their organotrophic nature, a multitude of 

microorganisms including bacteria, fungi, and protists, densely populate this area (van Dam & 

Bouwmeester, 2016). This allows microorganisms to either extend the plant’s performance and 

capacity to adapt to the environment or utilize nutrients at the plant’s expense through niche 

colonization. The behavior and impact of these microbes are believed to rely heavily on the 

compounds, which mediate interactions through the release and perception of signaling 

molecules secreted by both plants and microbes (Mendes et al., 2013). This process is known 

in general terms as signaling or communication highway, underground interaction, rhizosphere 
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chemical language, or complex plant-microbe interaction (Bais et al., 2004; Mendes et al., 

2013). The rhizospheric interactions can be grouped into three signaling categories: 1) 

signaling from plant roots to microbes, which is facilitated by small-secreted molecules; 2) 

intra- and interspecies signaling mainly occurring via quorum sensing (QS) to synchronize 

microbial behaviors; and 3) signaling from microbes to plants through the release of 

compounds affecting plant gene expression, root architecture, and defense responses (Venturi 

& Keel, 2016). This section focuses on rhizosphere interkingdom signaling, which is divided 

into three consecutive stages (Fig 1.5.5).  

 

1.5.5.1. Plant root to microbe signaling through rhizodeposition 

The first stage in any rhizospheric interaction is the recruitment of the rhizobiome into 

the plant vicinity, which is highly influenced by rhizodeposition. Shaping the rhizosphere 

chemistry is stimulated by rhizodeposits, a collective term for C-containing compounds 

released by the roots, which can have various origins: at root apices, from sloughed-off root 

cells, border cells, and tissues; mucilage released from the root caps and root hairs; root 

exudates, which likely decrease with distance from root apices due to microbial mineralization; 

volatile organic compounds (VOCs); lysates released by senescing epidermal and cortical cells; 

and altered root-derived C by microbes or symbionts (e.g. C released by the extensive hyphal 

networks of arbuscular mycorrhiza) (Bais et al., 2004; Dennis et al., 2010). The release of 

rhizodeposits comes with a wide variety of substances such as sugars (e.g. glucose, 

oligosaccharides, deoxyribose), amino acids (e.g. α- and β-alanine, glutamine, methionine), 

organic acids (e.g. acetic, benzoic, oxaloacetic acids), enzymes (e.g. amylase, invertase, 

peroxidase), growth factors and vitamins (choline, pyridoxine, riboflavin), flavonones and 

purines/nucleotides (e.g. adenine, guanine, uridine/cytidine), and miscellaneous substances 

(e.g. auxins, glucosides, inositol and myo-inositol-like compounds, inorganic ions and gaseous 

molecules such as CO2, H2, H+,O-, HCO3-) (Uren, 2007).  

Lipids in various forms such as fatty acids (e.g. linoleic, linolenic, oleic, palmitic, stearic 

acids) and sterols (e.g. campesterol, cholesterol, sitosterol, stigmasterol) are also among these 

essential compounds that enrich the rhizosphere chemistry (Uren, 2007). Plants initiate an 

interaction by secreting (sending) out these substances (“chemical” signals) into the 

rhizosphere. Specific examples are plant-produced flavonoids such as 2-phenyl-1,4-

benzopyrone derivatives involved in root nodule formation (Maillet et al., 2011), inhibitory 

flavonoids such as phytoalexin, medicarpin, and glyceollin (Costa et al., 2021), and the volatile 
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organic compound (VOC) (E)-β-caryophyllene that functions as plant bioprotectant against 

herbivores and pathogens and as an attractant for organisms preying on root-feeding herbivores 

from maize roots (Degenhardt et al., 2009; Dudareva et al., 2006). These chemotactic attractors 

can facilitate the recruitment, nutrition, shaping, and tuning of the microbial communities from 

a reservoir of microorganisms present in the soil – by encouraging, limiting, or inhibiting 

microbial activity and proliferation (Bais et al., 2004; Costa et al., 2021; van Dam & 

Bouwmeester, 2016). 

 

1.5.5.2. Microbe perception of plant root-released compounds and other microbial 

signals 

The second stage of the rhizosphere interaction is the perception or detection of low molecular 

weight compounds, such as lipid molecules, released by the plant roots (or other microbes) by 

microbes, which results in the catabolism, transformation, or rejection of the perceived 

compound (Venturi & Keel, 2016). Perception of these compounds then leads to the stimulation 

of regulatory or signaling cascades that cause various responses in the microbes.  

In the case of legumes and their rhizobial symbiont, the first signals exchanged are the 

plant-produced flavonoid compound, which induces the bacterial nod genes that are 

responsible for the secretion of lipo-chitooligosaccharides (LCOs) (Maillet et al., 2011). These 

are also known as nodulation (Nod) factors (Nod-LCOs), which are the central signal 

molecules for initiating nodule formation in the roots (Lerouge et al., 1990). Similar signaling 

is also utilized by mycorrhiza (named Myc-LCOs), although mycorrhizal symbiosis has long 

been established with the earliest plants (Parniske, 2008). This led to the conclusion that the 

chemical dialogue is continuous and conserved, and that most likely during evolution rhizobia 

co-opted the mycorrhizal signaling machinery. The strigolactone plant hormones, which are 

involved with in planta functions (e.g. auxin transport and cell protection, respectively), also 

act as ex-planta stimuli for mycorrhizal hyphae and AMF stimulation, as with cutin monomers 

(Akiyama et al., 2005; Waldie et al., 2014). These molecules, however, are examples of plant 

signals perceived not just by beneficial, but also by opportunistic pathogenic organisms, e.g. 

detection of strigolactone by root-parasitic plants Strigga spp. and Orobranche spp, for seed 

germination and perception of cutin monomers as elicitors by aerial fungal pathogens for 

appressorial formation (Liu et al., 2011; Ruyter-Spira et al., 2013). Plants also produce an array 

of volatile compounds, estimated to constitute about 1% of their secondary metabolites, that 

freely cross the membrane and disperse into the soil (Dudareva et al., 2006). Low molecular 
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weight compounds from plants have also been shown to bind to a subfamily of LuxR proteins 

in some bacterial strains (e.g. some pathogenic xanthomonads and beneficial pseudomonads), 

to elicit QS-mimicking response (González & Venturi, 2013). These are only but a few of the 

numerous plant molecules which are sensed and responded to, in terms of gene expression 

regulation, by microbes.  

Root-secreted substances have also been thought to influence the gene expression of 

different microorganisms in the rhizosphere (cell-cell signaling) which are not in proximity 

and association with plants. A well-known process that many bacteria undergo is the cell 

density-dependent signaling mechanism – quorum sensing, which is driven by the production 

and response to quorum levels of chemical signals (Fuqua et al., 1994). This QS mechanism is 

instrumental for the regulation of microbial phenotypes such as biofilm formation, virulence, 

conjugation, secretion of hydrolytic enzymes, and production of secondary metabolites – 

increasing rhizosphere competence that leads to successful colonization (Newton & Fray, 

2004). A variety of rhizosphere proteobacteria produce and/or respond to the QS signal N-acyl 

homoserine lactone (AHL), including strains from the genera of Pseudomonas, Burkholderia, 

Serratia, Erwinia, and Ralstonia, as well as rhizobial species (Ferluga et al., 2008).  There are 

several other types of recently discovered QS signals: from gram-negative bacteria are pyrones 

and dialkylresorcinols (Brameyer et al., 2015) and diffusible signal factor (DSF, which are cis-

2-saturated fatty acids) family (Ryan et al., 2015); from gram-positive bacteria are peptides 

(known as pheromones) (Monnet et al., 2016); antibiotics at low and non-inhibitory 

concentrations (Andersson & Hughes, 2014); and from fungal species (mostly ascomycetes) 

are some alcohols, particularly associated with development processes (Leeder et al., 2011). A 

wide range of bacterial and fungal species also release an array of VOCs (usually alkenes, 

benzenoids, aldehydes, and ketones) which are believed to play crucial roles in long-distance 

rhizosphere interactions (Bitas et al., 2013). Among microbial communities, these compounds 

can act like chemical weapons, exhibiting antimicrobial activity, or interfere with other QS 

systems (interspecies); and they can coordinate gene expression and influence intraspecies 

behaviors such as biofilm formation, virulence, and stress tolerance (Audrain et al., 2015). All 

these QS signals and VOCs released by microorganisms can also act as interkingdom signals 

– influencing plant gene expression and immunity; and affecting plant root architecture, 

growth, and development (Bitas et al., 2013; Venturi & Keel, 2016). 

 



 

55 
 

1.5.5.3. Signaling response from microbes back to the plant 

The third stage in the rhizosphere interaction involves the release of diverse signaling 

molecules from microorganisms to their plant host, as a response to signals perceived from 

among themselves (intraspecies), other microorganisms (interspecies), or plants. The most 

studied rhizosphere microorganisms are rhizobial bacteria – plant growth-promoting bacteria 

(PGPR, from the genera Pseudomonas, Bacillus, Azospirillum), as well as mycorrhiza and plant 

growth-promoting fungi (PGPF, such as Trichoderma and non-pathogenic Fusaria) (Pieterse 

et al., 2014). Conserved microbe-specific molecules known as microbe-associated molecular 

patterns (MAMPs), such as lipopolysaccharides (which have the active Lipid A), 

peptidoglycans, flagellin, and chitin, are detected by dedicated pattern recognition receptors 

(PRRs) from plants (Zamioudis & Pieterse, 2012). This detection triggers a local basal systemic 

defense response controlled by regulatory networks that involve signaling pathways via plant 

hormones including salicylic acid (SA), jasmonic acid (JA), and ethylene (Pieterse et al., 2014; 

Vos et al., 2013). The plant defense response can be induced systemic resistance (ISR), 

systemic acquired resistance (SAR), or priming. ISR is usually induced by beneficial 

colonizing PGPF and PGPR against foliar pathogens and leaf-feeding insects, which initiate 

JA and SA signaling pathways (Pieterse et al., 2014). SAR, on the other hand, is commonly 

induced by pathogen attack, which triggers SA signaling (Vos et al., 2013). Plants also exhibit 

an innate immune response triggered by beneficial microbes, called priming, that helps the 

plants to react more efficiently against biotic and abiotic stimuli (Balmer et al., 2015). Although 

these mechanisms are designed to prevent potential attacks, beneficial rhizosphere microbes 

have developed countermeasures for immune recognition, leading to successful plant 

colonization. The signaling and mechanisms involved, however, are still subject to more 

investigation but are an area of great interest that is rapidly evolving (Zamioudis & Pieterse, 

2012). 

Aside from effector proteins secreted directly into the plant cell and MAMPs/PAMPS, 

microbes also release other diverse signaling molecules. These molecules are not only used for 

intra- and interspecies signaling but also in interacting with plants. Previously cited examples 

are Nod- and Myc-LCO factors released by rhizobia and mycorrhiza, respectively, which 

suppress SA-dependent defense response to initiate the symbiosis signaling pathway (Oldroyd, 

2013). Some mycorrhiza, e.g. Laccaria bicolor and Rhizophagus intraradices), also produce 

small secreted proteins (SSPs) which act as mutualistic effectors that alter plant hormone 

signaling pathways to establish symbiosis (Plett et al., 2014). QS molecules such as AHL from 
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PGPR, diffusible signal factors (DSF) and cyclodipeptides from Xanthomonas, and 

diketopiperazines (DKP) from Pseudomonas aeruginosa also serve as interkingdom signaling 

molecules which elicit effects on plants (Grandclément et al., 2016; Sieper et al., 2014). They 

can change the gene expression and protein profile of plant roots and shoots; influence root 

development, plant defense, and stress responses; and regulate metabolic activity and hormone 

balance. Certain antimicrobials at sub-inhibitory concentration can induce systemic plant 

responses, such as the 2,4-Diacetylphloroglucinol (DAPG) and pyocyanin, which trigger ISR 

(via SA and ethylene signaling) against fungal and bacterial leaf pathogen (Weller et al., 2012) 

and affect root development via auxin-dependent signaling pathway (Ortiz-Castro et al., 2014). 

Other examples of pseudomonad-released antimicrobials, which also act as intra- and 

interspecies signals, are phloroglucinols and phenazines (Powers et al., 2015). Other microbial 

signaling molecules belong to VOCs which can act as plant growth promoters or inhibitors, 

and as priming agents or elicitors of systemic plant defense and stress tolerance. An example 

of VOC is 2,3-Butanediol (2,3-BD) released by bacteria (from the genera Bacillus, 

Pseudomonas, and Enterobacter), which induces plant growth and ISR against plant-pathogens 

and assists in a plant’s tritrophic interaction with herbivores and their parasitoid (D'Alessandro 

et al., 2014). Indole, produced by various PGPRs, is another bacterial VOC which affects root 

development by auxin-signaling pathway (Bailly et al., 2014). Phytohormone-like compounds 

such as auxins, gibberellins, and cytokinins belong to a further class of microbial signaling 

molecules produced not only by beneficial (PGPR and PGPF), but also by pathogenic fungal 

and bacterial microbes; which influence hormone signaling pathways, immune response, and 

plant growth and development (Dreccer et al., 2014; Venturi & Keel, 2016) (Lipid roles in 

rhizosphere interactions summarized in Fig. 2). 
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Figure 1. 14  Lipids as chemical signals in rhizosphere interactions and signaling. Plants initiate 

signaling through the release of rhizodeposits from the roots in a process called rhizodeposition. 

Rhizodeposits can originate from various sources including root cap (RC), border cells (BC), root 

exudates (E), volatile organic carbon (VOC), carbon from symbionts or microbes (M), and carbon loss 

due to lysates (L) from epidermal and cortical cells. The release of rhizodeposits also comes with a 

variety of substances, including lipids, which act as chemical signals that are then perceived by the 

microbes. Plant-secreted substances influence cell-cell signaling among different microorganisms 

which are not in proximity to plants. Microbes also produce communication signals for population and 

behavior coordination, including quorum sensing (QS) such as N-acyl homoserine lactones (AHL), 

diffusible signal factors (DSF), pyrones, dialkylresorcinol, peptides; antimicrobials (at low and non-

inhibitory concentrations); alcohols; and volatile organic compounds (VOC). As a response to signals 

perceived from among themselves (intraspecies), other microorganisms (interspecies), or plants, 

microbes release diverse signaling molecules such as effector proteins (microbe/pathogen-associated 
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molecular patterns, MAMPs/PAMPs), which can induce plant defense or immunity responses, i.e. by 

priming, induced systemic resistance (ISR), and systemic acquired resistance (SAR).  Microbes also 

release similar compounds to plants. These microbe-released compounds can affect plant gene 

expression, hormonal balance, development, metabolism, and stress responses. They can also interfere 

with and suppress plant immunity to successfully colonize plant tissues. (Red texts are lipid categories:  

FA- fatty acids, ST- sterol lipids, PR- prenol lipids, PK- polyketide, SL- saccharolipids). [Image created 

with Biorender]. 

 

1.5.6. Plant lipids during pathogenic and symbiotic interactions with 

microorganisms 

Apart from acting as chemical signals in rhizosphere signaling, lipids are also involved in 

diverse functions during pathogen attacks or infection and mutualistic or symbiotic interactions 

with beneficial microorganisms. Specific lipids have particular functions, such as in host-

specific pathogen recognition, signaling in the cells from the site of infection or interaction, 

and transfer of infection signals to distal organs of the plants during defense responses (Lim et 

al., 2017; Mandal et al., 2010; Siebers et al., 2016). Signal-inducing compounds from microbes 

or elicitors are recognized by the plant’s innate immune system, which results in the induction 

of defense responses (Jones & Dangl, 2006) or invasion of host tissues (Rossi et al., 2020). 

According to Siebers et al. (2016), lipids in the plasma membrane play key roles in plant 

cell responses to microbial attacks and interactions with beneficial microbes. These lipids are 

synthesized, modified, or re-allocated upon upregulation of several genes encoding enzymes 

of lipid metabolism. This indicates the importance of lipid-modifying enzymes as regulators of 

the spatial and temporal production of lipid metabolites that are involved in signaling and 

membrane proliferation for the establishment of intracellular compartments or compositional 

changes of the bilayer. Phospholipase D (PLD), which forms PA by cleaving the terminal 

phosphodiester bond of phospholipids, is involved in lipid metabolism and hormone signaling 

(abscisic acid, ABA; JA) as well as during biotic and abiotic stress responses (J. W. Wang et 

al., 2006). For example, PLDβ1 positively regulates the production of JA and plant resistance 

to necrotrophic fungal pathogen Botrytis cinerea in Arabidopsis, downregulates the SA-

dependent signaling pathway, and increases tolerance to Pseudomonas syringae tomato pv 

DC3000 (Pst DC3000) (Zhao, 2015). PLDβ1-deficient mutants also show the accumulation of 

lysophospholipids, including lysophosphatidylethanolamine (LPE), lysophosphatidylcholine 

(LPC), and lysophosphatidylglycerol (LPG), which are important signaling molecules 

mediating plant defense responses (Zhao et al., 2013). Activation of phospholipase C (PLC) 

or the DAG kinase pathway (DGK) is triggered by pathogen-associated molecular pattern 
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(PAMP) recognition, leading also to the accumulation of PA (Arisz & Munnik, 2013). PLC in 

plants can be divided into 3 categories based on substrate specificity and cellular function: 2) 

PC-PLCs or non-specific PLCs that hydrolyze PC and other phospholipids, 2) 

phosphatidylinositol-4,5-biphosphate (PIP2)-PLC (PI-PLC) that acts on phosphoinositides, 

and 3) glycosylphosphatidylinositol (GPI-PLCs) that hydrolyzes GPI anchors on proteins. 

PLCs play a role in the elicitor recognition processes, act as second messengers stimulated 

during pathogen infection, and are involved in downstream disease resistance signaling 

(Vossen et al., 2010). Phospholipase A (PLA) catalyzes the hydrolysis of acyl bonds of 

phospholipids to yield FA and lysophospholipids, the latter of which are involved in systemic 

responses after wounding (PLA2-derived LPC and LPE) (Rietz et al., 2010). PLA is involved 

in plant growth regulation, root and pollen development, stress responses, and defense 

signaling. It is also linked to plant immunity because of its roles in oxylipin and JA 

biosynthesis; is considered important during the oxidative burst induced by biotic elicitors, and 

is known to protect against plant pathogens (Rietz et al., 2010). During microbial attack or 

plant-pathogen interaction, these lipid-hydrolyzing enzymes induce the production of defense-

signaling molecules such as oxylipins, including JA and the potent second messenger PA 

(Arisz et al., 2009). Plant-derived PA, which often binds to proteins leading to alterations of 

protein localization or enzyme activity, regulates a range of different physiological processes 

such as activities of kinases, phosphatases, phospholipases, and proteins involved in membrane 

trafficking, CA2+ signaling, or the oxidative burst (Siebers et al., 2016). PA acts as a precursor 

for lipid intermediates such as LPA, DAG, and FA and serves as a specific membrane-binding 

docking site for PA-binding proteins. PA levels were increased during pathogen attack or 

elicitor treatment in several plants (Suzuki et al., 2007). 

Systemic acquired resistance (SAR), which is based on previous infections that lead to 

enhanced resistance in subsequent infections, represents a whole plant defense response 

directed against a wide spectrum of pathogens (Gao et al., 2014). At the site of infection, small 

molecules that serve as initial signals of the effector-triggered immunity (ETI) response, such 

as methyl-salicylic acid (MESA), are produced and then moved to the distal plant organs 

where they are hydrolyzed into SA that trigger SAR (Gao et al., 2014). Other signal molecules 

such as glycerol-3-phosphate (Gro3P), azelaic acid (AzA), and nitric oxide (NO) function as 

inducers of SAR. Gro3P, a product of glycerophosphodiesters produced from PLA and lyso-

PLA enzymatic activities, can also be synthesized through the glycerol kinase pathway, while 

its accumulation is highly conserved in different organisms (Venugopal et al., 2009). In plants, 

Gro3P is proposed to regulate plant defense signaling and is an important component of diverse 
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energy-producing reactions and the precursor for glycerolipid biosynthesis (Chanda et al., 

2008). AzA, which is a C-9 dicarboxylic acid and a general oxidative stress signal implicated 

in SAR, is produced from the oxidative cleavage of unsaturated FA (18:1, 18:2, 18:3) during 

pathogen infection (Yu et al., 2013). AzA-induced SAR depends on Gro3P, but in turn, AzA 

accumulation can also induce Gro3P synthesis, even in the absence of pathogen infection. On 

the other hand, mutualistic or symbiotic interactions with beneficial, plant growth-promoting 

microorganisms, can stimulate the plant immune system which results in the induced systemic 

resistance (ISR) that mediates resistance to a wide array of diseases (Pieterse et al., 2014). 

While SAR and ISR partly overlap and share common signaling components, ISR in distal 

organs is mainly based on the activities of the phytohormone JA in contrast to SAR which is 

based on SA. 

Galactolipids, which make up the major glycolipid fraction, have important roles in signal 

transduction, cell communication, and pathogen responses (Gaude et al., 2004). Galactolipids 

have different functions in SAR, with MGDG regulating the biosynthesis of AzA and Gro3P, 

while DGDG affects the biosynthesis of NO and SA. Aside from SAR, galactolipids are also 

involved in other plant-microbe interactions, e.g. in the peribacteroid membrane formed during 

root-nodule symbiosis, which helps to save phosphate because of reduced requirements for 

phospholipids.  

A key step in FA biosynthesis in Arabidopsis, catalyzed by a stearoyl-acyl-carrier protein 

desaturase (SSI2), is the desaturation of 18:0 (stearic acid) to 18:1 (oleic acid), with the latter 

acting as a signal of biotic stress responses via NO (Mandal et al., 2012). Changes in the levels 

of oleic acid lead to the alterations of SA-and JA-mediated defense responses (Kachroo et al., 

2005). Trienoic FAs (16:3, 18:3), which are the most abundant FA in plant membranes, 

particularly in Arabidopsis’ galactolipids, also play important roles in plant defense response. 

The 18:3 (alpha-linolenic acid) works against avirulent bacterial pathogens; and low levels of 

this, such as in Arabidopsis fad7fad8 mutants deficient in two ω-3 desaturases (FADs), led to 

a decrease in ROS accumulation, cell death initiation, and resistance to avirulent strains of P. 

syringae (Yaeno et al., 2004). 

During arbuscular mycorrhizal formation (AMF), regulation of several genes is also 

involved in plant lipid metabolism, such as the upregulation of genes encoding enzymes for 

FA synthesis from plastid and glycerolipid synthesis, indicating the increased production of 

lipids during root mycorrhization (Wewer et al., 2014). This could be because of the 

requirement of phospholipids to establish a large surface of the periarbuscular membrane 

(Vijayakumar et al., 2016). Lipid-derived signals were also found to be involved in AM 
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formation such as reduced arbuscular mycorrhiza 2 (RAM2), which shows sequence 

similarities with Gro3P acyltransferase genes GPAT5 (suberin biosynthesis) and GPAT6 (cutin 

biosynthesis) from Arabidopsis (E. Wang et al., 2012). RAM2 is involved in the synthesis of 

ω-hydroxy (OHFAs) and α,ω-dicarboxylic acids (DCAs) – FAs associated with suberin and 

cutin, which are important in AM formation. 

A process that plays an important role in signal transduction and programmed cell death 

(PCD), which can be induced by both biotic and abiotic stresses, is lipid peroxidation (Siebers 

et al., 2016). This process can be mediated via enzymatic pathways (lipoxygenase, LOX) or 

non-enzymatic pathways (ROS). Lipids that can be subjected to peroxidation are galactolipids, 

free FA, or acyl groups bound to TAG, and this leads to the generation of jasmonate (JA) 

during defense response (Nakashima et al., 2011). JA-related oxylipins, derived from the 13-

lipoxygenase reaction of 18:2, 18:3, or 16:3, have signaling functions in plants. JAs are 

particularly produced during wounding, e.g. after herbivore attack and microbe infection, and 

are important for defense response to different fungal and bacterial pathogens (Scalschi et al., 

2015). 

Because some fungi (e.g. Aspergillus) produce a set of oxylipins related to that of plants, 

such as 8-hydroxyoleic acid, 8-hydroxylinoleic acid, 8-hydroxylinolenic acid, leukotrienes, 

and prostaglandins, it is speculated that plants and fungi “communicate” via the oxylipin 

language (Christensen & Kolomiets, 2011). AMF colonization led to the accumulation of JA 

in barley roots showing upregulation of the expression of JA biosynthetic genes (allene oxide 

cyclase, AOC; allene oxide synthase, AOS) (Isayenkov et al., 2005). In tomatoes, AMF 

infection results in the upregulation of expression of AOS1, methyl jasmonate esterase 

(JAME), and the jasmonate ZIM domain 2 (JAZ2) genes, which are involved in the 13-

lipoxygenase pathway that leads to oxophytodienoic acid (OPDA) and JA production (López-

Ráez et al., 2010). The colonization of Populus by the ectomycorrhizal fungus Laccaria bicolor 

also showed upregulation of JA-regulated genes, with JA application affecting fungal 

colonization. This fungus developed a countermeasure to suppress the negative impact of JA 

on its colonization of poplar by producing the mycorrhiza-induced small secreted protein 7 

(MiSSP7) which binds with the JAZ6 protein of poplar, protecting it from JA-dependent 

degradation (Plett et al., 2014). 

Sterol lipids also play significant roles in plant-microbe interactions. K. Wang et al. (2012) 

showed how stigmasterol was vital during the resistance of Arabidopsis to virulent and 

avirulent P. syringae strains. That found that infection with this pathogen stimulated the 

stigmasterol synthesis via the desaturation of β-sitosterol. The ratio between stigmasterol to β-
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sitosterol increased in membranes at the site of infection which rendered Arabidopsis plants 

susceptible to primary bacterial infections; however, SAR was not affected indicating that SAR 

was independent of stigmasterol. This indicated a correlation between the stigmasterol:β-

sitosterol ratio and bacterial virulence due to changes in membrane integrity as a result of a 

shift in sterol lipids. Moreover, the accumulation of stigmasterol upon P. syringae infection 

also showed the defense response of plants to prevent unwanted nutrient efflux, therefore 

inhibiting bacterial proliferation in the apoplast (K. Wang et al., 2012). Sterol esters, which 

are synthesized from free sterols using phospholipid as an acyl donor by the enzyme 

phospholipid acyltransferase 1 (PSAT1), are also involved in pathogen recognition, as 

demonstrated by Kopischke et al. (2013). They observed that Arabidopsis PSAT1 mutant 

infected with pathogens showed hyperaccumulation of callose and enhanced cell death, 

preventing the proliferation of pathogens. When the sterol-specific fluorochrome stain Filipin 

was applied to the appressorial tip of germ tubes and septum of B. graminis, it showed circular 

enrichment in the epidermis cells beneath appressoria, which was concluded to be the 

aggregation of sterol lipids and proteins in the plasma membrane forming microdomains (lipid 

rafts) (Bhat et al., 2005).  

Sphingolipids have been shown to be involved in PCD, which is a defense reaction against 

pathogen attack (Dickman & Fluhr, 2013). The expression of ceramide synthases in 

Arabidopsis (LOH1, LOH2, and LOH3) showed that while overexpression of LOH1 and LOH3 

increases plant growth, overexpression of LOH2 results in dwarfing and the constitutive 

expression of hypersensitive response (HR) genes and PCD (Luttgeharm et al., 2015). An 

aspect in many studies is the accumulation of SA in sphingolipids mutants, which led to the 

proposal of a putative interaction between sphingolipid metabolism and SA signaling during 

PCD and HR (Sánchez-Rangel et al., 2015). The proposed sphingolipid molecules involved in 

SA biosynthesis are LCBs and ceramides; and four possible candidates for signal transduction 

from alterations of sphingolipid content to SA biosynthesis were MPK6 (mitogen-activated 

protein kinase 6), ROS, CA2+, and NO (Sánchez-Rangel et al., 2015). 
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Figure 1. 15  Lipid roles in the microbial colonization of roots. Lipids are involved in the different 

stages of microbial colonization of plant roots. (A) Lipid roles can be traced back from the recruitment 

and shaping of the microbiome through the release of rhizodeposits, where lipids act as chemical signals 

released by the plants, perceived and utilized by microbes to regulate intra- and interspecies behavior, 

and released by microbes into the roots to influence plant responses. (B) Successful recruitment of 

microbes leads to the formation of microbial biofilms on root surfaces. Lipids in the plasma membrane 

mediate the interaction of the plant roots and microorganisms. (C) Different lipid species perform 

various functions during signal reception, transduction, and downstream response mechanism of plants 

to microbial attack or beneficial symbiosis. Some of the lipids involved are phospholipids and 
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phospholipases, glycerolipids, sphingolipids, galactolipids, fatty acids, sterol lipids, and oxylipins. (Pe- 

pericycle, Xy- xylem, CS- Casparian strip, Ph- pith, En- endodermis, Ex- exodermis, Ep- epidermis, 

RH- root hairs, PAMP/MAMP- pathogen/microbe-associated molecular pattern, PLD/PLC/PLA- 

phospholipase D/C/A, PA- phosphatidic acid, RAM2- reduced arbuscular mycorrhiza 2, LOX- 

lipoxygenase, ROS- reactive oxygen species, TAG- triglyceride, JA-Ile- jasmonyl isoleucine, JA-Trp- 

jasmonyl tryptophan, Gro3P- glycerol-3-phosphate, AzA- azelaic acid, NO- nitric oxide, ETI- effector 

triggered immunity, SA- salicylic acid, SAR- systemic acquired resistance, LCB- long chain base, LOH 

1/2/3- Longevity assurance gene one homologs (1/2/3), PCD- programmed cell death, DGDG- 

digalactosyldiacylglycerol, MGDG- monogalactosyldiacylglycerol). [Image created with 

Biorender.com.] 

 

With all the essential functions of lipids, designated to different lipid categories with unique 

chemical characteristics allowing a wide-range of performances, this could be the reason why 

they evolved as signal molecules for communication between host plants and microorganisms, 

in pathogenic and mutualistic interactions. Therefore, comprehensive lipidomic studies are 

required to further identify additional lipids and novel lipid functions. Substantial 

improvements in analytical techniques can enhance our understanding of plant lipid 

metabolism and its interaction with the biotic environment. 

 

1.5.7. Plant lipids under high-temperature stress 

Lipid molecules have essential functions and are building blocks for every living cell 

membrane, which are sites for many specific activities of enzymes, transport ions, metabolites, 

and hormonal receptors (Wang & Lin, 2006). Temperature during plant growth has profound 

influence on membrane lipids. During stress conditions, membrane lipids undergo several 

changes such as the alteration of the fatty acid composition and degree of unsaturation. The 

regulation of membrane lipid composition and fatty acid saturation levels are often the 

mechanisms utilized by plants to adjust their cellular membranes to maintain stability and 

functions (Welti et al., 2007). These changes suggested the potential mechanisms for plant 

acclimation or adaptation to stress-induced changes, and these were made possible through 

detailed, quantitative lipid profiling elucidating lipid modifications in structure and 

components (Welti et al., 2007).  

One of the prime targets of high-temperature stress was proposed to be plant cellular 

membranes. For example, as the host to the photosynthetic apparatuses, the chloroplast 

membranes are thought to be highly susceptible to heat stress-induced damage (Berry & 

Bjorkman, 1980; Quinn, 1988). As a major constituent of membranes, the composition of 
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glycerolipids is adjusted to maintain the integrity and optimal fluidity of the membranes (Zheng 

et al., 2011). High temperatures also cause a reduction in the degree of unsaturation of fatty 

acids, as was shown by Falcone et al. (2004) in the study of Arabidopsis at 36℃, where there 

was a decrease of 39% on the double bond index (DBI) from 17℃. Murakami et al. (2000) 

also found that a decrease in this unsaturation enhances thermotolerance in tobacco. Moreover, 

they discovered that galactolipids harbored more trienoic fatty acids than other membrane 

phospholipids, making them major contributors to membrane unsaturation. The desaturation of 

lipids is mediated by a series of desaturases located in the endoplasmic reticulum and 

chloroplasts, which have similar catalytic sequences within their active sites (Buchanan et al., 

2002). This process usually starts with 16:0 and 18:0 fatty acids (Wallis & Browse, 2002). 

Desaturation and its reverse process involve oxidation-reduction and consume energy and 

additional resources, though, to date, little is known of the reverse enzymatic mechanisms 

(Harwood & Harwood, 1998). 

Membrane lipids also serve as substrates for the production of several signaling lipids such 

as phosphatidic acid, phosphoinositide, sphingolipids, lysophospholipids, oxylipins, N-

acylethanolamines, free fatty acids, and others (Wang, 2004). Essentially, the formation of 

lipid-signaling molecules marks the onset of the signaling cascades from stress perception to 

adaptive metabolism; subsequently affecting the localization, conformation, and activities of 

intracellular proteins and metabolites. According to Hou et al. (2016), any stress stimuli can 

rapidly activate the enzymatic production and metabolism of the signaling molecules due to 

their tight regulation. Specifically, temperature stress can trigger lipid-dependent signaling 

cascades that control the expression of gene clusters to activate adaptation mechanisms in 

plants. Because of their roles as intermediates of signal transduction pathways, the signaling 

roles of lipids are gaining interest (Hou et al., 2016). Some lipid-signaling responses found 

under high temperatures include: the activation of PLD leading to increased PA levels in 

tobacco BY-2 cells, Arabidopsis, and rice seedlings (Mishkind et al., 2009); activation of 

phosphatidylinositol phosphate kinase (PIPK) that initiate the accumulation of 

phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) (Mishkind et al., 2009); and activation 

of PLC/DGK pathways upon heat stress accompanied by a depletion of PIs (Gao et al., 2014). 

The fluidity of the plasma membrane is also increased by heat stress, which induces the Ca2+ 

influx into the cytoplasm, leading to the phosphorylation of heat shock transcription factors 

and expression of downstream genes (Balogh et al., 2013). Furthermore, LCB phosphates also 

contribute to heat stress tolerance by promoting the survival of Arabidopsis cells under heat 

stress, thus, being considered the regulators of thermotolerance (Alden et al., 2011).  
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Although many microorganisms have been investigated that impart thermotolerance to 

plants, little is known about the consequence of their interactions on the lipid profile and 

composition, though microbial growth-promotion effects have been well-documented. Only a 

few studies have reported beneficial microorganisms being utilized for addressing heat stress 

in plants.  

 

 

1.6. Approaches in plasma membrane lipid visualization and 

advances in MS-based plant lipidomics  

Although plant root-microbe interaction studies have come a long way, there is still a wide area 

of research that will likely be the subject of many future studies. In particular, there is the 

investigation of lipids in microbial exudates, including signaling molecules, as well as the 

biochemical changes undergone by plants throughout the interaction process. Recent advances 

in analytical technologies have enabled the visualization of lipids, through the localization of 

their spatial distribution in the plasma membrane, as well as the quantification and 

characterization of their diverse nature, which shows specificity in identity and function in 

different cellular organelle membranes (Cassim et al., 2019). Moreover, comprehensive 

profiling, identification, and quantification of lipids in plant tissues are now possible because 

of lipidomics’ enabling technology – mass spectrometry.  

 

1.6.1. Visualizing lipids in the plasma membrane 

Early visualization of the plasma membrane was done by obtaining highly purified right side 

out (RSO) plasma membrane vesicles using a two-phase aqueous polymer partition system 

from various plants, with enzymatic reactions or western blotting for addressing contaminants 

and purity of the plasma membrane fractions (Larsson et al., 1994). For in vivo visualization 

of lipids, strategies have been developed using biosensors, which show affinity for lipids, and 

lipidomics imaging, although the resolution is not yet high enough to allow characterization of 

lipids inside a given membrane (Woodfield et al., 2017). A study by Ellis et al. (2018) reported 

a lipidome-per-pixel approach that identified hundreds of lipid molecular species and their 

spatial locations using tandem mass spectrometry in parallel with high-resolution mass 

spectrometry imaging (MSI). The use of labeled lipids in nano-secondary ion mass 

spectrometry (nano-SIMS) has also allowed the deciphering of lipid segregation in the plasma 

membrane. Although these high-resolution methods are promising in plant lipid studies, access 
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to the plasma membrane can be impaired by the plant’s cell wall (Cassim et al., 2019). The 

transbilayer distribution and asymmetry of lipids in the plasma membrane have also been a 

source of interest and have led to the development of several methods including biochemical, 

histochemical, and freeze-fractured replica immunoelectron microscopy techniques (Murate & 

Kobayashi, 2016). In parallel with visualization studies of lipids, the development of high-

throughput lipidomic methods made way for the comprehensive characterization of the 

molecular species of lipids present in the plant plasma membrane – giving such levels of details 

as the fatty acid positions for GL, LCB for sphingolipids, and the many phytosterols 

(Samarakoon et al., 2012; Yu et al., 2018).  

 

1.6.2. Lipidomics: The science of the lipidome 

Lipidomics refers to the science that analyses the complete set of lipid species in a cell, tissue, 

or biological system (called the lipidome) through the application of analytical chemistry 

principles and techniques (Fahy et al., 2011). In general, lipidomics aims to characterize the 

structures of lipid species, quantify the level of individual lipid species in biological samples, 

and determine the interactions of individual lipid species with other lipids, metabolites, and 

proteins in vivo (Wang et al., 2019). There are two principal approaches in lipidomics: targeted 

which focuses on a limited number of defined lipids to accurately determine their absolute 

abundances, and non-targeted which screens lipid species without preselection within a 

biological sample, resulting in a high number of unknown mass signals for comparative studies 

(Lee & Yokomizo, 2018; Wu et al., 2020). Non-targeted lipidomics approaches require 

chemometric methods to reveal relevant signals and subsequent database searches; however, it 

is restricted by the data processing and data interpretation complexity as well as the availability 

of comprehensive databases for identification (Cajka & Fiehn, 2016).  

Lipidomics is made possible because of the state-of-the-art analytical technologies 

available for the study of either individual lipids or the lipidome. Each technology has its 

advantages and limitations, and familiarity with these is essential in choosing the appropriate 

technique to answer specific lipid-related questions. Developments in lipidomics have been 

largely driven by the rapid advancements in technologies such as chromatography, nuclear 

magnetic resonance (NMR) spectroscopy, and mass spectrometry (Correia et al., 2018). 

Among these, MS has by far been the most dominant analytical platform and widely used 

technique because of its excellent qualitative and quantitative capabilities (Cajka & Fiehn, 

2016).  
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1.6.3. Mass spectrometry (MS)-based lipidomics 

Mass spectrometry (MS) is a powerful technique used to quantify known and identify unknown 

chemical and biological compounds, including the products of chemical synthesis or 

degradation, biological molecules such as proteins, nucleic acids, lipids, or natural large- or 

small molecular weight compounds, by elucidating their structure and chemical properties 

(Prados-Rosales et al., 2019). In lipidomics, continuous advancements and technical 

refinements in mass spectrometry, which significantly improved its sensitivity and throughput, 

have been customized for the detection of mass signals of known lipids and identification of 

unknown lipids (Poole, 2018). A typical MS-based lipidomic workflow consists of biological 

sample collection or harvest, lipid extraction and sample pre-treatment, MS-data acquisition, 

and data processing and biological interpretation (Wu et al., 2020) (Fig. 1.6.3.). Given the 

complexity of the structure and diversity of lipid molecules, there is still room for improvement 

– from sample preparation to data processing (Cajka & Fiehn, 2016).  

 

1.6.3.1. Sample preparation 

Plants can be grown in various media, e.g. soil, liquid, agar, or vermiculite; therefore, 

harvested tissues are first washed rapidly in iced-cold water to remove potential contaminants 

or residues that can affect the mass spectrometry analysis. The critical consideration for the 

harvest is that the lipidome profile of the tissues is preserved throughout the sample handling 

process. Lipids are susceptible to degradation, including oxidation, peroxidation, and 

hydrolysis, although this can be prevented by various physical and chemical strategies (Rustam 

& Reid, 2018). Although most lipid species are stable at room temperature, plant tissue samples 

(including their extracts) are immediately quenched or snap frozen with liquid nitrogen (at -80 

C) to inhibit any lipid metabolic and enzymatic activity before the extraction process 

(Rupasinghe & Roessner, 2018). Plant tissues contain a substantial amount of lipid catabolic 

enzymes such as lipases, lipoxygenases, and acyltransferases, which can enhance the 

decomposition of lipid species leading to a significant decrease in phospholipid content and 

increase in oxylipin and acyl-MGDG content (Nilsson et al., 2015) when samples are allowed 

to thaw. To minimize potential degradation induced by reactive oxygen species, one strategy 

is the addition of antioxidants such as butylated hydroxytoluene (BHT) at low concentrations 

of 0.1 to 0.01% into all solvents used in the extraction process (Pizarro et al., 2016). 
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1.6.3.2. Homogenization 

In general, sampling or harvesting plants is rather laborious (as compared to biofluids) 

because of the additional homogenization step for tissues or cells before lipid extraction. 

Rupasinghe and Roessner (2018) stipulated that the homogenization processes are operated 

under low temperatures (as low as -18 ℃) because the force generated by the beads in cryo-

mills or mortar and pestles results in heat generation, which can release acyl fatty acids leaving 

lyso-lipid species. However, the lipid extraction solvent of the frozen homogenized samples is 

carried out at room temperature, due to the lipids’ poor cold temperature solubility.  

 

Figure 1. 16  MS-based plant lipidomics workflow.  A typical lipidomics workflow for analysing 

plant lipids consists of harvesting different plant tissues (e.g. roots, stems, leaves, florets, siliques, 
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seeds). Depending on the biological sample and analytical techniques to be employed, sample pre-

treatment and lipid extraction is performed. In general, these methods can be categorized as liquid-

liquid extraction (LLE) – most predominant lipid extraction method with the strongest applicability, 

solid-phase extraction (SPE) – utilizes a stationary phase that selectively retains specific molecular 

classes with similar properties, and those which require chemical derivation to improve detection 

sensitivity, selectivitiy, chromatographic performance, and separation efficiency. Data from biological 

samples are then generated using mass spectrometry (MS) that is hyphenated with analytical techniques 

broadly grouped into direct infusion (shotgun lipidomics), chromatography-based acquisition, and MS 

imaging. Acquired data are then processed and subjected to qualitative and quantitative analysis, lipid 

identification, and performing bioinformatics and statistical analysis. As lipidomics produces a large 

amount of data, proper calculation tools, databases, and algorithms for efficient mining of data are 

utilized to understand the biological significance of the data set. (BUME- butanol methanol, MTBE- 

methyl-tert-butyl ether, HRMS- high-resolution MS, MDMS- multi-dimensional MS, LC-MS- liquid 

chromatography MS, GC-MS- gas chromatography MS, TLC- thin-layer chromatography, SFC- 

supercritical fluid chromatography, CE- Capillary electrophoresis, MALDI-MS- matrix-assisted laser 

desorption/ionization MS, DESI-MS- desorption electrospray ionization MS, SIMS-MS- secondary ion 

mass spectrometry MS.  

 

1.6.3.3. Addition of standards 

The sample preparation stage also involves the addition of quality control samples and 

internal standards. Quality control samples, which can be classified into either pooled or 

reference standards, maintain the reliability, stability, and reproducibility of the analytical data 

within a large-scale lipidomic study; whereas, internal standards, which are isotopically labeled 

or structured analogs, are used to achieve sample consistency and standard signal responses 

(Wang et al., 2017). Due to the various factors that can influence the “relative”, 

“semiquantitative”, and “absolute” quantification of lipids from different experimental 

workflows, Wang et al. (2017) has provided a defined set of guidelines for the use and selection 

of internal standards. Generally, two or more internal standards are required for relatively 

accurate (+10%) absolute quantification of lipid species within a given class or subclass, with 

their exact concentration empirically determined for each sample (Rustam & Reid, 2018). 

 

1.6.3.4. Lipid extraction 

Analysis of lipid compounds from various biological samples begins with the extraction of 

lipids, which are mostly embedded in complex matrices, using various methods catering to 

either niche or broad-spectrum applications, to ensure the success of subsequent analyses. 

According to Hu and Zhang (2018), the most commonly used extraction methods in lipidomics 

include liquid-liquid extraction (LLE) and solid-phase extraction (SPE), with LLE as the 
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most predominant method having the strongest applicability to all kinds of biological samples. 

This method makes use of two immiscible organic solvents to achieve lipid separation from 

the more polar matrix. The first and considered “gold” standard of LLE extraction was based 

on Folch extraction which utilized chloroform-methanol-water to extract full-lipid compounds 

(Folch et al., 1957). This method, however, was developed for animal lipid extractions, thus, 

may not be as effective for extracting plant lipids (Bowen-Forbes & Goldson-Barnaby, 2017). 

Over the years, several methods have been adapted from the Folch protocol: the Bligh-Dyer 

method which uses a monophasic extraction before a biphasic system (Bligh & Dyer, 1959), 

the BUME (butanol-methanol) method which shortens the extraction time by half by using 

only one round of extraction (Löfgren et al., 2012), and the MTBE (methyl tert-butyl ether) 

method which is a simplified extraction with high recovery rate because of the lipid-containing 

organic phase sitting at the top of the mixture (Matyash et al., 2008). Other modified protocols 

also branched out from these methods, e.g. those conducted by Welti et al. (2007), Shiva et al. 

(2018), and Burgos et al. (2011), although the extraction efficiency and reproducibility still 

need to be tested on various plant tissues. A recent study by Kehelpannala et al. (2020) 

comparing several established extraction methods using different Arabidopsis plant tissues has 

found the most efficient and least laborious method, utilizing a single-step extraction within 24 

hours using chloroform-isopropanol-methanol-water mixture. Scientists have also explored the 

use of SPE, which utilizes a stationary phase that selectively retains specific classes of 

molecules with similar properties. This method is mainly used to enrich signaling lipid 

molecules that are less physiologically abundant such as eicosanoid, steroid hormones, and 

fatty acid esters of hydroxy fatty acids (FAHFAs) (López-Bascón et al., 2016). Others also 

looked into automation and other technologies such as microwave-assisted extraction and 

supercritical fluid extraction. In the end, the traditional liquid-liquid extraction is still used, 

especially for quantitative lipidomics, because of its extraction efficiency for most lipid 

compounds (Wang et al., 2019).  

 

1.6.3.5. Mass-spectrometry-based analysis 

MS-based analysis of some lipid species (e.g. FAs, eicosanoids, steroids, and fatty 

aldehydes) can be quite challenging due to their specific lipid properties: poor MS ionization 

efficiency, low endogenous abundances, chemical instability, poor chromatography 

performance, and susceptibility to interference from matrix components. Chemical 

derivatization solved these challenges, by enhancing detection sensitivity, selectivity, 
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chromatographic performance, and separation efficiency (Zhao et al., 2014). MS is usually 

used in combination with other techniques in what is so-called hyphenated bioanalytical 

methods (Shulaev & Chapman, 2017). Three of the most dominant combination are that of MS 

coupled with 1) prior chromatographic separation such as thin-layer chromatography (TLC), 

gas chromatography (GC), and liquid chromatography (LC); 2) direct infusion or shotgun MS 

such as tandem MS (MS/MS), high-resolution MS (HRMS), and multi-dimensional MS 

(MDMS); and 3) mass spectrometry imaging (MSI), e.g. matrix-assisted laser 

desorption/ionization (MALDI), desorption electrospray ionization (DESI), and secondary ion 

MS (SIMS) (Wang et al., 2019). GC-MS has been used to analyze simple lipids such as FAs 

and sterols, both requiring a chemical derivatization pre-treatment for esterification or 

silylation (Zhao et al., 2014). LC-MS is well suited for analyzing heat-labile metabolites and 

complex lipid classes like glycerolipids, glycerophospholipids, and glycolipids (Okazaki & 

Saito, 2018). Because of its excellent separation efficiency, high sensitivity, and strong 

specificity, LC-MS has become the most mainstream and widely used method (Wang et al., 

2017). 

For targeted lipidomics, the traditional approach used is multiple reaction monitoring 

(MRM) on a triple quadrupole (QqQ) or quadrupole linear-iron trap (QTRAP) that is coupled 

to high-performance liquid chromatography (HPLC) or ultra-high performance liquid 

chromatography (UHPLC). For untargeted lipidomics, the common techniques employed are 

high-resolution mass spectrometry (HRMS) using time-of-flight (TOF), Fourier-transform ion 

cyclotron resonance (FT-ICR), or Orbitrap platforms, that utilize high resolution and high mass 

accuracy to resolve isobaric lipids species having similar nominal mass but different exact 

masses (Cajka & Fiehn, 2016; Yu et al., 2018). A recent acquisition strategy, parallel reaction 

monitoring (PRM) has been developed to integrate targeted and untargeted data by combining 

HPLC with quadrupole-equipped HRMS (Yu et al., 2018). 

 

1.6.3.6. Data curation 

Lipidomics studies generate large amounts of data that have to be annotated and analyzed using 

biostatistical methods. The processing of raw data files represents a crucial step in the overall 

workflow. The complexity of raw data, limited spectral and reference biochemical databases, 

and incomplete knowledge of plant lipid metabolism and its regulation, pose significant 

challenges in the analysis of global lipidomics profiling data (Hartler et al., 2013). While direct 

infusion MS data pre-processing is greatly simplified because there is no need for peak finding 
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and feature alignments, LC-MS data processing pipelines follow several stages such as 

filtering, feature detection, peak alignment, and (if needed) data normalization. Final data 

output show information on extracted m/z values, retention times, and corresponding intensity 

for all detected peaks (Cajka & Fiehn, 2016). 

Many commercial and open-source software automatizing data analyses have been made 

available for both lipid identification and quantification. Some of the available commercial 

software are LipidSearch (Thermofisher), LipidView (SCIEX), Lipidyzer Platform (SCIEX), 

SimLipid (PREMIER Biosoft); including vendor-proprietary software. GeneData is an 

example of software from independent developers. Many open-source software were also 

developed including XCMS, MZmine 2, MS-DIAL, MetAlign, IDEOM Lipid Profiler, 

LipidInspector, LipidQA, LIMSA, Fatty Acid Analysis Tool (FAAT), Analysis of Lipid 

Experiments (ALEX), and LipID (Shulaev & Chapman, 2017; Theodoridis et al., 2012). LIPID 

MAPS is an open-source general lipid database that provides critical chemical information of 

diverse lipids for compound annotation – necessary components for lipidomics analysis (Sud 

et al., 2007). 

With the continuous and rapid advances in analytical techniques, lipidomics is now faced 

with fewer obstacles due to analytical methods. Optimization of these methods now enables 

the visualization, profiling, and quantification of a large number of lipids, although there are 

still challenges such as sensitivity for low-abundance lipids from small sample sizes. There is 

also the challenge of integrating lipidomics with other “omics” technologies – exploring the 

whole lipid metabolic pathways while elucidating their effects on the gene and protein levels 

(Hu & Zhang, 2018). With a huge room for improvements in analytical techniques, much can 

still be done on plant lipid research, which can further our understanding of plant metabolism 

and its interaction with the biotic environment. 

 

 

1.7. Conclusion 

Within the complex underground ecosystem of soil and plants, the rhizomicrobiome can play 

significant roles in the dynamics of plant growth promotion and stress tolerance activities. 

Proper and comprehensive knowledge of such organisms and their plant stimulatory 

mechanisms may help to cope with the fluctuations in the climate and environment, being 

experienced and yet to be experienced in the future. With the threat of increasing temperatures, 

the advent of the widening horizons of knowledge on rhizospheric microorganisms may come 
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as a boon from nature toward maintaining a sustainable agricultural system, while buffering 

the adverse effects of changing climate scenarios (Maitra et al., 2021). 

It has already been established that complex underground interactions occur between plant 

roots and soil microorganisms. Plants actively shape the microbiome inhabiting the rhizosphere 

and the subsequent colonization of their root tissues. We now know that complex plant root-

microbe interactions are governed by three stages: plant root-to-microbe, microbe-to-microbe, 

and microbe-to-plant root interfaces. On all accounts of these interactions, lipids have been 

found to play essential roles, whether as the “chemical language” that facilitates the exchange 

of resources or as signaling molecules that modulate the cell responses against pathogen attack 

and enhance microbial symbiosis. Although a considerable number of lipids are already known, 

annotated, and associated with physiological and biochemical roles, there are still many more 

unknown lipids with corresponding novel functions likely to exist, which may play pivotal 

roles in determining or shaping the rhizomicrobiome. Further information on naturally-

occurring lipids and their diverse roles or responses to various stimuli will be elucidated by 

recent advances in analytical techniques, particularly in liquid and gas chromatography coupled 

with the powerful mass spectrometry.  

This large-scale analysis of lipids can then be combined with the other omics studies, i.e., 

genomics, transcriptomics, and proteomics, to begin to uncover the genes involved in the 

fundamental processes of plants and microbes and during the various stages of their 

interactions. The integration of the combined omics studies will be useful in the holistic 

interpretation of biological systems such as plants, and how they respond to biotic and abiotic 

environmental stimuli. 

As part of the rhizospheric signaling and interaction studies between plants and beneficial 

microorganisms, research on lipids can therefore open new avenues to increase crop 

productivity and tolerance to environmental stresses such as heat stress.  

 

 

1.8. Significance of the Study  

As with the continuous contention on climate change, many people from different backgrounds 

and levels still discount the already growing impacts of the unprecedented rise of global 

atmospheric temperatures. Moreover, although there has been a considerable number of studies 

on the impacts of high temperatures, in small (e.g. growth chamber and greenhouse 

experiments) and large-scale quantities (e.g. field trials), this number lag behind studies on 
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other environmental stressors such as drought, salinity, and metal toxicity. As was shown in 

this chapter, temperature affects all organisms with varying degrees of intensity, from microbes 

to plants, whether underground or aboveground, and depending on their ontology. It is 

therefore timely and crucial to look at the interconnectivity among the components of the 

ecosystem. Importantly, it is necessary to understand how increasing temperatures can 

influence the biotic interactions between plants and microorganisms, which have long co-

existed in various forms of symbiosis.  

Many heat stress agronomical studies involved conventional breeding and genetic 

engineering to identify significant genes to manipulate and ultimately develop more tolerant 

and resistant crops. However, these studies can be laborious, consequently expensive, and can 

also take some time; not to mention that genetic modification of crops is still an unacceptable 

concept in many areas due to sustainability concerns. The proposed strategy of harnessing the 

use of beneficial microbes like PGPR may be an alternative approach to increase plant 

performance and productivity while mitigating the damaging effects of heat stress. At the 

moment, much is already known about plants and microorganisms, per se; however, little is 

still known about the complexities of their interactions, even more so, when subjected to high 

temperatures. Multitudes of studies have characterized their molecular and genetic 

components, but not much has been investigated on the biochemical nature of their interactions. 

Lipids, which are diverse organic compounds that play essential roles and key biological 

functions in cellular functions and homeostasis, also perform crucial roles during the 

communication, resource exchange, and metabolic processes of the two interacting organisms. 

Lipid profiles are also directly linked to the plant’s phenotype, which can physically indicate 

plant responses to any external stimuli, such as the application of microorganisms and increase 

in temperatures. 

This study will first investigate the dynamics of growth promotion imparted by the 

beneficial microbe through plant morphological responses. The observed phenotypes will then 

be linked to the lipid profile, to evaluate the various lipid components and lipid-based signaling 

molecules that are integral participants during plant root-microbe interactions. Moreover, this 

study is timely and relevant in that it will look at plant-microbe interactions under warming 

conditions that are projected in the near future. The information generated from this study will 

be valuable for developing novel strategies to manipulate microbes and/or plants, as well as 

the rhizosphere interface. Microbial-related solutions can then be used for more sustainable 

agriculture, e.g., reduced usage of agrochemicals, to enrich the rhizomicrobiome for beneficial 
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microbes, thereby improving plant performance and resistance to both biotic and abiotic 

stresses. 

 

 

1.9. Objectives of the study and biological samples used 

The overarching aim of this study was to investigate the dynamics of microbe-imparted growth 

promotion in plants under high-temperature conditions and link this to the plant lipid profile, 

to understand how lipid components are affected during plant-microbe interactions and how 

beneficial microbes can reduce the impact of high-temperature stress.  

We hypothesized that i) beneficial soil microbes will induce growth stimulatory effects on 

plants, that ii) the root lipids will be influenced by the plant root-microbe interactions; and that 

iii) inoculation of the microbe will ameliorate the negative effects of high temperature or heat 

stress on the plant-microbe components and their associated lipid profiles. 

 

Specific objectives of the study were to: 

1. Develop an optimized system for co-cultivation of plants and microbes that is conducive 

to periodic imaging and non-invasive plant phenotyping.  

2. Characterize and quantify the dynamics of microbe-imparted growth promotion in plants 

under ambient and high-temperature conditions through measurement of root and shoot 

morphological responses.  

3. Generate lipidomic profiles of both control and inoculated plant roots to identify lipids 

associated with improved plant growth under control conditions. 

4. Compare the lipidomic profiles of control and inoculated plant roots under different 

temperature conditions to determine how high temperature influences plant root-

microbe interactions. 

5. Determine the role of lipid-based signaling molecules during key plant-microbe 

interactions under ambient and high temperature conditions.  

 

1.9.1. Biological samples 

To address the given objectives and test the hypothesis of this study, the interaction of specific 

biological samples was investigated. For plants, we utilized Arabidopsis; while for the 

beneficial soil microbe, we chose the Paraburkholderia phytofirmans PsJN, and this was 

because of their unique characteristics suitable for this research. 



 

77 
 

 

1.9.1.1. Arabidopsis thaliana Col-0 

Arabidopsis thaliana, which belongs to the Cruciferae (family Brassicaceae, Capparales) and 

is also known as Thale cress, is a widely utilized dicotyledonous plant species (Mitchell-Olds, 

2001). Although not a crop, it is considered a model plant because of its many advantages for 

basic research in the fields of genetics, molecular biology, and genomics. Arabidopsis has a 

“tap root” system which includes a single main primary root that produces branching roots in 

successive orders (Chochois et al., 2012). The complete sequencing of the Arabidopsis genome 

led to the investigation of several specific gene functions, elucidating diverse information about 

the growth and development, physiology, and biochemistry of higher plants (Boyes et al., 2001; 

Hetu et al., 2005; Meinke et al., 1998). There are several characteristics of this plant that make 

it convenient for plant science studies 

(https://www.arabidopsis.org/portals/education/aboutarabidopsis.jsp). For example, it has a 

fully sequenced small genome (125 Mb total) from hundreds of ecotypes, with extensive 

genetic and physical maps of all five chromosomes. It also has a rapid and short life cycle of 

six to eight weeks from germination to seed set, with prolific seed production (Boyes et al., 

2001). It has a small size of 20-25 cm in height and is a self-pollinator that can also be 

genetically cross-pollinated (Meinke et al., 1998). Arabidopsis is also known for its easy 

cultivation and transformation, with the availability of many mutant lines and genomic 

resources, as well as access to and availability of a multinational research community. This 

plant can also be grown on almost any growth media including soil, agar, and hydroponics, 

making it well-suited for laboratory growth settings (Meinke et al., 1998). 

Arabidopsis is also an oilseed plant with triacylglycerols as its major storage oil found in 

seed (Hsiao et al., 2014), making it suitable for lipid studies. This makes Arabidopsis an 

important plant subject not just for studies on storage oil production that is of interest to the 

industry, but also for studies on seed oil metabolism for the improvement of composition, yield, 

and nutritional value of vegetable oils (Napier et al., 2014). Moreover, Arabidopsis also has a 

sequenced microbiome. According to Bulgarelli et al. (2013), the most prominent bacterial 

phyla and endophyte bacterial assemblages in the Arabidopsis root rhizosphere are the 

Acidobacteria, Actinobacteria, Bacteriodetes, and Proteobacteria. From its root endosphere, 

the common phyla found are Acidobacteria, Firmicutes, Bacteriodetes, and Proteobacteria. 
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1.9.1.2. Paraburkholderia phytofirmans PsJN 

Paraburkholderia is a new genus delineated from Burkholderia through phylogenetic analysis, 

as comprised of environment-friendly species demonstrating biocontrol and bioremediation 

processes (Esmaeel et al., 2018; Sawana et al., 2014). Paraburkholderia phytofirmans PsJN is 

a Gram-negative, rod-shaped, non-sporulating, and motile bacterium which was first isolated 

from surface-sterilized onion roots infected with the mycorrhizal fungus Glomus vesiculiferum  

(Sawana et al., 2014). It is a well-studied model and plant growth-promoting endophyte that is 

known to induce tolerance to environmental stresses. This bacterium has been used in different 

plant studies against drought, low and high temperature, and salinity (Ait Barka et al., 2006; 

Bensalim et al., 1998; Nafees et al., 2018; Naveed et al., 2014). This bacterial strain has also 

been successfully grown and studied on a range of plant species, as compiled by Esmaeel et al. 

(2018), including wheat (Naveed et al., 2014), maize (Naveed et al., 2015), brassica (Nafees et 

al., 2018), grapevine (Compant et al., 2005), switchgrass (Wang et al., 2015), Arabidopsis 

(Poupin et al., 2013), tomato (Pillay & Nowak, 1997), watermelon and cantaloupe (Liu et al., 

1993), potato (Bensalim et al., 1998), cucumber and sweet pepper (Nowak et al., 2002).  

P. phytofirmans PsJN’s beneficial effects on plants are attributed to several mechanisms. 

This includes the following: modulation of plant phytohormones (Pieterse et al., 2012) such as 

indole-3-acetic acid (IAA) that is involved in the efficient colonization of Arabidopsis roots 

and improvement of different plant parameters (plant height, biomass, photosynthesis, and 

chlorophyll content) (Zúñiga et al., 2013), production of 1-aminocyclopropane-1-carboxylate 

deaminase (ACC) associated with lowering the ethylene level in plants (Glick et al., 1998), 

facilitation of resource acquisition (Naveed et al., 2014), production of siderophores and 

secondary metabolites (Esmaeel et al., 2018), and induction of systemic resistance (ISR) 

(Miotto-Vilanova et al., 2016), leading to more adaptability to different biotic and abiotic stress 

conditions (Pieterse et al., 2014). Perception and recruitment of this bacteria are highly 

influenced by root exudation (Kost et al., 2014) and microbial quorum sensing molecules 

presented by acylated homoserine lactones (AHLs), which are implicated in early 

communication with the host plant (Zúñiga et al., 2013). Successful attachment and 

colonization of the root surface and tissues by P. phytofirmans PsJN is attributed to its 

production of cellulose or exopolysaccharides (EPS) and biofilm formation (Kandel et al., 

2017).  
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1.9.2. Chapter synopsis (with COVID-19 impacts) 

Chapter 2 of the thesis was conducted to achieve the first objective to develop a working 

system where both Arabidopsis and the bacterial strain Paraburkholderia phytofirmans PsJN 

can be cultivated together in a sterile environment. The growing protocols for both the plant 

and the bacteria came from the combined adaptation of previous related investigations and 

conducted pilot experiments in the present study. Specifically, this chapter aims to optimize 

the methods by which both biological samples can grow simultaneously while monitoring 

development throughout the growth period up to the maximum space capacity. Concurrent with 

the above objective was the adaptation of the growth system to an appropriate phenotyping 

platform for periodic non-invasive imaging and measurements. This chapter also elucidates the 

challenges of the conventional growth system for plant-microbe interaction studies, and how 

the optimized protocols of the phenotyping platform addressed the issues of imaging, tissue 

harvest, and root trait analysis.   

More specifically, described in this chapter are the different adaptations of the established 

plant cultivation system based on the available phenotyping platform and associated resources 

within the two research groups (University of Melbourne and Forschungszentrum Juelich). 

Three rounds of experimentation were conducted. The pilot experiments, which utilized the 

conventional “closed-plate system”, were performed at the University of Melbourne. The 

results of these experiments served as the basis for the establishment of the protocols at the 

Forschungszentrum Juelich, where the new “open-top system” was trialled. However, this part 

of the research was unfortunately impacted by COVID-19, and therefore, not completed. As a 

result, the third round of experimentation was conducted at the University of Melbourne, which 

was adapted from both the “closed-plate” and the “open-top” growth protocols, leading to 

project re-structure.     

 

Chapter 3 of the thesis talks mainly about the outcome of the experimentation at the 

Forschungszentrum Juelich and the utilization of the state-of-the-art GrowScreen-Agar II 

phenotyping platform. This chapter addressed the second objective, but more specifically it 

aimed to verify the i) repeatability of the results of the pilot experiments at a larger scale, ii) 

transfer and adapt the protocols from the conventional growth system to the new phenotyping 

platform, and finally, ii) quantify the growth promotion imparted by the bacteria to the 

Arabidopsis plants under both ambient and high-temperature conditions, by characterizing the 

root and shoot morphological traits. The outcome of experiments described in this chapter 
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served as the basis for the lipidomics experiments (Chapter 4), where the phenotype and 

morphological responses of plants were then linked to their lipid profiles. This chapter was 

published in the journal Plants (Macabuhay, A., Arsova, B., Watt, M., Nagel, K. A., Lenz, H., 

Putz, A., Adels, S., Müller-Linow, M., Kelm, J., Johnson, A. A. T., Walker, R., Schaaf, G., & 

Roessner, U. (2022). Plant Growth Promotion and Heat Stress Amelioration in Arabidopsis 

Inoculated with Paraburkholderia phytofirmans PsJN Rhizobacteria Quantified with the 

GrowScreen-Agar II Phenotyping Platform. Plants, 11(21), 2927. 

https://doi.org/https://doi.org/10.3390/plants11212927). 

As this chapter was COVID-19 impacted, the planned final experiments at the Institute that 

were designed for tissue harvest (to be sent to Melbourne for lipid analysis) were, instead, 

implemented back at the University of Melbourne, as covered in the succeeding chapter. 

COVID-19 impacts included the Australian border closing, thus, the urgent return to 

Melbourne, and the partially completed experiments in Germany. Back at the University of 

Melbourne, analysis of the data generated from these experiments was done remotely and 

subjected to some IT and computational challenges due to long pandemic-imposed lockdowns.  

 

Chapter 4 describes the lipidomics workflow and technology utilized to address the last three 

objectives of the thesis, which mainly aimed to generate and characterize the lipidomic profiles 

of Arabidopsis roots subjected to both biotic (bacteria) and abiotic (high temperature) factors. 

Here, the lipid profiles of control and inoculated plant roots are compared and further 

associated with their corresponding heat stress profiles. To realize these objectives, illustrated 

here are the methods employed in the mass-spectrometry (MS)-based lipidomics analysis of 

plant root tissues; from optimized tissue harvest, sample preparation, and lipid extraction; to 

performing LC-MS-based sample analysis. The untargeted approach to perform discovery 

lipidomics and identify all known and novel lipid species involved during the plant root-

microbe-heat stress interactions was used. Finally, this chapter also described the data curation, 

annotation, and analysis done via the MS-Dial software to identify all possible lipid species, 

within specified limitations and suggestions for future studies, as this experiment and analysis 

were impacted by the pandemic. 

One of the challenges to the experimentation for this chapter during COVID-19 was the 

lack of the phenotyping platform that was used in Germany. This platform has its associated 

growth protocols and materials (e.g. customized racks and magazines). Back at the University 

of Melbourne, there was an initial attempt to simulate the “open-top” growth and imaging 

system of the GrowScreen-Agar II, but this was challenged by COVID-19 impacts such as 
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lockdowns, closed workshops and facilities, supply chain issues and delivery delays, and very 

limited access to the University, and more. As a result, a new experimental design was adapted 

to accommodate and still realize the objectives of this chapter. 

 

Chapter 5 summarizes and integrates all the outcomes of the previous experimental chapters 

– characterizing and quantifying the dynamics of spatio-temporal, bacteria-imparted growth 

promotion in Arabidopsis and associating the morphological phenotypes to the changes in the 

lipidome of the plant roots under ambient and high-temperature conditions. This chapter 

provides reasoning for the proposed ameliorative effects of microbial application on 

detrimental heat stress effects in plant roots, connecting morphological phenotypes with 

biochemical phenotypes. And finally, this chapter also suggests future directions for further 

studies.  
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CHAPTER 2  

 

Methods development for plant-bacteria co-

cultivation and phenotyping with the “closed-plate” 
and “open-top” growth systems 
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Preface to Chapter 2 

The first objective of my PhD research was to develop an optimized system for the co-

cultivation of plants and microbes that is conducive to periodic imaging and non-invasive plant 

phenotyping. Explained in this chapter is the rationale behind the experimental design, 

particularly the selection of the type of system most appropriate for the chosen biological 

samples, Arabidopsis plants and bacterial strain Paraburkholderia phytofirmans PsJN, given 

the parametric traits aimed to be characterized. This chapter also discusses the methods used 

to establish an optimized growth protocol for the plants and bacteria, their co-cultivation, and 

the time course imaging and phenotyping protocols in a conventional “closed-plate” system, at 

the University of Melbourne. With the change in the research facility and, therefore, laboratory 

and technological resources, established plant-bacteria growth protocols were then adapted and 

optimized to the “open-top” growth system of the new phenotyping platform at the 

Forschungszentrum Juelich (Germany). Finally, discussed here are also the alternate methods 

utilized to conduct the experiments under COVID-19 pandemic restrictions back at the 

University of Melbourne, when the 12-month planned research in Germany was cut short, 

significantly altering the original research structure. 

 

 

 

Figure 2. 1  Different growth systems used – “closed-plate” (at UoM), “open-top” (FZJ), and modified 
growth systems (at UoM), to establish plant-bacteria cultivation protocols 

“Closed-plate” system (UoM) 

 “Open-top systems” (FZJ) 

 Modified growth systems at UoM with FZJ protocols 
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2.1. Introduction 

With the increasing global temperatures, beneficial plant root-microbe interactions provide a 

sustainable biological solution for enhancing crop production while mitigating the adverse 

effects of heat stress. A significant amount of work has established the importance of 

rhizosphere microbiota in biogeochemical processes in the soil and plant physiological 

processes, including plant resistance to diseases and tolerance to abiotic stresses (Hunter, 2016; 

Van Der Heijden & Hartmann, 2016; Vessey, 2003; Yang et al., 2009). Understanding plant 

root-microbe interactions in the rhizosphere will likely be the key to enhancing the ecosystem 

functioning since the root structure serves as the interface for the complex microbial signaling 

and biochemical exchange (Hartmann et al., 2009; Paterson et al., 2007; Philippot et al., 2013). 

Investigations of the mechanisms of plant root-microbe interactions, particularly in field 

conditions, however, are faced with difficulties due to the unpredictability of the climate and 

environment, as well as the irreproducibility and complexity of microbiome composition and 

genetics (Dubey et al., 2016; Gao et al., 2018; Reynolds et al., 2003). Moreover, the 

examination of the subterranean relationships and their reciprocal responses is challenged by 

the dynamic nature and complexity of both organisms – hidden, and in the dark. In addition, 

there is a lack of experimental systems that will facilitate natural root structure development 

and morphological responses under controlled conditions. There is a need for experimental 

designs that mimic the naturally-existing plant root-microbe interactions to delineate plant 

responses to microbial inoculation as well as other external abiotic factors (Nathoo et al., 2017).  

A proposed strategy is the construction of a simplified model ecosystem that will allow for 

controlled, replicated laboratory experiments investigating the complex interactions of plants 

and microbes, elucidating valuable insights with potential for further testing in the field (Busby 

et al., 2017; Finkel et al., 2017). This system will utilize the traditional approach, where plants 

are grown in agar-filled plates or slabs, liquid media, or in soil-filled pots (Nezhad, 2014). 

Although these artificial growth system approaches will likely remain to be the most widely 

used, they do not represent natural field conditions. Moreover, these systems do not permit the 

precise monitoring and manipulation of the growing environment of plants. To address these 

drawbacks, rhizoboxes and rhizotrons have been developed, designed particularly for the study 

of below-ground processes (Oburger et al., 2013; Van der Krift & Berendse, 2002). New 

systems were also built utilizing advanced microfluidic devices for high-throughput analysis, 

e.g. Plant Chip (Jiang et al., 2014), RootChip (Grossmann et al., 2011), and Root array (Busch 

et al., 2012). Recently, a new system was also described – a two-layer imaging platform with 
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microfluidic features, enabling Arabidopsis root hair imaging at an early growth stage 

(Aufrecht et al., 2017).  

The effects of high-temperature stress on aerial parts of the plants and their responses are 

already well documented; however, its corresponding influence on roots has been less explored 

(Wahid et al., 2007). One way to adapt plants to climate-driven environmental stressors is to 

take into account and harness their below-ground traits. Roots manifest high plasticity in 

response to soil and environmental changes, which provide opportunities for manipulation and 

improvement. To develop better-adapted, climate-smart crops, there is an urgent need for better 

comprehension of the physiological, morphological, metabolic, and molecular mechanisms 

governing this plasticity.  

Different processes regulate root responses to increasing temperatures. In warmer 

environments, plants have increased water demand due to water loss by evapotranspiration and 

decreased water uptake from limited water availability. This leads to an overall water deficit 

scenario in plants (Heckathorn et al., 2013). High temperatures have been shown to elicit 

responses through aquaporins, membrane channels that facilitate water transport inside the cell, 

or by diffusion through the plasma membrane (Maurel et al., 2015). Similar to water, nutrient 

uptake is also altered by high temperatures, the mechanisms of which are crop-specific (Giri et 

al., 2017; Tindall et al., 1990). Roots also show mechanisms for temperature sensing, at a 

molecular and cellular level, that were proposed to be different from the thermomorphogenesis 

signaling in shoots (Bellstaedt et al., 2019). This temperature sensing can be translated into the 

activation of several physiological processes indicative of primary temperature-sensing events 

(Penfield, 2008), that alter membrane and cytoskeleton stability, as well as proteins and nucleic 

acids (Dai Vu et al., 2019). Under high temperatures, plant hormones that are involved in root 

development and growth also mediate temperature stress responses in the roots. Notable 

examples of plant hormones, which trigger signal transduction pathways assisting plants to 

overcome stress, are salicylic acid, ethylene, abscisic acid, cytokinin, auxin, and gibberellins 

(Larkindale & Huang, 2004; Lin et al., 2009; Talanova et al., 2003; Vishwakarma et al., 2017). 

Significant molecular and genetic changes in plants, which include global reprogramming and 

protein profile changes to adjust plant growth, are also triggered by high temperatures (Bita & 

Gerats, 2013; Carrera et al., 2018; Jia et al., 2017). 

Another mechanism affected by high temperatures in roots is its metabolism, which 

changes to maintain homeostasis for plant survival, and which is dependent on the sensitivity 

of key metabolic regulatory enzymes. After experiencing heat stress, main carbohydrates such 

as glucose, fructose, galactose, sucrose, or xylose, as well as levels of various glycolytic cycle 
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enzymes are changed (Aidoo et al., 2016; Ribeiro et al., 2014; Sun & Guo, 2016). Within the 

optimal temperature range, there is an association of the changes in the root:shoot ratio; 

however, at relatively high temperatures, root development is impaired with alterations of the 

root system architecture (RSA) and reduction of the root:shoot ratio (Koevoets et al., 2016; 

Ribeiro et al., 2014). The RSA refers to the organization of the primary, lateral, adventitious, 

and accessory roots, which is determined by parameters such as length, number, and angle. 

This feature is crucial in the regulation of water and nutrient uptake because it controls the 

volume of soil that roots can scavenge at various environmental conditions (Lynch, 1995). In 

general, some of the prominent morphological responses of roots to supra-optimal temperatures 

include a decrease in primary root length, number of lateral roots, and angle of emergence; and 

the initiation of second and third-order lateral roots that are also characterized by larger 

diameter (Calleja-Cabrera et al., 2020).  

The roots' plasticity enables them to adjust to different environmental conditions and 

display a range of highly variable morphological traits to adapt root architecture and 

functionality to disadvantageous conditions like high temperatures. According to Atkinson et 

al. (2019), improvements to the RSA of plant roots promise to deliver higher efficiency in water 

and nutrient uptake; however, a major bottleneck in this field is profiling the root phenome, 

i.e., structure and function. Innovations in imaging, sensor, and phenotyping technologies, 

together with methodological advances in the acquisition, handling, and processing of large 

datasets are making root phenomic studies possible. Together, these advancements will help 

drive the selection of the next generation of climate-resilient crops to address global food 

security under a changing climate (Atkinson et al., 2019). 

The majority of phenotyping efforts conducted in the past were focused on shoot traits such 

as product quality, yield, shoot vigor, and disease resistance, whereas phenotyping of the roots 

received only meager attention (Kuijken et al., 2015). This situation could be attributed to the 

technical challenges in accessing the soil when performing non-destructive, phenotyping of 

root traits. According to Kuijken et al. (2015), the development of the optimal phenotyping 

platform to quantify the parametric traits of the RSA is often a compromise among a range of 

platform properties and requirements. Priorities for the design are based on three main 

processes: plant cultivation, data acquisition, and data processing – which are the essential 

pipelines of plant phenotyping. Furthermore, for a suitable cultivation system, some desirable 

considerations are 1) agronomic relevance, 2) the ability to grow plants in several 

developmental stages, 3) the extent to which experimental noise can be reduced, and 4) the 

possibility and effort to acquire good quality data. According to Arsova et al. (2019), the current 
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phenotyping and agronomic robotic technologies open a wider opportunity to discover the 

dynamic responses of plants to both the biotic and abiotic environment and their improvement 

and farm utilization.   

 

 

2.2. Growth protocols and methods optimization    

As with any experimental research, the design of the experiment was first considered. The 

selection of the biological organisms has already been explained and justified in Chapter 1. An 

important consideration that followed was the type of system that will be most suitable for the 

following conditions: 1) a sterile environment for the co-cultivation of plants and bacteria, 2) 

that will allow visible observation of plant development, particularly roots, in a fixed matrix or 

media, 3) that will be compatible with the available imaging and phenotyping equipment, and 

4) that will allow continuous non-invasive measurements of plants. 

This research was originally designed to have pilot experiments performed at the University 

of Melbourne and the final experiments conducted at the Forschungszentrum Juelich to utilize 

their phenotyping platform, the GrowScreen-Agar. However, due to unforeseen circumstances, 

as with the COVID-19 pandemic, the experimentation with the platform was only partially 

completed. New experiments had to be conducted back at the University of Melbourne to fulfill 

the objectives while getting around the challenges. An initial attempt was made to replicate the 

“open-top” growth system; however, the lack of available materials (e.g., customizable plates) 

and the challenges of customizing available ones (due to workshop closures, laboratory 

restrictions, and ordering delays) made this impossible. Moreover, the “open-top” system was 

not optimally designed to be imaged in the WinRhizo equipment. Therefore, another attempt 

to cultivate plants and bacteria, while adapting the growth system for optimized imaging and 

root tissue harvest, was made.  

This chapter is divided into three sections: 1) growth protocols conducted to establish the 

optimized growth conditions for plants and bacteria cultivation in a conventional “closed-plate” 

system (conducted at the University of Melbourne); 2) adaptation of the established plant-

bacteria co-cultivation growth protocol to the new phenotyping platform, which follows an 

“open-top” system, with its associated agar-cultivation, imaging, and analysis protocols 

(performed at the Forschungszentrum Juelich in Germany); 3) optimization methods to adapt 

the working growth protocols of the “open-top” system, but using available plant cultivation 
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resources and technology, mainly for growing and harvesting plant tissues for lipid analysis 

(back at the University of Melbourne). 

 

2.2.1. Establishing protocols for optimized plant and bacterial growth 

conditions and co-cultivation using the traditional “closed-plate” system 

(University of Melbourne) 

This part of the experimentation has been designed, firstly, to establish the appropriate growing 

protocols for both Arabidopsis plants and bacteria in an enclosed sterile environment. Several 

growth protocols for Arabidopsis plants already existed. However, for this study, some 

additional considerations were 1) the application of bacteria, therefore the stringent sterility 

requirement of the system; 2) the simulation of the gravitrophic root growth, thus, the need for 

appropriate orientation of the plates; 3) the periodic observation of root development that 

requires a matrix to support a fixed root structure, which in turn, dictates the media to be used; 

and 4) the type of data acquisition method (e.g., use of imaging platform or manual root trait 

measurements), which also requires specific material for the plate. 

To realize these requirements and objectives for Arabidopsis co-cultivation with bacteria, 

the traditional agar-plate (“close-plate”) method was utilized. The sealable condition of the 

conventional Petri plates maintained the sterile environment required for growing both plants 

and bacteria while eradicating contamination. The plates were initially orientated in a vertical 

position to mimic the downward growth of the roots in the soil, which also demonstrated their 

structural growth. Finally, the use of agar in a transparent plate allowed for the non-invasive, 

timecourse observation and phenotyping of the roots, elucidating the development of the root 

system and the individual root architectural components. Whilst an agar-based growth system 

may not be representative of actual field conditions, this system allows for control of 

soil/medium heterogeneity, which reduces experimental noise. This system also facilitates easy 

measurements of the root systems, in response to any applied external factors (e.g. bacteria and 

high temperature), at varying developmental stages to assess growth and responses over time. 

A workflow of the methods used is illustrated and described in Figure 2.2. 
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Figure 2. 2  Workflow of methods for plant and bacterial co-cultivation in a “closed-plate” system 

 

2.2.1.1. Selection and sourcing of microbial strain for the experiment 

For selecting the specific microbe, some criteria were established for the literature search. First, 

the microbial strain should be a well-studied or previously experimented plant growth-

promoting microbe. It should have been previously investigated and found to confer 

thermotolerance, if possible, to Arabidopsis, but if not, at least to other plants. Lastly, the 

chosen strains were checked against those that have been found and sequenced by (Bai et al., 

2015) to be naturally occurring in Arabidopsis roots. From the narrowed-down microbial strain 

list which included: Bacillus amyloliquefaciens 5113, Azospirillum brasilense NO40, 

Pseudomonas putida NBRI0987, Trichoderma harzianum T34, Rhizophagus irregularis, 

Pseudomonas sp. strains AKM-P6 and PsJN, Curvularia protuberata Cp4666D, and 

Paraphaeosphaeria quadriseptata; the bacteria, Paraburkholderia phytofirmans PsJN 

(previously under Pseudomonas, then Burkholderia genus) was selected. Aside from having a 
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fully sequenced genome, this bacterial strain is a well-established plant growth-promoting 

endophyte that is also known to assist plants against abiotic stresses like high temperature 

(Bensalim et al., 1998). This strain was kindly provided by a research group in Chile (Poupin 

et al., 2013) that is actively working on this bacteria. 

 

2.2.1.2. Culturing of Paraburkholderia phytofirmans PsJN 

Since dealing with the biosecurity issues with the import of the bacteria to the country took 

several months, time was spent practicing how to culture bacterial strains provided by other 

colleagues. Said strains were Azospirillum brasilense sp7, Azospirillum brasilense sp245, and 

Herbaspirillum seropedicae spZ67. With these trials, a workflow was established for culturing 

the actual bacterial strain. The strain PsJN arrived in a bacterial slant and was immediately 

revived after it was released from quarantine or biosecurity. A workflow for reviving and 

culturing bacteria was followed (Figure 2.3.). 

 

 

Figure 2. 3  Workflow protocol for culturing bacteria 

 

2.2.1.2.1. Bacterial media preparation, pouring, and plating 

For culturing the bacteria PsJN, the Luria-Bertani (LB) media was utilized. To make the 500 

mL LB agar solution, 2.5 g yeast extract (Oxoid), 5 g BBL ™ Trypticase ™ Peptone (BD), and 

7.5 g Bacto ™ agar (BD) were combined and homogenized. This was done by filling a 1 L 

glass container (Schott bottle) with 500 mL of Milli-Q H20, placing the solution with a 

magnetic stirrer in a stir plate, and slowly adding each of the ingredients. Sodium chloride 

(NaCl) which is a normal component of LB media was omitted because of this bacteria’s low 

halophilic tolerance of only 0.5%. Only half of the container was filled to provide extra volume 
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when the molten agar solution starts boiling during autoclaving. Once homogenized, the bottle 

was closed with the lid but not air-tight sealed. Autoclave tape was attached to the cap and a 

label was created to make indications of successful autoclaving (i.e. sample has spent at least 

10 minutes at 121℃). Once autoclaving was completed, the bottle was first dried then the 

surface was disinfected before being transferred to a sterile bench where plates have been lined 

in a row, partially covered with lids. Pouring was done by initially using a 50 mL Falcon tube 

to estimate the amount of media that will go into each plate. The plates were then carefully 

filled with liquid agar solution. This row of plates was then pushed to the back of the bench to 

give way for another batch of empty plates to be filled. The agar media was left to harden and 

solidify for at least an hour before the plates were covered, stacked, and finally bagged in an 

upside-down (lid down) position to prevent condensation from dripping onto the agar surface. 

Plates were stored in a cold room maintained at 4 ℃. 

 

2.2.1.2.2. Streaking and bacterial isolation on LB agar plate 

Before streaking, the plates to be used were removed from the cold room and placed on the 

sterile bench at ambient temperature. From the bacterial slant that was provided, the bacterial 

inoculum was touched with a sterilized inoculating loop and carefully spread over a section of 

the agar medium. This was done by holding the loop at an angle to make broad strokes and 

touching only the surface, not digging into the agar. This created streak 1. Once the first streak 

was made, another inoculating loop was used by dragging one end of streak 1 to spread the 

bacteria over a second section of the plate to create streak 2. Similarly, for streak 3, the same 

procedure as with the previous streaking was applied; with all the streaks created each time 

somehow perpendicular and not overlapping with each other except for the dragged ends. 

When the entire plate has been streaked, it was then covered and sealed with micropore tape 

(Figure 2.4.). Plates with the newly streaked bacteria were incubated for two days at 30℃. 

Afterwhich, single colonies, which looked like white dots, were then visible. Each dot is 

composed of millions of genetically identical bacteria that arose from a single bacterium. When 

the bacteria growth was too dense with no visible single colonies, streaking was repeated onto 

a new agar plate to create single colonies. 
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Figure 2. 4  Sample streaking technique (A) and an actual bacterial streaked plate (B) 

 

2.2.1.2.3. Overnight liquid culturing 

Liquid culturing was performed to support a higher density of bacteria and to grow enough 

culture for the experiment. To do so, the LB liquid solution or broth was first prepared. This 

was similar to making the bacterial media, except without the agar. That is, in a 1 L Schott 

bottle, 2.5 g yeast extract (Oxoid) and 5 g BBL ™ Trypticase ™ Peptone (BD) was added to a 

500 mL of Milli-Q H20 to create a 500 mL LB broth. Autoclaving protocols similarly described 

in section 2.2.1.2.1. were then employed. Once the LB broth was prepared, 10 mL of the 

solution was aliquoted using a 10 mL Gibson pipette into 50 mL Falcon tubes, ready to be 

inoculated by the bacteria.  From a previously streaked bacterial plate with growing single 

bacterial colonies, a single colony was picked using a sterile 10 uL pipette tip. This tip was 

then transferred and dropped into the aliquoted 10 mL LB broth, thereby making the inoculated 

bacterial media. A controlled comparison was also set up by leaving one tube with 10 mL LB 

broth uninoculated. Both control and inoculated tubes were covered and placed inside a shaking 

incubator overnight with the following settings: 30℃ and 150 rpm.  

 

2.2.1.2.4. OD600 determination, serial dilution, and colony counting 

To estimate the concentration of bacteria in the liquid culture, OD600 which is an abbreviation 

indicating an absorbance or optical density of a sample measured at a wavelength of 600 nm, 

was used. The day after inoculating an LB liquid culture, bacterial growth was checked by 

looking for a cloudy haze in the inoculated media (Figure 2.5.). In comparison, the sterility of 

the control was observed with the clear liquid or the natural LB broth hue. To determine the 

OD600 value at the log phase of bacterial growth, the culture was checked several hours earlier 
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than the estimated complete incubation time. For the bacteria PsJN, the optimum growth value 

of 0.8 was achieved in about 24 hours, therefore, optical density checks were done starting 

from 16 hours. Measurements were performed using a spectrophotometer (DS-11 FX 

Spectrophotometer/ Fluorometer, DeNovix, Inc., DE, USA). This was done by pipetting 1 mL 

of the bacterial inoculum into a glass cuvette. However, a standard was first set by pipetting 1 

mL of the control LB broth. OD600 values were then recorded including the time corresponding 

to the measurement. Once the desired density was reached, the bacterial inoculum was then set 

aside, ready for serial dilutions and colony counting. 

 

 

Figure 2. 5  Overnight liquid cultures of some trial bacteria and a control 

 

A ten-fold serial dilution was performed to determine the concentration of bacteria, in a colony-

forming unit (cfu), present at the specific absorbance of 0.8. This was done by preparing sterile 

2 mL Eppendorf tubes, labeled 101 to 107 corresponding to each dilution factor. Using aseptic 

techniques, 900 µL of LB broth was pipetted into each of the tubes. From the prepared 

overnight bacterial inoculum, 100 µL was aliquoted and pipetted out into the first tube labeled 

101. This tube was then vortexed, after which, 100 µL was taken out and pipetted into the next 

tube labeled as 102. This process of serially diluting the inoculum continued until the last tube 

with the 107 dilutions.  

Once the serial dilutions were ready, plating and colony counting ensued (Figure 2.6). 

Briefly, seven agar plates were prepared and labeled corresponding to the serially diluted tubes. 

100 µL was pipetted out from each dilution tube and placed in the middle of the plate. Using a 

spreader, the diluted inoculum was distributed evenly on the surface of the agar. The inoculum 

on plates was first allowed to dry out or be absorbed before the plates were sealed with 

micropore tape, turned upside down, then placed in an incubator for about two days. Bacterial 

growth was then checked, and the single colonies were counted. As a rule, the accepted number 

of colonies on the plate was between 30 to 300 cfu. More than or less than that was tagged 
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either too many to count (TMTC) or too little to count (TLTC), respectively. Calculations were 

done to determine the number of bacteria per mL (cfu/mL) or the total number of bacteria in 

the original inoculum. 

 

Figure 2. 6  Plated serial dilution of a bacterial inoculum 

 

2.2.1.3. Arabidopsis plant cultivation 

 

2.2.1.3.1. Plant media preparation, pouring, and plating 

For the pilot closed-plate experiment, the media used for Arabidopsis cultivation was 

comprised of Murashige and Skoog (MS), 2-(N-morpholino) ethanesulfonic acid (MES), and 

agar powder. Briefly, in a large beaker with 1 L of distilled H20 and a magnetic stirrer, 2.2 g 

MS, 0.5 g MES, and 1% sucrose were added. The beaker was placed on top of a stir plate where 

the solution was mixed and homogenized. While being mixed, the pH of the solution was also 

adjusted using a pH meter, to about 5.6 to 5.8 by adding several drops of 1 N KOH using a 

glass Pasteur pipette and rubber. When the desired pH was reached, the solution was then 

transferred to a separate 1 L glass container (Schott bottle), containing 9 g of agar powder. This 

amount varied depending on the orientation of the agar plate. For vertical growth, 9 g of agar 

was used to reinforce its strength against gravity; whilst for horizontal growth, only 7 g of agar 

was enough. The container was then capped, but not tightly sealed, equipped with autoclave 

tape, and then placed in the autoclave for sterilization. After autoclaving the solution, it was 

transferred to the sterile bench where all the plates had been previously laid out, partly covered 

with their lids. Using a 50 mL Falcon tube, about 45 mL of the agar media was poured into 

each plate. Once everything was filled, the plates were then allowed to cool down for a couple 

of hours before the lids were replaced. Plates were stacked up, placed inside their original bag, 

and turned upside down (lid down) before the bag was sealed. They were placed and stored in 

the cold room at 4℃ until ready for sowing.   
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Figure 2. 7  Horizontally grown (A) and vertically grown (B) Arabidopsis plants at 30 days after sowing 

 

The suitability of the plate growing orientation was tested as seen in Figure 2.7. Vertical 

agar growing was chosen because of the representative plant root growth. Sucrose was only 

used during the initial plant cultivation, however, for the succeeding experiments where plants 

were inoculated with the bacteria PsJN, the addition of sucrose was omitted altogether because 

of the latter’s affinity for sugar. This was also to eliminate potential interference with the plant’s 

morphologic responses to bacterial colonization.  

 

A 

B 
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2.2.1.3.2. Surface sterilization and stratification of seeds 

To eliminate the presence of any microorganisms, Arabidopsis Col-0 seeds were surface 

sterilized with 70% ethanol and 12.5% Sodium hypochlorite solution with 1 mL Triton x-100. 

Briefly, the seeds in an Eppendorf tube were initially washed by adding 1 mL of 70% ethanol 

and turning the tube for 5 minutes. The ethanol was then removed, and the seeds were subjected 

to second washing with sodium hypochlorite (5 mL of 12.5% sodium hypochlorite and 45 mL 

of distilled H20). To facilitate uniform washing of the seeds, the tube was placed in a 

thermoshaker for 10 minutes; after which, the solution was pipetted out. Finally, the seeds were 

washed with sterile distilled H20 five times to eliminate traces of sodium hypochlorite which 

can be toxic to seedlings if not completely washed off. The last wash was left on the tube for 

the seeds to be suspended during stratification.  

Stratification, which is a method of breaking seed dormancy to promote uniform 

germination, was done by placing the tube of sterilized seeds in a cold room maintained in the 

dark at 4 ℃ for four days. 

 

2.2.1.3.3. Sowing of seeds 

For sowing with the “closed-plate” system, the entire lid had to be removed, which exposed 

the surface of the agar, before the seeds were sown on the marked area of the plate. In this 

protocol, both the prepared agar plates and recently stratified seeds from the cold room were 

placed on the sterile bench. Before sowing, a distinct horizontal line (2 cm from the top) was 

measured and drawn at the back of each plate to determine the point where the seeds will be 

sown. The plate was also divided accordingly to accommodate four seeds at equal distances 

from each other and the sides of the plate. As this posed considerable time during sowing, an 

alternative method was thought of. This made use of a single empty bottom part of the plate, 

clearly drawn with a sowing line and the location of the seeds also marked. This was then used 

as a template sitting (open-face down) at the bottom of the agar plate. The goal during sowing 

was to get only one seed from the Eppendorf tube and to dispense it into the marked location 

on the plate. Sowing was performed by using a 1 mL pipette, with the index finger operating 

the suction and release of each seed (Figure 2.8). Once all the seeds were sown, the plates were 

sealed with micropore tape to allow air exchange during germination, and then placed into two 

separate growth chambers, with ambient and heat-stress conditions, until ready for inoculation 

(growth chamber settings in the next section). 
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Figure 2. 8  Sowing individual seeds onto the agar surface using a 1 mL pipette 

 

2.2.1.4. Plant inoculation with the P. phytofirmans PsJN 

This stage of the plant cultivation protocol is comprised of three steps; the first two of which 

were performed simultaneously. 

 

2.2.1.4.1. Radicle length checking 

The plants in the growth chamber were checked every day for the appearance and growth of 

the radicle. Once the radicle reached a length of 2 to 5 mm, inoculation of the bacteria was then 

performed. The timing of inoculation to the radicle length was of great importance; such that 

simultaneous to the daily observation of the radicle development was the preparation for the 

overnight liquid culture, so that the bacterial inoculum was ready at the same time when the 

radicles reached the required range of lengths. 

 

2.2.1.4.2. Preparing bacterial culture in MS liquid media for plant inoculation 

According to a previous study by Poupin et al. (2013), the number of PsJN bacteria for 

colonization necessary for optimum plant development was determined to be 104 cfu/mL. As 

the method employed in this study was a direct application of the bacteria into the radicles, 

only a small amount of the inoculum was applied. A 10 µL inoculum was found to be sufficient 
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to cover the radicle area. Calculations were made to determine which dilution will yield the 

required number of bacteria in a 10 µL aliquot. This dilution then became the final bacterial 

inoculum for the root inoculation.  

One important factor considered before the inoculation was the effect of the bacterial 

medium (LB) on the plant agar media (MS). Another factor was the presence of chemicals 

released by the bacteria in the medium during growth which could influence early plant 

responses. Therefore, to eliminate these potential effects, washing was performed after the 

overnight liquid culture preparation (see section 2.2.1.2.3) and before the serial dilution 

(section 2.2.1.2.4). Briefly, liquid culture at an OD600 of 0.8 in a Falcon tube was spun down 

using a centrifuge at 10,000 xg for 10 minutes to get the bacterial pellets. This allowed for the 

removal of the LB media. A similar amount of MS media was then added to resuspend the 

pellets. This new solution was again spun down, and the media was removed as with the 

previous procedure. Finally, the bacterial pellets were resuspended in the MS media, and the 

OD600 was measured. The MS-washed bacterial culture was then serially diluted and the 

dilution that was previously calculated was set aside as the final bacterial inoculum for root 

inoculation. 

 

2.2.1.4.3. Root inoculation 

Once both the radicles and the bacterial inoculum were ready, bacterial inoculation of the roots 

was performed. The plates from the growth chamber were transported into the sterile bench 

and opened for bacterial application. Briefly, the bacteria PsJN was applied by pipetting 10 µL 

of the prepared dilution of bacterial inoculum directly into the radicles of the Arabidopsis 

seedlings. The liquid was left to be absorbed into the agar before the plates were closed and 

sealed with micropore tape. 

 

2.2.1.5. Growth in the climate/ growth chamber 

After root inoculation, the plates were placed into wooden racks and transferred into two 

separate climate chambers with different temperature conditions: ambient and heat stress. 

Before the transfer, the chambers (or sections within the chamber) were first cleaned and 

disinfected. As there was limited availability of growth chambers (and most were already 

shared by two or more researchers depending on their plants’ growth requirements), two 

different growth chambers were used. To minimize, if not eliminate, potential variations due 

to the difference in the type (e.g. type of light source) and specification of the growth chambers, 
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the light intensity on the level of the plates was measured using a photometer. Where the 

intensity was at below-optimum condition, adjustments were made on the location of the plates. 

The rest of the environmental conditions were easily set as per equipment protocol. 

The following were the specified growth settings: Temperature - 22 ℃/ 18 ℃ (ambient), 

30 ℃ / 24 ℃ (heat stress) day/night; light intensity - 120-150 µmol m-2 s-1; photoperiod - 16 

hr/ 8 hr light/dark; humidity – 70%. 

 

2.2.1.6. Plant phenotyping 

The plants were grown inside the growth chambers while being phenotyped non-destructively 

at different time intervals: 2, 7, 9, 12, 14, 16, 19, and 21 days after inoculation (DAI). Plant 

phenotyping was performed by removing the plates from the growth chamber, placing them 

into a darkened and sealed container during transport, and imaging them individually using 

WinRhizoTM. Once the image was captured, analysis was run on a per-plate basis. Root 

parameters measured were total root length, primary root length, and branched (combined first 

and second-order lateral) root length. It is to be noted that because of the software limitation 

for detecting the primary root whenever there was a crossing or intersection of roots, image 

tracing by hand was performed before analysis.  

 

2.2.1.7. Harvest and analysis 

At 21 days after inoculation, plates were removed from the growth chambers and opened for 

removing the plant tissues. Shoots were cut from the plants and set aside for measuring fresh 

weight. Roots were slowly removed from the agar, by holding the top of the root and slowly 

pulling the rest. Since some parts of the roots were growing inside the plates, there were losses 

in the harvested tissues. The fresh weight of root tissues was then measured.  

The condition where roots grew inside the plates, making harvest a challenge was addressed 

and the methods optimized at the succeeding experiments conducted at the Forschungszentrum 

Juelich.  

 

2.2.2. Optimization methods for “open-top” plant cultivation using the 

GrowScreen-Agar phenotyping platform (Forschungszentrum Juelich 

(FZJ)) 

Once the growth conditions and protocols for Arabidopsis and bacteria co-cultivation from the 

agar or “closed-plate” system was established, the next step was to adapt these protocols to the 
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phenotyping platform, GrowScreen-Agar. Two types of GrowScreen-Agar equipment were 

present at the institute.  

The original platform, GrowScreen-Agar I (also called the “Root Carousel”) was designed 

for high-throughput imaging and phenotyping of conventional square Petri plates (120 x 120 

mm). This platform is compatible with agar plates sown with plants growing in an “open-top” 

system, where shoots are growing outside through customized holes made at the top part of the 

plates. The carousel provides an opportunity for dynamic phenotyping through a non-invasive 

imaging platform that allows for unobstructed shoot growth and more robust root development 

while facilitating convenient top and side imaging (for shoots and roots, respectively). The two 

cameras attached to the carousel also connect to software for rosette area measurement, which 

works well for Arabidopsis, and software for root parameter measurement, the GrowScreen-

Root, where manual input may be necessary (Nagel et al., 2009; Nagel et al., 2020). This 

platform’s high-throughput imaging capability accommodated the imaging of about 70 plates 

within 15 minutes.  

 

 

 

Figure 2. 9  GrowScreen-Agar, mechanical setup for automated imaging roots and shoots of plants 

grown in agar-filled plates. The Petri dishes are fixed in red holders, which are moved in a rectangular 
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frame by using pneumatic cylinders (a, b). At one position of the setup, Petri dishes (b) are optically 

accessible and images of root and shoot are taken (c, d). Representative original color image of four 

Arabidopsis shoots taken by the top camera (c); part of an original greyscale root image taken by the 

bottom camera (e) and color-coded image (quantified with the image-based software GROWSCREEN-

ROOT) with primary root (green) and lateral roots (red) of an Arabidopsis plant (f). In total 70 Petri 

dishes containing up to 280 Arabidopsis plants fit into the GrowScreen-Agar system. During image 

acquisition, the opening above the bottom camera (a) is closed by a cover panel. [Source: Image and 

description adapted from Nagel et al. (2020).] 

 

The original plan for my experiment was to utilize this already functional and working 

platform. However, this platform fell short of a crucial requirement of my experiment, which 

was to grow the plants for a longer period to observe the time-series growth-promotion effects 

of the bacteria on Arabidopsis roots. At its maximum size, the conventional Petri plate can 

grow plants for up to about 14 days, before the roots start touching the bottom of the plates. In 

my pilot experiments, although the bacteria has shown a prominent trend of growth-promotion 

effects on various root traits within 14 days, the stimulation effects showed an increasing trend, 

which prompted the objective of growing the plants for a longer time, i.e., 21 days to see more 

significant effects. Nonetheless, I utilized this system initially to adapt the growth protocols of 

my plants and bacteria to the specific cultivation protocols associated with the “open-top” 

feature system of this platform. 

The second and upgraded version of this platform, the GrowScreen-Agar II, was designed 

for longer plates and imaging of the top and side of shoots, as well as the roots, using three 

strategically-placed cameras (details and images discussed in Chapter 3 and supplements). This 

platform was also developed for even higher throughput (i.e., several hundreds of plates), with 

the plan of incorporating the plant cultivation system and the imaging system into one place. 

That is, this platform was envisioned to be a growth chamber for agar-grown plants, with a 

built-in imaging system, and with a robotic arm that will manage all handling, transfer, and 

imaging of the plates, which will be controlled remotely by a computer. Unfortunately, this 

platform was not yet fully operational during my stay at the institute, and the only functional 

part was the imaging system. This imaging system was specifically built for designed plates, 

which are also maintained in customized racks or magazines (specifications discussed and 

images shown in Chapter 3 and supplements).  

Once I had adapted the plant-bacteria growth protocols to the “open-top” system using the 

original GrowScreen-Agar I, optimization experiments of six plates per treatment using the 

GrowScreen-Agar II platform were then performed to address several challenges including 1) 
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contamination due to the open-air nature of the growth system; 2) repeatability of the observed 

phenotypes ; 3) harvest of roots growing within the agar; and 4) drying of agar at the end of 

the growth period, particularly at high temperatures. The workflow of experimentation is 

illustrated in Figure 2.1.0. 

 

 

 

Figure 2. 10  Workflow of experimentation at Forschungszentrum Juelich 

 

2.2.2.1. Petri plate customization for the GrowScreen-Agar 1 platform: 

Traditional square Petri dishes (120 x120 x 17mm, Greiner, Solingen) were taken out of the 

plastic bag and into the cleaned bench inside the biosafety cabinet. First, the lid and bottom 

dish of the plate were aligned and positioned such that the letterings on the plate will not block 

the roots during image acquisition. Once the positions of the plate parts were defined, all the 

bottom dishes were grouped and prepared to be worked on, while the lids were set aside. The 

top part of the bottom dish (when standing) was covered with micropore tape to mark the area 
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where the holes will be made. Using an appropriate metal stencil (pre-customized with holes 

of different numbers and sizes depending on seed type) and a pneumatic drill, the holes for the 

Arabidopsis seeds were then carefully drilled. Afterward, the holes were cleaned and the 

cuttings were removed using compressed air into a catch tray. Finally, another layer of 

micropore was placed on top of the drilled one to cover the holes for the succeeding step of 

pouring media. On the other hand, to obtain a fully open-top Petri plate, the top part of the lids 

was cut, this time with a hot cutting wire. Caution was observed so as not to touch the hot wire 

and also to avoid damaging the surface of the lid. Once both sides of the plates were 

customized, they were then assembled, placed back into the bag, and sealed until the next steps. 

 

    

Figure 2. 11  Customization of the small Petri plates for the GrowScreen-Agar I. a) Positioning and 

aligning the plates. b) Covering the top part of the bottom dish in preparation for drilling holes. c) 

Drilling holes into the plates using metal stencils. d) Cutting the top part of the lid to allow plant shoots 

to grow outside the holes of the plates. [Source: Images (except for the first one) taken from Becker and 

Kastenholz (2020).] 

 

2.2.2.2. Preparation of the plant agar media and pouring into customized plates 

Instead of the MS media previously used in the closed-plate experiments, the cultivation system 

of this platform was optimized for the use of modified Hoagland media. Also, this solution was 

better suited for biochemical analysis as the chemicals used are controlled and no sugar was 

present, which was found to influence both plant and bacteria PsJN’s behavior. The 

concentration of compounds used in the preparation of the nutrient stock solution for Hoagland 

media is tabulated in Table 2.1 (fromNagel et al. (2020)). To make the Hoagland agar media 

solution, the composition of the solution in a liter of Milli-Q water was specified in Chapter 3.  
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Table 2. 1  The concentrations of compounds in Milli-Q water as a solvent for the preparation 

of nutrient stock solutions which are used in GrowScreen-Agar (Nagel et al., 2020).  

 

 Stock 
solution 
number 

Mass 
concentration 
(g/l) 

Molar 
concentration 
10-3 (mol/l) 

Stock 
solution / 
litre               
10-3 (l) 

*Full 
nutrient 
conc.             
10-6 (mol/l) 

KNO3 1 101.103 1000 5 5000 

Ca(NO3)2 ∙4 H2O 2 236.149 1000 5 5000 

MgSO4 ∙ 7 H2O 3 246.475 1000 2 2000 

KH2PO4 4 136.086 1000 1 1000 

MnCl2 ∙ 4 H2O 5 1.979 10 1 10 

CuSO4 ∙ 5 H2O 5 0.250 1 1 1 

ZnSO4 ∙ 7 H2O 5 0.288 1 1 1 

H3BO3 5 3.092 50 1 50 

Na2MoO4 ∙2 H2O 5 0.121 0.5 1 0.5 

C10H12FeN2O8
- 

(Fe-EDTA) 
6 

30.965 90 1 90 

FeSO4 ∙ 7 H2O 7 25.021 90 1 90 

C10H16N2O8 
(EDTA) 

8 
26.302 90 1 90 

H2SO4 9 0.1962 2 1 2 

KOH 10 15.710 280 1 280 

 

To prevent the cross-reactions and resulting precipitates, the nutrients were separated into 

six tinted bottles, and the amounts of each element in the six stock solutions were restricted. 

To create a full-strength nutrient solution, 5 ml of stock solutions 1 and 2, 2 ml of stock solution 

3, and 1 ml each of the stock solutions 4, 5, and 6 were filled up to one liter. Iron was available 

as Fe-EDTA complex in solution 6, with solutions 7 to 10 as reactants for producing the chelate 

complex (Nagel et al., 2020)). 

Once the agar-media solution was autoclaved and ready, a liter of the solution was 

distributed evenly to ten small customized Petri plates.  Briefly, the plates were removed from 
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the sealed bags, and the bottom dishes were laid flat and evenly on the clean bench, while the 

lids were set aside. The hot media was allowed to cool down (around 70℃) before being poured 

evenly onto the dishes. The second layer of micropore tape prevented the poured liquid media 

from spilling through the holes of the drilled plates. Once the agar solidified, the micropore 

tapes were then removed from the bottom dishes and the lids placed to cover them. The two 

parts of the plates were positioned vertically in such a way that the bottoms were flat and 

aligned before all the sides (except for the top with holes) were sealed with micropore tape. 

Finally, using a separate strip of micropore tape, the upper sides of the plates were connected 

without sealing the holes. The assembled sealed plates were either left in the sterile bench for 

seed sowing or placed back into their plastic bags.  

 

2.2.2.3. Arabidopsis plant and PsJN bacterial cultivation 

Arabidopsis seeds were first surface-sterilized to remove any microorganisms. The protocol 

was slightly different from the one used during the pilot experiments, in that, the solutions used 

were 70% ethanol (v/v) and 0.5% (v/v) sodium hypochlorite solution with 0.05% (v/v) Tween 

20 (5 µL per 10 mL solution). Operating inside the biosafety cabinet, the number of seeds to 

be used for the experiment was estimated and placed in 2 mL Eppendorf tubes. The seeds were 

first incubated with 0.5 mL of 70% ethanol solution. Seed suspension and incubation were 

done by slowly turning the tube for three minutes. After incubation, ethanol was removed by 

pipetting and replaced with 0.5 mL of 0.5% sodium hypochlorite. The tube was again slowly 

turned and mixed for the seeds to incubate for about 10 minutes; after which, the solution was 

pipetted out. After disinfecting the seeds with the solutions, they were washed three times with 

autoclaved Milli-Q water. After the last washing, the seeds were suspended in another 0.5 mL 

of autoclaved water and set aside ready for sowing.  

While sowing with the “closed-plate” system in the pilot experiments required opening the 

plates to directly place the seeds into the agar surface, this “open-top” system allowed the 

individual sowing of the seeds through the drilled holes of the plates, minimizing agar 

exposure. Firstly, the ten agar-filled plates were arranged and the micropore tapes covering the 

holes were removed. Using a pipette, a single seed was slowly pipetted out from the sterilized 

batch and carefully dispensed into the hole of the plate. To make sure that the seed lies in the 

middle of the hole, a needle was used to position it. When all the holes of the four plates were 

sown with seeds, the top of the plates was then sealed with parafilm; after which, the plates 

were placed into plastic bags and sealed aseptically. The bags of plates were then transferred 
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to a fridge set at 4℃ and the seeds were allowed to stratify in the dark for five days to break 

their dormancy. After the stratification period, the plates were taken back to the biosafety 

cabinet, the parafilm covering the holes removed, and the seeds ready for bacterial inoculation.  

 

 

Figure 2. 12  Dispensing a single Arabidopsis seed into each hole of the customized plates. [Source: 

Image taken from (Becker & Kastenholz, 2020).] 

 

Culturing of the bacteria was done similarly as with the pilot experiment, using the same 

LB media solution and protocols. Plate streaking of the bacteria was periodically done. A day 

before inoculating the sown seeds, a single bacterial colony from the most recent streaked plate 

was picked and placed into an LB broth for overnight culturing using an orbital shaker (at 150 

rpm) at 30℃. Using a portable spectrophotometer, the optical density of the bacteria was 

measured; and when the OD600 was 0.8 (108 cfu mL-1), the bacterial inoculum was centrifuged 

down, washed, and serially diluted with Hoagland media to obtain a concentration of 104 cfu 

mL-1, ready for inoculation to the seeds. 

 

2.2.2.4. Bacterial inoculation of Arabidopsis seeds 

Two solutions were prepared for the inoculation of the sown seeds. One was the pre-prepared 

bacterial inoculum, corresponding to the PsJN-inoculated treatment, and the other was a plain 

Hoagland solution, as a mock inoculant for application to the control seeds. First, the plates 

were marked and assigned per treatment. They were then grouped and received the appropriate 

inoculation. Inoculation was done by pipetting 10 µL of either the PsJN-bacterial inoculum or 

the Hoagland solution into the seeds. Once all the seeds were inoculated, the holes were sealed 

with parafilm and the plates transferred to two separate growth or climate chambers. 

 

2.2.2.5. Growth of plants in the climate chambers 

The two groups of plant plates, PsJN-inoculated and control, were divided into two growth 

chambers with either ambient or heat-stress settings. The settings were: Temperature: 22 ℃/ 
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18 ℃ (ambient), 30 ℃ / 24 ℃ (heat stress) day/night; light intensity - 120-150 µmol m-2 s-1; 

photoperiod - 16 hr/ 8 hr light/dark; humidity – 70%. To promote uniform lighting received by 

all plants, the light intensity on the plate level was measured using a photometer; and 

adjustments were made as necessary. The plates were laid vertically in covered racks that were 

designed and customized to different plate sizes as seen in Figure 2.1.3. The plants (i.e., holes 

at the top of the plates), were sealed with parafilm for six days to create a humid greenhouse 

environment for the establishing seedlings. After six days, the parafilm was removed and the 

seedlings were then able to grow naturally in the open air.  

 

       

Figure 2. 13  (Left to right) Rack designed for GrowScreen-Agar I (“Root Carousel”) customized plates 
(a) and re-adjusting some seedlings on the “open-top” system to grow directly outside of the holes (b). 
Some seeds managed to grow their plants under the plate, making them trapped and unable to expand 

their shoots. Other seedlings were stuck inside the agar so the use of a needle or tweezer was sometimes 

necessary. [Source: Images adapted and description modified from (Becker & Kastenholz, 2020).] 

 

2.2.2.6. Plant phenotyping and data acquisition 

While growing inside their respective growth chambers, the plates were periodically removed 

for imaging in the GrowScreen-Agar I. Plates were taken at the following intervals:  5, 7, 9, 

12, 14, 16, 19, and 21 days after inoculation. Briefly, plates on racks were transferred to the 

area where the equipment was. The plates were individually inserted into the red cassettes that 

come with the GrowScreen-Agar I platform and placed consecutively following the initial 

marked “0” position, where the cameras were located and bound to start the imaging. The 

imaging of the plates was controlled by the settings in a computer dedicated to this platform. 
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Figure 2. 14  A sample customized plate being placed into a red cassette ready to be imaged by the 

GrowScreen-Agar I platform. [Source: Images adapted from (Becker & Kastenholz, 2020).] 

 

2.2.2.7. Harvest  

Three weeks after inoculation or sowing, a trial harvest was performed. Plant roots at this time 

were already well-branched and occupied the whole plate. Even a week earlier, the roots have 

already reached the bottom of the plates. Shoots were first cut from the plants and set aside. 

The plates were then opened and the roots were slowly removed from the surface and inside 

the agar by holding and pulling from the topmost part of the root. It was observed that the 

removal of the roots from agar was mostly challenging due to the small and fine root structure 

of Arabidopsis plants completely embedded in the agar, which accounted for considerable loss 

of root tissues during harvest. This challenge was addressed in the succeeding experimentation 

using the GrowScreen-Agar II.  

 

2.2.2.8. Experimentation using the GrowScreen-Agar II platform 

Except for the customization of plates, this platform utilized the same protocols as with the 

GrowScreen-Agar I for the cultivation of Arabidopsis plants and the culturing of PsJN bacteria. 

The same inoculation procedure was also followed, as well as the plant phenotyping protocols, 

although imaging was done with a different system. More specifically, the use of this platform 

and the methodology employed for addressing the second objective of the thesis were discussed 

in detail in Chapter 3. A series of experiments were conducted.    

The main objective addressed by this platform was to characterize and quantify the 

bacteria-imparted growth promotion in Arabidopsis (root and shoot) plants under ambient and 

high-temperature conditions using the platform’s imaging and root trait analysis software. 

Specific objectives were set, which also corresponded to the performed experiments.  
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Figure 2. 15  Position of the imaging system within the GrowScreen-Agar II platform. Details and 

specifications of the system are illustrated in Chapter 3 and supplements. 

 

2.2.2.8.1. First experimentation – Replicating the plant phenotypes 

For the first experiment conducted using the GrowScreen-Agar II platform, the objectives were 

to 1) replicate the phenotype and growth promotion trends found in the previous experiments 

but on a larger scale to quantify significant effects of the bacteria, 2) determine the duration 

that the primary roots can grow up to the maximum size of the plate, and 3) determine the 

harvest time points of the plant tissues for lipid extraction. From this experiment, we were able 

to establish that 21 days was the maximum time before the roots of Arabidopsis start touching 

the bottom of the designed plates, with a maximum length of 20 cm). The phenotypes of 

bacteria-imparted growth promotion in plants were also replicated in this first experiment, 

which ascertained the beneficial effects of the PsJN bacteria. Furthermore, the root trait 

software also enabled the analysis of the roots down to the 1st and 2nd order lateral roots with 

higher accuracy. This is superior to the data analysis with WinRhizo, especially for plants at 

the later stage of development, where the root structures can be intricately entwined. Some 

notable issues found during this first experiment were the presence of contamination, mostly 

from fungi species, and the difficulty of removing the roots from agar that dried out. 
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2.2.2.8.2. Second experimentation – Testing repeatability and addressing contamination  

Therefore, the second experiment was conducted with the aims of 1) verifying the 

repeatability of the phenotypes found in the first experiment using this system, 2) eliminating 

or reducing the contamination, 3) finding an optimized method to harvest roots from within the 

agar, and 4) to address the drying of agar at the end of the growth period. We found that the 

plant responses to bacterial inoculation in this experiment were even stronger than the first one. 

To address the contamination issue, each step of the entire process was traced back and the 

methods were performed with even more stringent protocols. Particular attention was placed 

on the surface sterilization of the seeds, where the disinfecting solutions were re-made fresh; 

as well as the sowing of seeds, which was then performed very carefully, with minimal hand 

movement across and above the plates, and avoiding foot traffic close to the biosafety cabinet. 

Removal of plates from the growth chamber and their transfer to the imaging system (within a 

growth chamber) was also minimized with a sealed container provided for transport. 

Unfortunately, the challenge of harvesting roots from agar was not yet addressed in this 

experiment, rather, in the next one. In the same way, addressing the drying of the agar, 

particularly on the top part of the roots, was planned in the next experiment. 

 

2.2.2.8.3. Third experimentation – Root harvest optimization  

The objective of the third experiment was to optimize the root harvest of Arabidopsis, to coax 

the roots growing inside the agar to come out towards the agar surface. To do this, instead of 

the pre-made customized racks or magazines that position the plates vertically, an angled metal 

rack was used. To be consistent with the system's design of roots being maintained in the dark, 

the plates were individually wrapped in sterile aluminum foil before placing them into the 

angled rack. The aluminum-covered plates were then placed into the racks set to about 45 to 

60 degrees inclined towards the transparent side of the plates. One noticeable effect of the foil 

was the condensation at the bottom and on the surface of the plates. This brought the issue of 

contamination originating from the dripping side of the plates where some of the micropore 

tapes have come loose. This was addressed by carefully cleaning and meticulously disinfecting 

the bottom side of the plate before and after imaging. A week after the plates were placed in an 

inclined position, the roots were found growing on the surface of the agar.  
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  Figure 2. 16  Inclined plates to address the problem of harvesting roots growing inside the agar. 

  

2.2.2.8.4. Last experimentation – Preventing agar drying  

The last experiment was conducted to address the drying of the agar, mostly from the top area 

of the plate. Here the proposed solution was to double-seal the plate with micropore tape and 

to try agarose instead of agar. This was done, however, what worked best was filling the plate 

with the agar media up to its maximum capacity. There was still a reduction in the volume of 

the agar (thinning from the top), but at the end of the growing period, the thickness was still 

more than half its original size.  

Finally, the system was optimized and the protocols were ready. Unfortunately, the 

pandemic happened and the final experiments for lipidomics analysis were not performed due 

to the University-wide call for overseas-based Melbourne students to return to Australia. 

   

2.2.3. Optimization methods to replicate the “open-top” system of the 
GrowScreen-Agar II platform but utilizing the conventional agar-plate 

protocols (University of Melbourne) 

Back at the University of Melbourne, when the lockdown and pandemic restrictions finally 

eased, replicating the “open-top” system while using the conventional square “closed-plate” 

resources was attempted. Since the protocols used at the Forschungszentrum Juelich for 

Arabidopsis and bacterial cultivation were already established, these were then used in the 

current experimentation. The objectives were to 1) customize the available plates to 

demonstrate an “open-top” feature, as with the plant cultivation in the GrowScreen-Agars, 2) 

perform imaging of the customized plates using the WinRhizo, 3) replicate the phenotype 

observed for the bacteria-induced plant growth-promotion, and finally, 4) grow the plants and 

harvest tissues for lipid extraction and analysis.  
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2.2.3.1. Optimization experiments replicating the open-top system at FZJ but using 

traditional plant cultivation materials  

The first step was to customize the plates. Two sizes of square Petri plates were used, the small 

(120 x 120 cm) and large (124 x 124 cm) ones for trialing the system. Because the big plates 

were not available and the supply chain was affected by the pandemic, customization was first 

attempted on the small square plates. The goal was to make holes on the top part of the plate 

as with the FZJ protocol. No pneumatic drill was available in the laboratory so an alternative 

method of making holes was thought of. Using a metal stick and a gas burner, holes were 

melted on the top side of the bottom dish. Because of the burnt plastic smell and the fumes, 

this was performed inside a fumehood. Melting the plastic produced some clumped hardened 

residues. The holes were cleaned off the hardened plastic residues using a pair of long-nose 

pliers and were endeavored to be smoothened and rounded-shaped. As there was no available 

cutting wire for this plastic material, the lid was not cut, therefore, partially covering the melted 

holes from the bottom dish. Since the fumehood is not a sterile place for plant-microbe work, 

all the customized plates were then washed and dried, before being ethanol- and UV-sterilized 

in the biosafety cabinet. The Workshop facility of the university was closed at the time of this 

experiment due to the pandemic. Previous plant and bacteria cultivation protocols were then 

followed. Images of the growing plants and the plate set-up are illustrated in Figure 2.1.7. 

 

           

Figure 2. 17  Modified “open-top” system using customized square Petri plates and racks 

 

Once the procedures for customizing the small plates were established, these were then 

transferred to the big plates (when they finally arrived). The workflow of the procedures, from 

preparing the plates to sowing and positioning them in the growth chamber, is summarized in 
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the figure below (Figure 2.1.8.). The protocols for the cultivation of plants and bacteria 

followed the previously established ones at the FZJ – from sections 2.2.2.2. (Preparation of the 

plant agar media and pouring into customized plates) to 2.2.2.7. (Harvest). 

 

           

 

 

 

 

           

 

 

 

Determining the location 
of holes for unobstructed 

growth of plants 

Determining the number 
of holes (seeds) per plate, 
measuring, and marking 

Making holes by melting 
using a gas burner and a 

small hot metal stick 

Removing melted plastic 
fibers/residues and 

smoothening the surface 

Removing protruding 
burnt/melted plastic using 

a pair of pliers 

Wasing and drying the 
plates, then sterilizing 
using ethanol and UV 
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Figure 2. 18  Plate customization and plant-bacteria cultivation in a modified “open-top” system.  
 

Painting the top surface to 
maintain dark root condition 

throughout the plate 

Pouring media, sealing all 
sides of the plate (except the 

top) with micropore tape 

Sowing of individual seeds 
(after surface sterilization), 
then sealing with parafilm 

Stratifying the seeds on the plates (placed 
inside a plastic container wrapped in foil) 

in the cold room for 5 days 

Inoculating the seeds with bacteria; sealing 
the holes with parafilm, arranging the plates 

in the rack and checking for stability.   

Plates/rack set-up placed inside container 
and into the growth chamber (to prevent 
contamination and for easy transport). 
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2.2.3.2. Final experiments reverting to the traditional “closed-plate” growing system 

but using the plant-bacteria cultivation protocols established at the FZJ  

Although the customization of the plates worked and the protocols for cultivation were adapted, 

this system, however, did not work with the phenotyping and imaging equipment on hand. 

Because of the thickness of the plate and the agar (plates were filled with agar up to maximum 

capacity) and due to extreme condensation on the surface of the plates, imaging of the roots 

was made challenging. Moreover, placing the plates horizontally on the scanner of the 

WinRhizo, as well as closing the lid, was damaging to the shoots growing outside of the plates. 

As a result, it was decided that the design be reverted to the original “closed-plate” system, 

while still utilizing the existing plant and bacteria cultivation protocols for the “open-top” 

system.  

The final experiment conducted at the University of Melbourne was aimed at harvesting 

root tissues for lipid extraction and lipidomics analysis. The tissues were harvested according 

to the time points previously determined with experiments at the FZJ, which were at 7, 14, and 

21 days after inoculation. Moreover, the protocols used for growing Arabidopsis plants, for 

culturing the bacteria PsJN, and their co-cultivation in the chosen sterile system, were the ones 

already established from the experimentation using the GrowScreen-Agar II platform. To 

account for the longer root development (and longer phenotyping of plant root-bacterial 

interactions), the big plates, which were twice the size of the traditional small square Petri 

plates, were used. The plants were grown entirely inside the agar plates throughout their growth 

and development, with or without the presence of the PsJN bacteria, and on either ambient or 

high-temperature conditions. 

 

Figure 2. 19  Arabidopsis plants in an open plate and corresponding image from WinRhizo   
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amelioration in Arabidopsis inoculated with 

Paraburkholderia phytofirmans PsJN rhizobacteria 
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Preface to Chapter 3 

This chapter characterizes and quantifies the dynamics of the growth-promotion and heat 

tolerance imparted by the bacteria Paraburkholderia phytofirmans PsJN to Arabidopsis plants. 

Specifically, this describes the time- and tissue-specific morphological changes in bacterized 

plants, using the state-of-the-art non-invasive, high-resolution plant phenotyping and imaging 

platform - GrowScreen-Agar II. This platform is designed with an “open-top” plant cultivation 

system that allows for shoot growth outside the plate while roots are maintained in the dark, an 

imaging system that allows for simultaneous capture of shoot (top and front) and root images, 

and associated root (GrowScreen-Root) and shoot (Colour segmentation) analysis software.   

 

 

 

 

 

 

 

 

 

 

Figure 3. 0 Graphical abstract of the article (used as the issue cover for the journal Plants entitled Hi-

Res Root Phenotyping of Bacteria-Ameliorated Plant Response to Heat) 
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This work has been published in the journal Plants with the title “Plant growth promotion and 

heat stress amelioration in Arabidopsis inoculated with Paraburkholderia phytofirmans PsJN 

rhizobacteria quantified with the GrowScreen-Agar II phenotyping platform” (Macabuhay, A., 

Arsova, B., Watt, M., Nagel, K. A., Lenz, H., Putz, A., Adels, S., Müller-Linow, M., Kelm, J., 

Johnson, A. A. T., Walker, R., Schaaf, G., & Roessner, U. (2022). Plant Growth Promotion 

and Heat Stress Amelioration in Arabidopsis Inoculated with Paraburkholderia phytofirmans 

PsJN Rhizobacteria Quantified with the GrowScreen-Agar II Phenotyping Platform. Plants, 

11(21), 2927. https://doi.org/https://doi.org/10.3390/plants11212927). It is presented in 

Chapter 3 in the publication format. I performed 60% of the work, which includes growing the 

plants and bacteria, optimizing the co-cultivation system, periodic imaging and phenotyping, 

harvest, analyzing and interpreting the data, and significantly contributed to the writing of the 

manuscript. 
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Abstract 

High temperatures inhibit plant growth. A proposed strategy for improving plant productivity 

under elevated temperatures is the use of plant growth-promoting rhizobacteria (PGPR). While 

the effects of PGPRs on plant shoots have been extensively explored, roots – particularly their 

spatial and temporal dynamics, have been hard to study, due to their below-ground nature. 

Here, we characterized time- and tissue-specific morphological changes in bacterized plants, 

using a novel non-invasive high-resolution plant phenotyping and imaging platform - 

GrowScreen-Agar II. The platform uses custom-made agar plates, which allow air exchange 

mailto:b.arsova@fz-juelich.de
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with the agar medium and enable the shoot to grow outside the compartment. The platform 

provides light protection of roots, exposure of shoots, and non-invasive phenotyping of both 

organs. Arabidopsis thaliana, co-cultivated with Paraburkholderia phytofirmans PsJN at 

elevated and ambient temperature, showed increased length, growth rate, and number of roots. 

However, the magnitude and direction of growth promotion varied depending on root type, 

timing, and temperature. Root length and distribution per depth and time was also influenced 

by bacterization and temperature. Shoot biomass increased at the later stages under ambient 

temperature in bacterized plants. The study offers insights into the timing of tissue-specific, 

PsJN-induced morphological changes and should facilitate future molecular and biochemical 

studies on plant-microbe-environment interactions.  

 

Keywords 

Plant growth-promoting rhizobacteria (PGPR), Paraburkholderia phytofirmans PsJN, 

Phenotyping, Root morphology, Root system architecture, High temperature, Arabidopsis 

thaliana, Growth stimulation, Heat tolerance 

 

 

3.1 Introduction 

Plants are constantly challenged by an array of biotic and abiotic constraints that limit their 

growth and productivity. These include environmental stresses such as drought, flooding, 

extreme temperatures, metal toxicity, and nutrient deficiency, as well as exposure to 

phytopathogens and herbivorous insects (Gupta & Pandey, 2019).  

Climate-related changes, in particular rising global temperatures, are a serious 

environmental challenge and of major concern for future crop production. Temperature plays 

essential roles in all stages of plant development and any exposure outside the optimal range 

can be stressful or lethal (Barnabas et al., 2008) Plant responses to cope with heat stress vary 

with the intensity and duration of elevated temperatures (Hasanuzzaman et al., 2013). Aside 

from directly affecting plants, increased global temperatures also aggravate other existing 

abiotic stressors such as salinity, drought, or mineral toxicity (Wahid et al., 2007). Two general 

mechanisms for surviving high temperature conditions are employed by plants. 

Thermomorphogenesis (responses at moderately high temperatures, (Fonseca de Lima et al., 

2021)) induces short-term avoidance, e.g., the elongation of primary roots in search of cooler 
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soil area and water (Illston & Fiebrich, 2017; Laha et al., 2022; Martins et al., 2017) or 

acclimation, e.g., changing leaf orientation and transpirational cooling through elongation of 

the hypocotyl, petioles, and leaves (Casal & Balasubramanian, 2019; Jin & Zhu, 2019; Quint 

et al., 2016). On the other hand, plants can respond with long-term evolutionary phenological 

and morphological adaptations (Bohnert et al., 2006; Vinocur & Altman, 2005), associated 

with heat stress. Heat stress occurs when the rise in temperature for a certain duration exceed 

a specie-specific threshold level (Barnabas et al., 2008) that is sufficient to cause irreversible 

damage to plant growth (Wahid et al., 2012). 

Plant morphological responses to elevated temperatures are very dynamic (Bucksch et al., 

2017). Developmentally, these growth parameters are revealed over the lifetime of a plant 

through various cellular processes, e.g., cell division, cell expansion, and anisotropic growth 

(Bucksch et al., 2017; Niklas, 1994). While high temperatures have diverse morphological 

effects on aboveground plant tissues, such as scorching of the twigs and leaves along with 

visual symptoms of sunburn, senescence of leaves, growth inhibition, and discoloration of 

fruits (Vollenweider & Günthardt-Goerg, 2005), belowground, they also cause significant 

modifications to the root system (Calleja-Cabrera et al., 2020). Moderately elevated 

temperature leads to root elongation, but this effect stops around 30°C, after which root length 

decreases (Yang et al., 2017). This is reflected in decreased root growth rate, decreased 

meristematic zone at 30°C compared to 20°C or 25°C, and decreased number of cells in the 

elongation zone of the root. Root grown at 30°C also have smaller radii than roots grown at 

20-25°C (Yang et al., 2017). Furthermore, another strategy in the RSA to cope with increasing 

temperatures is the increase in number and length of root hairs, which enhances the root surface 

area for improved soil exploration of water and nutrients (Pregitzer et al., 2000). 

Elevated temperatures often have cumulative effects which result in poor plant growth and 

performance (Wahid et al., 2007). Consequently, we require novel approaches to mitigate the 

plant stress response and meet agricultural goals under elevated temperatures (Fahad et al., 

2017). Several strategies are already in practice to develop heat-tolerant crop plants, including 

conventional crop breeding and genetic engineering approaches (Shanmugavel et al., 2020; 

Verma et al., 2020). The use of plant growth promoting rhizobacteria (PGPR), in addition to 

the above, is another strategy that can contribute to agricultural sustainability. (Maitra et al., 

2021; Sarker et al., 2021).  

Unlike obligate symbionts, PGPR can interact with numerous hosts and improve plant 

health and stress tolerance through a multitude of mechanisms (Adesemoye et al., 2009; Asseng 

et al., 2015; Ferguson & Mathesius, 2014). PGPR are capable of modulating the root system 
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architecture (RSA), which can significantly affect crop performance and productivity (Ogawa 

et al., 2014; Schillaci, Arsova, et al., 2021; Shanmugam et al., 2013). RSA refers to the 

integrated root system topology, the spatial distribution of the primary and lateral roots, and 

the number and length of various root types. The RSA is modified by PGPR mainly through 

their ability to interfere with plant hormonal balance and processes (Vacheron et al., 2013). 

The implication of the species-specific production of phytohormones, secondary metabolites, 

and enzymes, leads to changes in the growth rates of primary roots, branching of lateral roots, 

and density of root hairs (Sukumar et al., 2013; Vacheron et al., 2013).  

In the present context of rising global temperatures, it is useful to study PGPRs which also 

have thermotolerant traits. In the past, several thermotolerant microbial strains were identified 

(Maitra et al., 2021; Meena et al., 2017), including Burkholderia phytofirmans (Bensalim et 

al., 1998). Paraburkholderia, a more recently described genus delineated from Burkholderia 

contains many species that assist plant growth (Esmaeel et al., 2018; Sawana et al., 2014). 

Paraburkholderia phytofirmans PsJN is a well-studied model PGPR that is known to induce 

tolerance to both biotic and abiotic stresses. This beneficial bacterial endophyte is capable of 

colonizing a wide range of plants including wheat (Naveed et al., 2014), maize (Naveed et al., 

2015), grapevine (Compant et al., 2005), tomato (Pillay & Nowak, 1997), and potato (Bensalim 

et al., 1998). Its plant-beneficial effects are attributed to several mechanisms including the 

production or modulation of plant phytohormones (Pieterse et al., 2012), facilitation of resource 

acquisition (Naveed et al., 2014), production of siderophores and secondary metabolites 

(Esmaeel et al., 2018), and induction of systemic resistance (ISR) (Miotto-Vilanova et al., 

2016). PsJN has been used in different plant studies against drought, low temperature, and 

salinity (Ait Barka et al., 2006; Nafees et al., 2018; Naveed et al., 2014). Generally, PsJN has 

increased root biomass in maize, potato, Brassica, and switchgrass; in the latter two also 

promoting root elongation. It has also been shown to increase the number of root hairs in 

several species including Arabidopsis (Poupin et al., 2013). To our knowledge, however, only 

two studies to date have utilized this bacterium to protect against high-temperature stress and 

focused on genotypic responses of potatoes (Bensalim et al., 1998) as well as physiological 

and biochemical changes in tomato aerial tissue (Issa et al., 2018). In potato (Bensalim et al., 

1998), PsJN generally increased the root dry weight of 18 potato clones, compared to non-

bacterized plants at elevated temperatures. To our knowledge, the question of adaptation of the 

root system architecture to elevated temperatures when plants are bacterized with PsJN is still 

open. 
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Quantifying plant growth dynamics requires non-invasive phenotyping on the same plant 

individuals through time. While multiple approaches exist for the aerial part of the plant, roots 

represent a particular challenge due to their hidden nature (inherently soil). Earlier 

investigations of plant roots and their interactions with microorganisms only utilized 

destructive measurements or harvest samplings (e.g. (Casanovas et al., 2002)). Destructive 

approaches discriminate and fail to capture the diverse growth patterns and dynamics within a 

plant’s ontogeny. To enable an ontogenetic and non-destructive approach, several phenotyping 

platforms have been employed in plant studies to characterize root traits (Tracy et al., 2020). 

Now, non-invasive, time-resolved phenotyping is becoming more common to plant root-

microorganism processes (Kuang et al., 2022; Schillaci, Arsova, et al., 2021). 

Root phenotyping pipelines consist of a plant growth system, root imaging, and root trait 

digitization (Takahashi & Pradal, 2021). A traditional plant cultivation practice to quantify root 

growth parameters is the use of a transparent medium such as agar gels (Nagel et al., 2020). 

Since manual measurements of root traits of agar-grown plants are labor- and time-intensive, 

there is a necessity for increasing throughput. This is addressed with the use of camera- or 

scanner-based imaging with varying degrees of automation (Nagel et al., 2020), such as the use 

of multiple scanners operating in parallel (Adu et al., 2014; Slovak et al., 2014) or the use of a 

shifting camera operated by moving stages or a robotic gantry system (Men et al., 2012; Nagel 

et al., 2012; Subramanian et al., 2013). Here we used the 2D imaging system of the novel 

GrowScreen-Agar II platform and associated image analysis software tools, specifically 

designed for high-throughput and non-destructive phenotyping of root and shoot development 

through time. This platform also includes an optimized agar-plate cultivation with the shoots 

growing outside the plate with the roots kept in the dark to avoid light-related responses, while 

providing air exchange to the agar surface (Cabrera et al., 2022). Moreover, the GrowScreen-

Agar II allows for the observation of plant responses subjected to one or more environmental 

factors. 

This study quantifies the growth stimulation imparted by the plant growth-promoting 

rhizobacteria P. phytofirmans PsJN through the investigation of morphologic and dynamic 

responses of Arabidopsis roots and shoots measured in a three-week period. Additionally, this 

study examines how the application of the beneficial rhizobacteria can ameliorate the 

detrimental effects of constant high temperature. In doing so, we provide novel insights on 

time-specific phytomorphological responses to bacterial inoculation, which enhance the 

growing knowledge on PGPRs for application in agriculture under future high-temperature 
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climate conditions. Finally, we describe the technology that can drive knowledge generation 

by encompassing plant developmental dynamics in plant-microbe-environment interactions. 

      

   

3.2. Results  

3.2.1. Increased plant growth and higher plant biomass at 21 days post-

inoculation with bacteria PsJN in a “closed-plate” system 

Our pilot experiment utilizing the traditional closed-plate system showed that PsJN promote 

growth and heat tolerance to Arabidopsis plants. For control plants, high temperature resulted 

in a decrease of total root length, with a reduction ranging from 21% (at 2 DAI) to 76% (at 21 

DAI) (Figure S1a). When the total root length was discriminated into primary and branched 

root components, we found a similar decline in the root lengths by high temperature. Primary 

root lengths showed a reduction between 21% and 48%, while branched roots showed a higher 

reduction of 52% to 77% from 2 to 21 DAI, indicating the strong effect of high temperature on 

the latter root types (Figure S1b, S1c).  

Although increased temperature showed detrimental effects on the root lengths, this was 

ameliorated by the inoculation with PsJN, the magnitude of which varied in the root types. At 

21 DAI and high temperature, PsJN-inoculated plants showed 123% increase in total root 

lengths compared to control plants (Figure S1a). Interestingly, although this positive bacterial 

inoculation effect on the primary root was strong at the start (at 52%), this declined towards 

the end of the growing period. Branched roots also showed the same decreasing inoculation 

effect, from 225% to 136% (Figure S1b, S1c). Under ambient temperature at 21 DAI, bacterial 

inoculation increased the total root lengths by 37% from control plants, mainly observed from 

the branched roots. However, this positive effect of bacterial inoculation on the total root 

lengths under ambient temperature, was 3.3 times lower compared to its effect under high 

temperature (Figure S1a).  

Root and shoot weights were reduced by high temperature compared to ambient 

temperature (at 50% and 20% reduction, respectively) (Figure S1d, S1e). Bacterial inoculation 

minimized this reduction under high temperature by increasing the root weights by 6% and 

shoot weights by 5% compared to control plants. However, a stronger effect of bacterial 

inoculation was observed under ambient temperature, with an increase of 42% and 16% for 

root and shoot weights, respectively (Figure S1d, S1e).  
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The conventional “closed-plate” system, coupled with the WinRhizo imaging platform, 

allowed plant-bacteria co-cultivation and periodic imaging and trait analysis (Figure S2). 

However, this system did not allow the natural growth of shoots and roots, but instead enclosed 

the whole plant inside the plate, providing restrictions on plant development. In addition, the 

software analysis tool was not sensitive enough to accurately discriminate the higher order root 

types (1st and 2nd order lateral), particularly at the later stages of root growth. Moreover, it did 

not enable saving previously analyzed root structures to be appended for succeeding growth 

stage analysis, which provides a more efficient and accurate way of monitoring root 

morphologic growth.  

 

3.2.2. In-depth root characterization shows PsJN-imparted growth 

promotion on root system architecture (RSA) as influenced by temperature 

and time 

The GrowScreen-Agar II platform addressed all of the issues of the traditional “closed plate” 

approach. First, the customized plates for the imaging system allowed the unobstructed growth 

of the rosette and the inflorescence (Figure 1a) due to the open holes. The plates were custom-

made for the imaging system for consistent plant positioning which is critical for consequent 

imaging and image superimposition during analysis. The infrared light used for root imaging 

prevented disturbance or damage to the root tissues. The depth of the system was increased by 

almost 100% from the closed plates to a maximal 20 cm depth. As a result, Arabidopsis plants 

grew well, simulating the unobstructed upward growth of the shoots exposed to light and air, 

and the undisturbed downward growth of the roots in the dark. The dark environment ensured 

that no skewing occurred during the gravitropic growth process (Figure 1b). Second, with the 

associated image analysis software, Colour segmentation tool (shoot) and GrowScreen-Root 

(root), several traits were quantitively measured; in particular for the roots, which are normally 

challenging in a time course study (Figure 1c). The GrowScreen-Agar II platform also provided 

an opportunity to further investigate the architecture of the root system by separating the 

branched roots into 1st and 2nd order lateral roots and by measuring other quantifiable spatial 

and temporal parameters highlighting the effects of bacteria under two different temperatures. 

The platform is suitable for plant-microbe interaction studies, as we could confirm that PsJN 

inoculated at the germinated seed, was also found in the root-tip regions of 21-day old plants 

(Figure S2), at the same time the plates looked clean and did not show colony growth on the 

agar (Figure S3). 
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Figure 3. 1  GrowScreen-Agar II: Plant cultivation setup and root/shoot image acquisition and 

analysis. a) Arabidopsis plants growing in customized plates and magazine (product specification on 

Figs. S1 and S2, respectively). Black plate collars provide the background for the growing shoots 

outside of the plates while at the same time, they exclude light entering the top of the metal magazine 

(bottom panel) to provide dark environment for the roots. b) Overview of a single plate that is manually 

transferred to an imaging system (Fig. S3) equipped with cameras for imaging the shoots and the roots, 

generating two images: top view of the shoot(s) and the whole root system. c) (Top) Analysed image 

of a rosette using the Colour segmentation tool that computes the sum of white pixels as a proxy to 

compute the projected leaf area (Müller-Linow, 2022). (Bottom) Analysed image of a root system using 

the GrowScreen-Root (Nagel et al., 2020). Different root types are distinguished by colour: green for 

primary roots, red for 1st order lateral roots, and blue for 2nd order lateral roots. The whole image area 

can also be divided horizontally into several sections to extract root length density per layer. 

 

High temperature decreased the total root lengths by 63% from ambient temperature, 

although with inoculation, the decrease was smaller at 43% (Figure 2a). PsJN application 
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increased the total root lengths of plants under both ambient and high-temperature conditions, 

and this was shown consistently from 5 DAI up to 21 DAI (Figure 2a). The difference between 

inoculated and control plants peaked at 12 DAI by 103% for ambient and 202% for high 

temperature, before slowly dropping afterward. At the end of the growing period under high 

temperature, bacterial inoculation increased the total root lengths by 52% from control plants. 

This was twice more than the increase observed under ambient temperature (Figure 2a, Table 

S1). Total root growth rates also indicated the same trend, with high temperature causing a 

51% reduction from ambient temperature (Figure 2f). Under high temperature, inoculated 

plants performed better than control plants with an increase of 178% to 227% from 5 to 9 DAI. 

On the other hand, this effect was lower at 92% to 121% under ambient temperature. 

Subsequently, the difference in the growth rates of inoculated and control plants declined such 

that at 21 DAI, inoculated plants displayed only a 65% and 12% increase on ambient and high 

temperature, respectively (Figure 2f, Table S1).   

To better understand the RSA, we analyzed the roots according to their root types. Primary 

roots were negatively affected by temperature, with high temperature causing an average 

length reduction of 41% from ambient temperature throughout the growth period (Figure 2b). 

Primary roots also responded to bacterial inoculation at both temperature regimes with varying 

magnitude. Under high temperature, the primary root lengths of inoculated plants maintained 

an average increase of 154% from control plants; while at ambient temperature, the stimulation 

effect of the bacteria decreased from 121% after 9 DAI Figure 2b). At the end of the growing 

period, the difference in the primary root lengths between inoculated and control was 3.5 times 

higher under high temperature (107%) than in ambient condition (31%). Furthermore, under 

ambient condition, the development of primary roots of both inoculated and control plants, 

plateaued after 19 DAI (maximal length of 20 cm as with the plate size), whereas, both 

inoculated and control plants showed a linear increase until the end of the experiment under 

high-temperature conditions (Figure 2b, Table S1). Growth rates of primary roots also 

showed a response to temperature, with high temperature causing an average reduction of 43% 

from ambient temperature (until 16 DAI) (Figure 2g). Bacterial inoculation under high 

temperature countered this through the stimulation of an increase in primary root growth rates 

up until 14 DAI, before root growth rates rapidly declined. Under ambient condition, bacterial 

application also increased the primary root growth rates; however, the growth rates of 

inoculated plants did not change from 9DAI until 14 DAI, when they started declining (Figure 

2g, Table S1). 
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The deleterious effect of high temperature was especially evident in the length of the 1st 

order laterals (from 9 to 21 DAI), with heat-stressed plants showing an average reduction of 

70% from ambient plants (Figure 2c). Inoculated plants showed an increase in the length of the 

1st order laterals under high temperature. This inoculation effect was present throughout the 

growth period, although the stimulation effect declined right from the onset of growth (from 

584% to 31%). Under ambient condition, in the beginning, there was increased growth until 12 

DAI (103%), after which the stimulation decreased (Figure 2c, Table S1). High temperature 

caused a decrease in the growth rates of the 1st order lateral roots from ambient temperature 

with an average of 65% (Figure 2h). The increase in growth rates of inoculated plants at high 

temperature was 584% at 9 DAI, but that declined down to 17% at 19 DAI (Table S1). Control 

plants, however, showed continuous linear growth rates. At ambient temperature, PsJN-

inoculation caused an increase in growth rates from control plants up until 12 DAI (by 103%), 

then declined afterward.  Whilst control plants showed increasing growth rates until 16 DAI 

when their growth rates became constant, inoculated plants showed an almost linear growth up 

until 19 DAI before their growth declined (Figure 2h). The number of 1st order lateral roots 

was reduced by high temperature with an average of 47% from ambient condition (Figure 2e). 

Bacterial inoculation also influenced the number of the 1st order laterals, with increases from 

control plants starting at 9 DAI: 275% under high temperature and 32% under ambient 

temperature. At the end of the growing period, the difference in the number of 1st order lateral 

roots between inoculated and control plants under high temperature was twice that of ambient 

temperature. This illustrates the strong involvement of bacteria PsJN in the emergence of these 

root parts at both temperatures (Figure 2e, Table S1). 

Upon emergence of 2nd order lateral roots, high temperature caused a reduction of 95% (6.5 

cm) in the length of these root types, which decreased to 79% (308 cm) at 21DAI (Figure 2d). 

The positive effect of inoculation under high temperature (from 16 DAI) led to about 6.5 times 

higher 2nd order lateral root lengths than control plants (at 9.7 vs. 1.5 cm). At the same 

timepoint, this bacterial stimulation effect was weaker under ambient temperature, with 

inoculated plants (25 cm) only about 1.1 times higher than control plants (22.5 cm). At the end 

of the growing period, the absolute difference in the 2nd order lateral root lengths between heat-

stressed inoculated and control plants was 48.5 cm, while under ambient, it was 108.5 cm 

(Figure 2d, Table S1). High temperature significantly reduced the 2nd order lateral root 

growth rates, although this negative effect weakened in time (Figure 2i). At 14 DAI, high 

temperature caused a reduction of about 18.5 times, whilst at 21 DAI, this reduction was only 

three times from ambient. Throughout the growing period, the growth rate stimulation by the 
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bacteria decreased under high temperature (from 8.3 down to 1.6 times), while it was doubled 

under ambient. At 21 DAI, ambient-grown plants have the highest growth rates of 2nd order 

laterals, with inoculated and control plants at 94 and 44 cm/day, while heat-stressed plants have 

23 and 14 cm/day, respectively (Figure 2i, Table S1). Similarly, the number of 2nd order 

lateral roots was also decreased by high temperature, by 7 times (14 DAI) to 2 times (21 DAI) 

from ambient temperature (Figure 2j). Surprisingly, the effect of bacterial inoculation was only 

significant under ambient temperature (16 and 21 DAI). In the end, the positive effect of 

bacterial inoculation on this root type was quite apparent under ambient with an 86% increase 

than control. This difference between inoculated and control is about seven times more than in 

high-temperature condition at 12% (Figure 2j, Table S1). 



 

130 
 

 



 

131 
 

Figure 3. 2  Morphological traits of different root types. Traits were measured from plants with or 

without bacteria PsJN inoculation under ambient or high temperature conditions from 5 to 21 days after 

inoculation (DAI) in the GrowScreen-Agar II platform. Root lengths: a) total, b) primary, c) 1st order 

lateral roots, d) 2nd order lateral roots; Growth rates: f) total, g) primary, h) 1st order lateral roots, i) 

2nd order lateral roots; Number of lateral roots: e) 1st order lateral roots, j) 2nd order lateral roots. 

Temperature - black and circle symbol (ambient), red and triangle symbol (high temperature); Bacterial 

application – empty symbol (control), filled symbol (PsJN-inoculated). Treatments: Amb-Ctl (control 

plants under ambient), Amb-PsJN (PsJN-inoculated plants under ambient), HT-Ctl (control plants under 

high temperature), and HT-PsJN (PsJN-inoculated plants under high temperature). All points are the 

mean ± standard error of n= 12 (Amb-Ctl), 15 (Amb-PsJN), 12 (HT-Ctl), 8 (HT-PsJN) samples within 

each treatment. Asterisks: Black – significant difference between mean of PsJN-inoculated and control 

plants under ambient condition, red - significant difference between mean of PsJN-inoculated and 

control plants under high temperature condition, based on the Student’s t-test with p<0.05. 

 

3.2.3. High temperature negatively impacts the root system distribution, but 

PsJN buffers this effect through improvements on individual root types 

The two temperature regimes showed clear differences in root system distribution, with 

ambient-grown plants showing greater depths than heat-stressed plants (Figure 3a). In general, 

high temperature prevented the downward elongation of the roots, causing an average reduction 

of 28% from ambient temperature. The difference between the two temperature regimes, i.e., 

Amb-Ctl and HT-Ctl, decreased after 16 DAI, which can be attributed to the faster growth rates 

of the primary and 1st order lateral roots under ambient temperature (Figure 2g, 2h) that became 

constant towards the last two timepoints, presumably due to the limitation of the plate. In 

addition, the slower but continuous growth, particularly the linear growth of the 1st order lateral 

roots under high temperature (Figure 2g, 2h) towards the end of the growing period also 

reduced the difference in the depths of heat-stressed and ambient-grown roots (Figure 3a). High 

temperature also reduced the convex hull area and branching angle of the root system by an 

average of 69% and 27%, respectively (Figure 3c, 3d). The reduction in the root system width 

by high temperature may be attributed to the responses of the 1st and 2nd order lateral roots 

(Figure 2c, 2d, and 2h, 2i,), which influence the horizontal extension of the root system. 

Moreover, the decrease in the number (Figure 2e, 2j), length (Figure 2c, 2d), growth rate 

(Figure 2h, 2i), and the angle of growth (Figure 3d) of these lateral roots may have contributed 

to the huge difference between the root system width of heat-stressed and ambient-grown plants 

(Figure 3b). 

In general, the effect of bacterial inoculation only manifested at 16 DAI under ambient 

temperature on the overall root system depth (Figure 3a), width (Figure 3b), and branching 
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angle (Figure 3d) (Figure 3a, 3b).  Whilst bacterial effects in these cumulative root traits were 

not found, it could be because there was compensation between the various root types and root 

traits (Fig. 2). The convex hull area showed a significant bacterial effect under ambient at 7, 

whereas this effect was evident under high temperature from 5 to 9 DAI (Figure 3c).  

 

 

 

Figure 3. 3  Root system morphological traits. Traits were measured from plants with or without 

bacteria PsJN inoculation under ambient or high temperature conditions from 5 to 21 days after 

inoculation (DAI) in the GrowScreen-Agar II platform. a) Root system depth, b) root system width, c) 

convex hull area, and d) branching angle of 1st order lateral roots. Temperature - black and circle 

symbol (ambient), red and triangle symbol (high temperature); Bacterial application – empty symbol 

(control), filled symbol (PsJN-inoculated). Treatments: Amb-Ctl (control plants under ambient), Amb-

PsJN (PsJN-inoculated plants under ambient), HT-Ctl (control plants under high temperature), and HT-

PsJN (PsJN-inoculated plants under high temperature). All points are the mean ± standard error of n= 

12 (Amb-Ctl), 15 (Amb-PsJN), 12 (HT-Ctl), 8 (HT-PsJN) samples within each treatment. Asterisks:  

Black – significant difference between mean of PsJN-inoculated and control plants under ambient 

condition, red - significant difference between mean of PsJN-inoculated and control plants under high 

temperature condition, based on the Student’s t-test with p<0.05. 
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3.2.4. Root length per depth is influenced through time by bacterial 

inoculation and high temperature  

The depth of the agar plate was divided into 20 horizontal layers, referred to here as “depths” 

from the top or exposed agar surface (0 cm), which divides the root and shoot. The software 

allowed us to extract the exact length of primary and lateral roots in each of these “depths” and 

to evaluate the system distribution across root types through depth and time (Figure 4). Plants 

from all treatments started growing lateral roots from 5 DAI, but a large difference between 

treatments was not found until 9 DAI when inoculated plants under ambient condition showed 

the highest total root length (5.6 cm) initiated 1 cm below the open-top plate surface (Figure 

4a). At 12 DAI, the effect of bacterial inoculation already started manifesting under high 

temperature as well, at depths of 1 to 4 cm. Shortly after (around 14 to 16 DAI), high 

temperature started decreasing the root length distribution at 4 to 8 cm. At the same timepoints, 

the bacterial stimulation effect on the total root lengths from the upper depths (1 to 9 cm) 

increased under both temperature regimes (Figure 4a). This effect was also shown in the 1st 

order lateral root lengths (Figure 4b). For the 2nd order laterals, the effect of inoculation was 

first observed at 16 DAI under high temperature, from 1 to 3 cm (Figure 4c). At 19 DAI, the 

stimulation effect of the bacteria on the root lengths (at 1 to 10 cm depth) were more 

pronounced under high temperature compared to ambient temperature (Figure 4a). This can be 

attributed to the positive responses of both 1st and 2nd order laterals under high temperature 

(Figure 4b, 4c). At the end of the growing period (21 DAI), the effect of inoculation on the 

total root lengths under both ambient and high-temperature condition was prominent from the 

top down to a 15 cm depth (Figure 4a). This effect was mainly due to the differential effects of 

the two lateral roots (Figure 4b, 4c). While the effect of bacteria on the 1st order laterals 

diminished under ambient condition, its effect on the 2nd order laterals increased towards the 

lower depths (5 to 13 cm). On the other hand, under high temperature, bacterial inoculation 

caused the 1st and 2nd order lateral roots to display greater root length distribution than control 

plants, with an almost bimodal curve (Figure 4b, 4c).  

Overall, these results show that at all stages and root types, bacterial inoculation increased 

the root length per depth under both temperatures. While the effect of the inoculation for the 

1st order lateral roots under ambient declined through time, the opposite was found on the late-

emerging 2nd order laterals. This mainly accounted for the difference between inoculated and 

control under ambient condition. On the other hand, the effect of bacteria under high 

temperature can be summed up from the combined effects of the 1st and 2nd order laterals.  
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Figure 3. 4  Root length distribution across different depths through time. Length distribution of 

plant roots from all treatments across different depths or layers (20 horizontal sections) at several 

timepoints (9, 12, 14, 16, 19, and 21 DAI). Treatments: [black points, open symbols] - Amb-Ctl (control 

plants under ambient), [black points, closed symbols] - Amb-PsJN (PsJN-inoculated plants under 

ambient), [red points, open symbols] - HT-Ctl (control plants under high temperature), and [red points, 

closed symbols] - HT-PsJN (PsJN-inoculated plants under high temperature). All points are the mean 

± standard error of n= 12 (Amb-Ctl), 15 (Amb-PsJN), 12 (HT-Ctl), 8 (HT-PsJN) samples within each 

treatment. 

 

3.2.5. Growth association between root types varies under each treatment 

The relationship between the number of 1st order lateral roots and the length of the primary 

roots, where they branched out from, showed different correlations (Figure 5a). When analyzed 

for the fitted line per treatment, the association followed that of an exponential relationship 

between the two given variables. In general, there was an exponential increase in the number 

of emerging 1st order laterals with the growth of the primary roots. The strongest association 

was found in control plants at R2 = 0.9165 followed by inoculated plants at R2 = 0.8688, both 

under ambient condition. Plants subjected to high temperature showed lower correlations, with 

control plants at R2 = 0.814 and the weakest from inoculated plants at R2 = 0.3516 (Figure 5a).   

A polynomial trendline was best fit for the relationship between the number of 2nd order 

laterals and the corresponding 1st order laterals (Figure 5b). Although showing an increase 

through time, the number of both lateral roots did not increase at a constant rate. As with the 

relationship of variables in Figure 5a, the highest association was also found in ambient control 

plants (R2 = 0.8308), while the lowest was under heat-stressed inoculated plants (R2 = 0.4925) 

(Figure 5b). The strong correlation of the different roots of inoculated plants under ambient 

(Amb-PsJN), indicates the already established beneficial effects of the bacteria PsJN for 

unstressed plants, however, the low correlation found in heat-stressed inoculated plants 

suggests the changes in the dynamics of growth promotion. 
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Figure 3. 5  Correlation analysis for lateral roots a) Correlation between the length of the primary 

roots (Fig. 2b) and the number of 1st order lateral roots (Fig. 2e). b) Correlation between the number of 

1st and 2nd order lateral roots of plants from all treatments. Treatments: Amb-Ctl (control plants under 

ambient) – grey, empty circle; Amb-PsJN (PsJN-inoculated plants under ambient) – black, filled circle; 

HT-Ctl (control plants under high temperature) – pink, empty triangle; and HT-PsJN (PsJN-inoculated 

plants under high temperature) – red, filled triangles. Trendlines follow similar colour as their 

corresponding treatments. Points were taken at different time intervals (5, 7, 9, 12, 14, 16, 19, and 21). 

 

3.2.6. Bacterial inoculation under different temperatures influences the leaf 

area and dry weights with different magnitude 

High temperature caused a decrease of the projected leaf area commencing at 14 DAI (Figure 

6a). Overall, high temperature caused a reduction of 51% in shoot dry weights of control plants 

and a 47% reduction in inoculated plants (compared to ambient control plants) (Figure 6b). 



 

137 
 

The application of bacteria positively impacted the projected leaf area under ambient 

temperature; however, this effect was only significantly manifested from 14 DAI (Figure 6a). 

This stimulation increased leaf area by an average of 29%, about 3 times more than in the high-

temperature counterpart. Comparing the dry weights of shoots at harvest, PsJN-inoculated 

plants have 0.01 g (25%) higher accumulated dry weights than control plants under ambient 

condition, whereas only a minimal difference of 0.002 g (12%) was found under high-

temperature condition (Figure 6b). 

 

 

Figure 3. 6  Projected leaf area and dry weight. a) Measured projected leaf area of Arabidopsis 

rosettes growing outside of the agar-filled plates with or without bacteria PsJN inoculation under 

ambient or high temperature conditions. Temperature - black and circle symbol (ambient), red and 

triangle symbol (high temperature); bacterial application – empty symbol (control), filled symbol 

(PsJN-inoculated). b) Dry weights of shoots from all treatments during invasive harvest. Treatments: 

Amb-Ctl (control plants under ambient), Amb-PsJN (PsJN-inoculated plants under ambient), HT-Ctl 
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(control plants under high temperature), and HT-PsJN (PsJN-inoculated plants under high temperature). 

All points are the mean ± standard error of n= 12 (Amb-Ctl), 15 (Amb-PsJN), 12 (HT-Ctl), 8 (HT-

PsJN) samples within each treatment. Asterisks: Black – significant difference between mean of PsJN-

inoculated and control plants under ambient condition, red - significant difference between mean of 

PsJN-inoculated and control plants under high temperature condition, based on the Student’s t-test with 

p<0.05. 

 

 

3.3. Discussion 

Our studies utilizing both conventional closed-plate and a new open-top system demonstrated 

the growth stimulatory effects of P. phytofirmans PsJN bacteria on the roots and shoots of 

Arabidopsis plants at ambient and high-temperature conditions. Morphological responses and 

growth dynamics of the roots and shoots were resolved by monitoring development through 

non-destructive phenotyping combined with destructive harvest. Here we discuss the changes 

in the root system architecture of Arabidopsis, in light of known regulatory events by intrinsic 

factors such as hormones, as well as external biotic and abiotic environmental stimuli. Then 

we look into the unique characteristics of the bacterial strain PsJN that stimulate plant root 

architectural changes influencing overall plant development and adaptation to high-

temperature stress. We also discuss the advantages of the GrowScreen-Agar II platform over 

the conventional plant phenotyping pipelines in terms of a strategically-designed plant 

cultivation system, high-resolution imaging capacity, and streamlined root and shoot trait 

quantification.   

 

3.3.1. Changes in the root system architecture are modulated by intrinsic 

factors and different root-environment interactions 

The interaction of Arabidopsis with the bacteria PsJN and high temperature altered its RSA. 

This follows the response of plant roots to the environment involving adjustments to the 

organization of structural components of the roots, from cellular to whole-plant level (Khan et 

al., 2016). Arabidopsis has a primary root and several orders of lateral roots (1st and 2nd order 

lateral roots, investigated here (Figure 2, Figure 4)).  

The RSA exhibits plasticity under a changing environment, demonstrating the 

morphological responses in this study. In agreement with Calleja-Cabrera et al., 2020 (Calleja-

Cabrera et al., 2020), high-temperature stress induces several morphological responses in roots 

including changes such as the decrease in primary root length; reduction in the number, length, 
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and emergence angle of lateral roots; increase in diameter and number of the second and 3rd 

order laterals (Figure 2, Figure 3); and increase in the density of root hairs, not investigated 

here. Plant roots need an optimal temperature range for proper growth rate and functioning 

(Fonseca de Lima et al., 2021; Koevoets et al., 2016). The response of RSA to increasing 

temperature can be species-specific since different plants have different optimum temperature 

requirements for growth (Rogers & Benfey, 2015). An increase in temperature is associated 

with changes in plant metabolism and nutrient uptake (Radville et al., 2016). This uptake is 

closely associated with the size, morphology, and functioning of the root system (Alexander et 

al., 2015). Modifications of the RSA and changes in root growth induced by high temperature 

can have undesirable effects on the plant's ability to capture resources due to reduced volume 

of root access (Koevoets et al., 2016). These heat stress-induced alterations to root growth and 

structure were found to be due to a reduced rate of cell division (Sattelmacher et al., 1990), as 

well as reduced elongation and cell production rate (Pardales Jr et al., 1992).  Changes in the 

RSA due to high temperature also reduce the root-to-shoot ratio (Ribeiro et al., 2014), linking 

belowground to aboveground biomass allocation patterns and resource acquisition in plants 

(Aidoo et al., 2016). This consequence of modified RSA due to high temperature was shown 

in our study for shoot development (Figure 6). It may be that the root trait response to elevated 

temperature influenced the carbon fixation and nutrient acquisition, which may have caused 

the decrease in shoot trait response (Craine et al., 2005; Lynch & Clair, 2004).  

PGPRs have been described to affect post-embryonic root development by altering cell 

division and differentiation within the primary root as well as affecting root hair formation and 

lateral root development (Verbon & Liberman, 2016). The most common PGPR-induced root 

phenotype is either the inhibition of primary root growth coupled with the proliferation of 

lateral roots and root hairs (Ryu et al., 2005), leading to increased shoot biomass; or the increase 

in primary root growth that is coupled with an increase in plant biomass (Schenk et al., 2012). 

The PGP bacteria PsJN used in this study had positive effects on the primary, 1st, and 2nd order 

lateral roots, although we also found that the magnitude and direction of growth stimulation 

varied depending on the root type and trait, timing, and temperature condition (Figure 2, 3, 4). 

Unlike obligate symbionts, PGPR can interact with numerous host plants, modifying the RSA 

to improve plant health and stress tolerance, through a multitude of direct and indirect 

mechanisms (Adesemoye et al., 2009; Asseng et al., 2015; Ferguson & Mathesius, 2014). 

These include the formation of biofilms; production of phytohormones (e.g. jasmonic acid, 

salicylic acid, gibberellins, indole-3-acetic acid (IAA)), exopolysaccharides and 1-

aminocyclopropane 1-carboxylic acid (ACC) deaminase (Kasim et al., 2016; Kumar & Verma, 
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2018); and the production of cell wall degrading enzymes, antibiotics, hydrogen cyanide, 

siderophores and quorum quenching (Enebe & Babalola, 2018; Maitra et al., 2021). These 

PGPR-induced modifications of the RSA allow for enhanced functions of different root 

regions, responsible for soil exploration for nutrient acquisition? (Scheres et al., 2002). The 

PsJN bacteria used in this study also stimulated the increase in projected leaf area, and this, 

together with the root growth promotion, may have led to higher shoot dry weight, the 

magnitude of which varied according to the temperature condition (Figure 6). The simultaneous 

capture of these time-specific events under bacterial application in two temperature regimes on 

both root and shoot growth dynamics are some of the new findings of this study not previously 

reported. 

 

3.3.2. P. phytofirmans PsJN induces modifications of the components of the 

root system architecture contributing to improved plant growth 

The magnitude of the bacteria-imparted growth promotion on the root architecture varied 

depending on the specific root type, which to our knowledge has not been dissected before, and 

was influenced by temperature and time. Significant effects of bacterial inoculation were 

observed in the root lengths, growth rates, and the number of lateral roots (Figure 2a-2d, 2f-2i, 

2e, 2j). These results support other studies showing that PGPRs assist plants by facilitating the 

elongation of the root tissues and improving their growth rates for optimized absorption of 

available nutrients (Grover et al., 2021; Vacheron et al., 2013). The increase in the depth of the 

roots indicates the prominent effect of the bacteria PsJN on the primary roots (Figure 2b, 2g). 

This can be attributed to the bacteria’s involvement in the main processes governing cell 

division and cell elongation, which are mainly regulated by phytohormones (Pacifici et al., 

2015; Qin et al., 2019), ACC deaminase, siderophores, and other secondary metabolites 

(Naveed et al., 2015; Sun et al., 2009), which have been proposed to act as signaling molecules 

during plant root-bacteria communication for efficient root colonization (Macabuhay, Arsova, 

Walker, et al., 2022). On the other hand, the increased formation and elongation of lateral roots 

(Figure 2c-2d, 2h-2i) with bacterial inoculation may also be due to the alteration of the 

endogenous pool of growth-regulating hormones such as IAA by the bacteria PsJN (Gupta & 

Pandey, 2019; Naveed et al., 2015). 

This study also showed significant increases in the number of lateral roots with bacterial 

inoculation (Figure 2e, 2j). This coincides with the outcome of in vitro potato plantlets 

inoculated with a PsJN strain showing better performance in plant growth, likely due to the 
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development of more secondary roots (Frommel et al., 1991), although our study has further 

dissected the contribution of 2nd order lateral roots (also known as tertiary roots). The timing 

and location of the emergence of these lateral roots also contributed to the density and 

distribution of the roots across different depths and to how the application of bacteria affects 

the total root lengths (Figure 4a-4c). The increase in the root length distribution towards the 

deeper or distal part of the root system by the bacteria PsJN indicates the potential for more 

water and nutrient foraging when the upper edaphic environment turned unfavorable for the 

roots. Compared to primary roots that traced their origin back from embryogenesis, lateral roots 

form post-embryonically, allowing for the dynamic acclimation of the whole root system 

architecture to environmental fluctuations over time (Nagel et al., 2020; Péret et al., 2009). The 

strong correlation between the number of 1st order laterals against the increase in both the 

length of the primary roots and the number of 2nd order laterals (Figure 5a-5b) under inoculation 

indicates the stimulatory effect of the PsJN bacteria on the growth of these roots at ambient 

condition. This suggests one of PsJN’s adaptation benefits to plants. The increase in the number 

of lateral roots does not only widen the root scavenging area (Yu et al., 2019); this also provides 

a crucial adaptive response to elevated temperatures, which is generally accompanied by 

reduced availability of water and nutrients in field settings. Early vigor of these root types can 

provide an advantage for seedling establishment in preparation for the later growth stages and 

environmental challenges (Luo et al., 2020). 

 

3.3.3. Positive bacteria-imparted root modifications correlate with shoot 

responses at ambient temperature and are time-dependent 

The positive effects of PsJN on the morphology and growth dynamics of the individual root 

types manifested early during the root development before declining after certain time points 

(Figure 4a-d, 4f-i, 4e, 4j). This trend of initial bacterial stimulation and decline was exhibited 

mainly by the primary and 1st order lateral roots. On the other hand, the 2nd order lateral roots 

showed a continuous increase from the moment of inoculation, which can be ascribed to the 

late development of these root types. Contrary to the early growth promotion imparted by PsJN 

in roots, which started at 5 DAI, the enhancement of the rosette surface area of the shoot came 

14 days later (Figure 6a) under ambient conditions. An extended time-series measurement 

might be needed to fully elucidate the potential of the bacteria PsJN for both root (2nd order 

laterals) and shoot improvement, as our growth system was limited by the size of the plates. 
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Whilst they can be found in aboveground tissues of plants, the rhizosphere bacteria P. 

phytofirmans PsJN generally reside inside the root tissues, although some are also located in 

the rhizoplane (Janssen, 2006). Since plants usually first invest in root growth at the early 

establishment stage (Radville et al., 2016), the growth promotion imparted by the PGPR strain 

PsJN may also be reflected in these growing root components. The late-stage significant 

enhancement of the rosette surface area by the bacteria may just be following this growth trend. 

It may also be that the plant growth promotion in the shoot is not (only) through the increase 

in the rosette surface area but from other shoot traits such as growth rates and the number of 

rosette leaves (Poupin et al., 2013). Results of shoot dry weights at harvest (21 DAI) indicate 

a strong bacterial stimulation effect, with inoculated plants about 25% heavier than control 

plants under ambient temperature (Figure 6b). This observed increase in shoot dry matter could 

be explained by the stimulation of primary root growth and root branching (Frommel et al., 

1991), which consequently lead to better nutrient and water uptake. This may indicate that 

using PsJN will potentially transfer to shoot biomass and be useful for agriculture.  

 

3.3.4. The extent of bacterial stimulation effect in roots and shoots varies 

depending on the temperature condition  

The modulation of growth induced by PsJN on Arabidopsis varied in intensity between the two 

temperatures investigated in our study. Although the beneficial effects of the bacteria were 

significant under ambient condition on root tissues, these effects were more substantial, with 

higher relative differences between inoculated and non-inoculated, under heat stress conditions 

(Figure 2). For example, at the end of the growing period, the difference in the root lengths of 

inoculated and non-inoculated plants under heat stress condition based on individual root parts 

was about 3.5 times higher in the primary roots, 3.8 times in the 1st order laterals, and about 

2.1 times in the 2nd order laterals, than ambient condition. The strain PsJN is already known 

for its plant-growth promotion benefits under normal conditions; however, plants can take even 

more advantage of this bacteria’s imparted traits under stressful high-temperature situations 

when the impacts can be quite deleterious to plants. For example, in potatoes, high temperature 

caused a reduction in root and shoot development, number of potato tubers, and fresh weight; 

however, PsJN inoculation showed noticeable beneficial effects on root biomass, and 

significantly enhanced the tuber number and weight of some cultivars (Bensalim et al., 1998).  

The thermotolerant capability imparted by the bacteria might be attributed to its production 

of ACC deaminase, which has been linked with the alleviation of plant stress because of its 
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contribution in lowering the ethylene levels, thereby promoting plant growth (Esmaeel et al., 

2018; Glick et al., 1998). ACC deaminase-producing bacteria enhance plant growth under 

different biotic and abiotic environmental conditions such as pathogen attack, drought, salinity, 

and organic and inorganic contaminants (Glick, 2004; Gupta & Pandey, 2019). Furthermore, 

microbial deaminases have been shown (or proposed) to be responsible for the dissociation of 

stress-induced ACC (secreted as root exudates) into ammonia and α-ketobutyrate, thereby 

eliminating ACC, the precursor for ethylene that has a drastic impact on the physiology, 

growth, and development of plants (Ali & Kim, 2018; Heydarian et al., 2016; Saleem et al., 

2018). Under periods of stresses, ethylene can facilitate the early senescence and abscission of 

various organs, which are mechanisms to conserve resources (Brown, 1997; Ozga et al., 2017). 

The role of microbial ACC deaminase producers such as PsJN might be immensely important 

in today’s agricultural systems, where stressed-induced ethylene changes in crops are 

aggravated by increasing temperature conditions. 

Although the PGP effects of the bacteria were strongly demonstrated on several root 

parameters such as root lengths and growth rates (total, primary, and 1st and 2nd order laterals), 

as well as the number of 1st and 2nd order lateral roots, these results did not translate in the root 

system traits (Figure 3a-3d). The conditions in agar where water and nutrients are 

homogenized, are different from soil where there is a need to expand the volume that is covered 

by the roots, as there will be very likely heterogenous distribution of edaphic resources. Still, 

we could show that PsJN causes spatial distribution effects (Figure S6); and that the bacterial 

enhancements for improved nutrient uptake were manifested in the individual root component, 

e.g., longer lateral roots (Figure 2), and in the changed root length distribution, e.g., increased 

root density at the deeper part the roots (Figure 4). 

 

3.3.5. Temporal effects of bacterial inoculation show accelerated growth 

rates at the early stage of plant growth depending on root type and 

temperature condition 

Although the growth stimulation imparted by the bacteria was a prominent trend, the difference 

between the inoculated and the control varied at different stages of plant development – initially 

increasing and then decreasing at certain timepoints. Under ambient condition, the effect of the 

bacterial inoculation on the root lengths and growth rates showed early in the root development, 

and the stimulation effect increased up to a certain time depending on the root type (Figure 2b-

2d, 2g-2i). For example, the stimulation on the primary roots increased up until 9 DAI and until 



 

144 
 

12 DAI for 1st order lateral roots, while the 2nd order laterals showed continuous growth and 

bacterial stimulation until 21 DAI. After these time points (except for 2nd lateral roots), the 

stimulation effect declined although there were still significant differences between the 

inoculated and non-inoculated plants.  

This outcome, in part, corroborates the result found by Poupin et al., 2013 (Poupin et al., 

2013). They found drastic changes, including accelerated plant growth in Arabidopsis, with 

their inoculation at 13 days after sowing. However, although the strain PsJN accelerated the 

growth rate during the first half of plant development, the growth rates then levelled off and 

the plant size converged with the non-inoculated plants. In our study, it may be as well that if 

the plants were allowed to grow further, a similar outcome might take place. For shoots, their 

study demonstrated that the larger rosette areas of PsJN-inoculated plants during the first half 

of their life cycles are correlated with larger leaf areas, rather than an increase in the number 

of leaves. This illustrated that bacteria PsJN acted as a PGPR by accelerating growth rates and 

producing bigger plants (Poupin et al., 2013). The accelerated growth in the early stages of 

inoculated plants, which can be attributed to the various mechanistic effects of the bacteria, 

may provide beneficial effects to the plants including improved nutrient acquisition and/or 

direct effect on plant metabolism (Poupin et al., 2013). On the other hand, based on the living 

theory that longevity is negatively correlated with metabolic rate (Issartel & Coiffard, 2011), 

rapid growth during the early stages of life may be associated with reduced longevity and 

impaired future performance (Metcalfe & Monaghan, 2003). This may be the case with heat-

stressed plants, where accelerated growth rates, particularly during the early growth stage, are 

generally followed by earlier reproductive and flowering stage. 

 

3.3.6. The GrowScreen-Agar II is an efficient platform for plant cultivation, 

non-invasive phenotyping, and root and shoot trait characterization 

The GrowScreen-Agar II platform provided an efficient growing system that enabled a more 

natural growth for Arabidopsis roots and shoots as compared to the conventional “closed-plate” 

setup. The previous version of this platform was compared to already existing phenotyping set-

ups in (Nagel et al., 2020). Notably, the strategic design of the agar plates allowed the 

unobstructed, open-air growth of the shoots which still is a distinguishing feature also in newer 

systems. This is also a trait in another recent platform GLO-Roots (LaRue et al., 2022; Rellán-

Álvarez et al., 2015), which has a similar “open-top” approach, while MultipleXLab (Lube et 

al., 2022) sticks to the conventional “closed-plate” system. The strategic design of the agar 



 

145 
 

plates allowed the sterile, unobstructed, open-air growth of the shoots. Access to the leaves 

opens the potential for non-invasive monitoring of plant physiological parameters such as 

chlorophyll fluorescence and gas exchange, i.e., net photosynthetic rate, stomatal conductance, 

and transpiration, which are important indicators of plant response to climate and environment 

changes (e.g. (Jagadish et al., 2014; Macabuhay et al., 2018; Wahid et al., 2007)). In this study, 

however, the small size and orientation of Arabidopsis rosettes (Figure 1a-1b) restricted the 

use of gas exchange measuring instruments, which should not be a problem with other species. 

Aside from the shoot benefits, this platform explicitly addresses the problems of growing and 

phenotyping roots grown in the dark, which is also accounted for in GLO-Roots, but is still an 

issue in setups like MultipleXLab.. Moreover, a more detailed and periodic investigation of the 

different root traits pertaining to the root system architecture was also made possible – a once 

challenging endeavor for root studies due to the hidden nature of this plant organ. Although 

this platform is still to be fully automated, it has successfully provided a multi-functional 

imaging system for non-invasive phenotyping and in-depth characterization of the roots and 

shoots up to a period of 21 days, by extending the plates. GLO-Roots similarly imaged 

Arabidopsis roots up to 31 days in even longer containers, whereas the automated microscope 

MultipleXLab only focused on seedlings in the first 4 days. In addition, this phenotyping 

system made it possible to grow plants subjected to external environmental conditions, such as 

the addition of the PGPR strain PsJN and the control of temperature. Furthermore GrowScreen-

Agar does not require plant transformation or watering with luminescent reagents like in GLO-

Roots, but can handle plants of any type of background (as can the light based imaging of 

MultipleXLab). This also has the potential for investigating more than one gnotobiotic 

microorganism under combined variable abiotic treatments, which is the direction of plant-

microbe interaction studies under future climate challenges (Cheng et al., 2019; Trivedi et al., 

2022). This platform’s associated image analysis software demonstrated reliable quantification 

of morphological and dynamic responses of root and shoot traits against combined bacteria and 

high temperature.  

Once completely functional, the GrowScreen-Agar II platform will be a promising solution 

for high-throughput plant cultivation and non-invasive phenotyping within a fully-automated 

system. However, despite improvement in the available root space for this study, the platform 

is still constrained. A limitation of agar-based plant cultivation (both GrowScreen-Agar, 

MultipleXLab, and others), is the artificial environment that differs greatly from the natural 

niche of plants and microorganisms in the soil or the field. Here, GLO-Roots that uses soil as 

a growth medium has a slight advantage with the compromise that soil often obscures root 
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imaging which could prove challenging at branching points in complex root systems. For all 

three platforms (similar to findings from all artificial systems) it remains true that while they 

capture various aspects of plant response mechanisms and quantify the changes, these findings 

(similar to findings from all artificial systems) need to be further validated in realistic 

environments, where plants have a larger soil area to scavenge and are exposed to all biotic and 

abiotic elements.   

 

 

3.4. Materials and Methods: 

 

3.4.1. Customized agar-plate preparation 

The GrowScreen-Agar II platform utilizes specifically designed plates developed in 

collaboration with and manufactured by the company Happ Kunststoffspritzgusswerk und 

Formenbau GmbH (Ruppichteroth, Germany). Twenty-four plates manufactured by injection 

molding, which renders them sterile for our use, are comprised of three components: an opaque 

cover, a transparent back plate with holes on top, and a black top part (“collar”) (Figure S4). 

The opaque cover consists of polypropylene (PP) and is equipped with an anti-fog agent to 

prevent water droplets that would disturb root image analysis. The transparent back plate 

consists of polystyrene (PS) and allows non-invasive imaging of roots growing in the agar. The 

shoot growth outside of the plate is enabled through 3 holes with a diameter of 5 mm on the 

short side of the transparent plate (the distance between the holes is 29 mm with one hole 

exactly in the middle of the short side). The black collar (polypropylene with 30% glass fiber, 

PP-GF30) has three holes in line with the holes in the transparent back plate but with a reduced 

diameter to 2 mm. Its primary function is to keep as much light out of the root part of the plate 

and to provide a proper background for shoot imaging (Figure S4). 

Before seed preparation, the holes on the back plates were sealed with micropore tape 

before being filled with modified Hoagland and agar media [composition in a liter of Milli-Q 

water: 1.67 mL KNO3, 1.67 mL Ca(NO3)2∙4H2O, 0.67 mL MgSO4∙7H2O, 0.33 mL KH2PO4; 

0.33 mL of trace elements (MnCl2∙4H2O, CuSO4∙5H2O, ZnSO4∙7H2O, H3BO3, 

Na2MoO4∙2H2O); 0.33 mL [Fe3+-EDTA]-; and 1% Agar] (Nagel et al., 2020). The media were 

autoclaved and poured into the plates (approximately 225 mL capacity) inside the biosafety 

cabinet. Once the agar cooled down and solidified, the opaque covers and collars were attached, 
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and the assembled plates were stacked and sealed in their original bags to maintain sterility 

before sowing.   

 

3.4.2. Seed sterilization, sowing, and stratification 

Arabidopsis thaliana Col-0 (hereafter referred to as Arabidopsis) seeds were surface sterilized 

using 70% (v/v) ethanol solution and 0.5% (v/v) sodium hypochlorite solution with 0.05% (v/v) 

Tween 20 (VWR International GmbH, Darmstadt, Germany) (5 µL per 10 mL solution). In 

brief and operating in a biosafety cabinet, Arabidopsis seeds in 2 mL Eppendorf tubes were 

first incubated with 0.5 mL 70% ethanol for three minutes. After incubation, ethanol was 

pipetted out and replaced with 0.5 mL of 0.5% sodium hypochlorite solution. The tube was 

slowly mixed while incubating for 10 minutes. The solution was then pipetted out and the seeds 

were washed with autoclaved Milli-Q water three times. After washing, the seeds were 

suspended in 0.5 mL of autoclaved Milli-Q water and set aside for sowing.  

To prevent any contamination, sowing was performed inside the biosafety cabinet. 

Individual Arabidopsis seeds were sown into the pre-prepared agar-filled customized plates. A 

single seed was slowly pipetted out from the sterilized batch and carefully dispensed into a hole 

on the plate. When necessary, a sterile syringe needle was used to position the seed into the 

middle of the hole. When all the holes were sown with seeds, the collars were reapplied then 

sealed with parafilm; after which, the plates were bagged aseptically and placed horizontally 

in the fridge at 4℃ for five days. Subjecting Arabidopsis seeds to a period of cold temperature 

breaks dormancy and softens their coat allowing for uniform germination. At the end of the 

stratification period, the plates were transferred back into the sterile bench and the parafilm 

was removed for bacterial inoculation. 

 

3.4.3. Bacterial cultivation and inoculation 

Paraburkholderia phytofirmans PsJN (DSMZ, Germany) (hereafter referred to as PsJN) was 

routinely grown on Luria-Bertani (LB) media (1.2% agar w/v with no salt). A day before 

inoculation, a single bacterial colony from an agar plate was aliquoted into an LB broth and 

the bacterial solution was cultured overnight in an orbital shaker (150 rpm) at 30℃. The cell 

suspension was measured for optical density (OD600) using a portable spectrophotometer and 

when an OD600 value of 0.8 (equivalent to 108 colony-forming unit (CFU) mL-1) was reached, 

cells were centrifuged down, washed, and serially diluted with Hoagland media to obtain a 

concentration of 104 CFU mL-1. A study by Poupin et al., 2013 (Poupin et al., 2013) reported 
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this bacterial concentration as the optimum for plant-growth promotion in Arabidopsis. 

Inoculation was performed by pipetting 10 µL of either PsJN-bacterial inoculum (inoculated) 

or Hoagland solution as mock-inoculant (control) onto each seed. After all the seeds received 

appropriate treatments, the black collars with seed-sown holes were sealed with parafilm, and 

the inoculated and control plates were transferred to separate growth chambers with varying 

temperatures.  

 

3.4.4. Plant growth conditions 

The number of plates was divided into two groups corresponding to ambient and heat-stress 

conditions on separate growth chambers, with 22℃/18℃ and 30℃/24℃ day/night 

temperatures, respectively. In both climate chambers, the plants were grown under a long day 

period of 16/8 hours, receiving 120 µmol/m-2 s-1 of light and 60% relative humidity. The plates 

were positioned vertically and maintained in fabricated metal magazines (660 x 210 x 129 mm) 

fitted for the plates (10 plates per magazine) (Figure S5). This open-top system allowed for the 

unobstructed, upward, open-air growth of the shoots, whilst simulating the downward growth 

of the roots in the dark. During the first seven days, the holes remained sealed with parafilm to 

provide high humidity during germination and early plant development. After this period, the 

parafilm was removed and, if needed, a syringe needle and/or small tweezer were used to 

ensure the shoots were growing outside the holes (Figure 1a).  The plants were cultivated for 

21 days after inoculation (DAI), with routine imagining and phenotyping using the 

GrowScreen-Agar II imaging system. 

 

3.4.4.1. GrowScreen-Agar II platform specifications 

The GrowScreen-Agar II system has been modified from the original GrowScreen-Agar I 

system (Nagel et al., 2020). GrowScreen-Agar I was designed for imaging traditional square 

Petri dishes (127 x 127 x 17 mm), having both a top camera for the shoot and a camera with a 

white backlight for root imaging. The GrowScreen-Agar II was designed for longer (taller) 

plates (plate: 200 x 100 x 19 mm, collar: 136 x 60 mm), equipped with three cameras for 

imaging, one for the root (29 MPx Prosilica GT6600, Allied Vision Technologies GmbH, 

Stadtroda, Germany) and two cameras (top and side view) of the shoot (5.1 MPx Mako G-

507C, AVT GmbH, as above). Root illumination was achieved from the back with an 850 nm 

infrared LED panel (EFFI-BL-150T-250-850, EFFILUX, Les Ulis, France), and therefore also 

an IR-capable lens was used (Xenon Emerald 50/2,2-F-S, Jos. Schneider Optische Werke 
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GmbH, Bad Kreuznach, Germany). Shoot cameras were equipped with white LED rings 

(LDR2-70-SW2, CCS Inc., Kyoto, Japan) and standard lenses (LM8JC3M, Kowa Optronics 

Co. Ltd., Nagoya, Japan and Xenoplan 1.9/3, Jos. Schneider Optische Werke GmbH, Bad 

Kreuznach, Germany). This imaging system (Figure S6) was strategically positioned inside a 

growth chamber. In this study, the plates with growing plants were manually transferred into 

the imaging station. The imaging was driven by a custom software program implemented using 

the Software Development Kit (SDK).NET based OPC UA Client Server SDK Bundle (Unified 

Automation GmbH, 90562 Kalchreuth, Germany). After imaging, the plates were placed back 

into their respective growth temperature chambers (VB 1014, Vötsch Industrietechnik GmbH, 

72336 Balingen-Frommern, Germany). 

 

3.4.4.2. Growth optimization using a traditional “closed-plate” system 

Before using the “open-top” system, the effects of PsJN were initially investigated in a 

small experiment using the conventional “closed-plate” set-up.  This was used to determine the 

optimal growth condition for both plant and bacteria, the time-series effect of the inoculation 

with the corresponding root growth timepoint, and the morphologic responses of the roots to 

bacteria under ambient and heat stress conditions. In this system, Arabidopsis seeds sown on 

the surface of agar plates were inoculated with the bacteria PsJN two days after germination, 

when the radicles were about 2-5 mm. The plates were sealed with micropore, placed in a 

vertical position, and divided into two growth chambers with ambient and heat stress settings 

(similar to the abovementioned growth chamber settings). At several timepoints, the plates 

were removed from the growth chamber and scanned with WinRhizo. Initial analysis was 

performed using the WinRhizo software.  

 

3.4.5. Time course image analysis 

The plates were transferred to the imaging station of the GrowScreen-Agar II and imaged non-

destructively at the following time intervals: 5, 7, 9, 12, 14, 16, 19, and 21 days after 

inoculation, producing the shoot and root images (Figure 1b).  

Shoot analysis:  The shoot images (.tiff files) captured with the top camera were analyzed 

with a color space-based segmentation approach to compute the projected leaf area as a proxy 

for the rosette surface. We used software from a toolbox to estimate leaf angles from stereo 

images (Müller-Linow et al., 2015), with the revised version of the segmentation tool published 

separately in (Müller-Linow, 2022). Images were pre-processed to remove chromatic 
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aberrations, which appear between contrasting regions. In the filtered images, plant pixels were 

identified by thresholding operations in the HSV color space (Müller-Linow et al., 2015). If 

not stated, upper thresholds were set to maximum. Lower and upper hue channel (0-360°) 

thresholds were set to 21° and 222°, and lower thresholds in the saturation and value channels 

(0-1) were set to 0.11 and 0.17, respectively. The last two dates (19 and 21) were processed 

with a value channel threshold of 0.08. Two post-processing filters were applied to remove 

smaller pixel clusters (a group of continuous pixels of category plant or background) resulting 

from misclassifications in the background and the plants. Pixel clusters of the plant category 

exceeding a size of 95 pixels were converted to background pixels, while background pixel 

clusters exceeding a size of 24 pixels were converted to plant pixels. For the last two dates, we 

increased these thresholds to 502 and 473. The result is a semantic segmentation with white 

plant pixels and black background pixels. The projected leaf area was computed from the sum 

of white pixels, which was converted to metric values (Figure 1c (top)).   

Root analysis:  The root images (.tiff files) were first arranged, processed, and then 

analyzed using the image analysis software GrowScreen-Root (Nagel et al., 2009; Nagel et al., 

2020). The software allows distinguishing between the different root types: the primary roots 

(green), 1st order lateral roots (red), and 2nd order lateral roots (blue). GrowScreen-Root also 

measures the following root traits: root lengths (primary, 1st, and 2nd order laterals, and total), 

convex hull area, root system depth, root system width, number of lateral roots, as well as the 

branching angle of the laterals (for trait description, see (Nagel et al., 2020) (Figure 1c 

(bottom)). 

 

3.4.6. End-point harvest and validation of bacterial colonization 

At 21 DAI, plates were removed from the growth chambers and the plants were harvested. 

Plates with root tissues allocated for the determination of bacterial colonization were placed 

inside the biosafety cabinet. The remaining plates were used for shoot harvest.  

Since the PsJN bacterial inoculum was added to the seeds on the open surface of agar plates, 

we tested whether the bacteria travelled with the downward growth of the roots inside the agar 

and whether the inoculated samples were colonized by the bacteria at the level of root tips. For 

rhizoplane colonization, 1-2 cm of the root tip was cut and placed in a 2-ml Eppendorf tube 

with LB media, washed, vortexed, and the resulting washing was serially diluted and plated. 

For endophytic colonization, the washed root tissue from the first tube was placed in a separate 

clean Eppendorf tube where it was first macerated before being resuspended with LB broth. 
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An aliquot of the resulting mixture was then serially diluted and plated. These bacterial 

colonization tests were performed on both PsJN-inoculated and control roots, to check for 

unwanted microbial contaminations (Figure S2). From the plated cultures of the bacteria, a single 

colony was used for PCR of the 16S rRNA bacterial gene using the universal bacterial primers 

27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’- 

TACGGYTACCTTGTTACGACTT-3’). Part of the PCR product cleaned up and sent for 

sequencing to check if the sequence matches to PsJN (Figure S2c). 

 

3.4.7. Statistical analysis 

The statistical difference of measured parameters between the two treatments, and the effect of 

microbe application under ambient or heat stress conditions, was analyzed using the Student’s 

t-test (two-tailed distribution). In addition, overall treatment effects such as microbial 

application (microbe), heat stress effect (temperature), and interaction effect per individual day 

and over the entire growing period were also analyzed using the ANOVA function in R studio. 

Only those results with a significant P-value level of <0.05 were considered reliable enough 

to reject the null hypothesis that the two treatments did not differ for a particular parameter.             

 

3.5. Conclusions and future perspectives 

Our study shows that the bacterial endophyte strain P. phytofirmans PsJN improves shoot and 

root growth under normal temperature conditions. Depending on the plant tissue and specific 

trait, this growth enhancement may be more substantial under high-temperature conditions, 

showing a potential advantage for bacterized plants under future climate change scenarios. We 

have also demonstrated that depending on the root type and their time of emergence, the 

stimulation effect imparted by the bacteria may be stronger at the early stages of plant growth 

and then level off towards the end of plant development. This observation may allow young 

plants to get well-established roots with more access to water and nutrients, which can assist 

in later growth stages that are sensitive to environmental fluctuations and challenges. 

Information about the spatial and temporal effects of this bacteria, particularly in the roots, can 

inform plant growers about alternative solutions for increasing crop productivity and potential 

mitigation and adaptive strategies in addressing climate-related impacts on agriculture. Finally, 

we have demonstrated here the potential of the platform GrowScreen-Agar II in providing a 

more natural plant growth condition, non-invasive imaging and phenotyping, and trait 

quantification capability for studying plant morphologic response and growth dynamics. 
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Crop plant selection is currently being focused on the RSA because of its overarching 

importance in the plant's ability to acquire edaphic resources, which is limited by suboptimal 

water and nutrient availability and exacerbated by climate change (Lynch, 2022). Aside from 

genetic improvement and conventional breeding strategies for improving the RSA, the 

application of PGPR can be an alternative avenue for developing more productive, resilient, 

and climate-smart crops. This can be extended to using not just a single but a combination of 

known beneficial microorganisms. However, further studies on the mechanisms of growth 

promotion and biotic and abiotic stress tolerance need to be explored to maximize the potential 

of microbial application to agriculture. In addition, ovel growth systems addressing existing 

plant cultivation limitations and non-invasive high-resolution phenotyping platforms can also 

be taken advantage of to understand the underlying biochemical mechanisms behind the plant-

microbe-environment interactions for future sustainable biotechnological solutions.  

 

3.6. Supplementary Materials 

The following supporting information can be downloaded at: www.mdpi.com/xxx/s1, Figure 

S1: WinRhizo analysed root lengths and root and shoot biomass; Figure S2: Sample root 

images generated by the GrowScreen-Agar II; Figure S3: Agar plates for GrowScreen-Agar II; 

Figure S4: Magazines for GrowScreen-Agar II; Figure S5: Imaging station of GrowScreen-

Agar II; Figure S6: Root sampling and bacterial colonization confirmation; Table S1: Mean 

values and standard error of different root type morphological traits; Table S2: Mean values 

and standard error of different root system traits describing distribution and spread. 
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Preface to Chapter 4 

This chapter of the thesis introduces the biochemical nature of the beneficial interactions, 

specifically focusing on lipids, between the roots of the model plant Arabidopsis thaliana and 

the PGPR P. phytofirmans PsJN, under both ambient and high temperature conditions. The 

interaction was assessed across three stages of the plant root development, while scrutinizing 

the changes that happen to the root lipidome under the influence of both biotic and abiotic 

stimuli. The typical “omics” workflow was used as a template (Figure 4) in developing the 

discovery (untargeted) lipidomics workflow and analysis employed in the study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4  Schematic diagram of the lipidomics workflow employed in this study 
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This study showed that the plant growth-promoting rhizobacteria P. phytofirmans PsJN can 

induce significant modifications in the lipid profile of roots, which is a rarely investigated organ 

when compared with the wide array of studies on aboveground plant parts. This also showed 

the effect of the open-top system for the co-cultivation of plants and bacteria, as shown by the 

significant changes at the later plant growth development in a natural un-stressed condition. 

More importantly, the study showed that bacterial application can significantly increase their 

plant benefits, with earlier emergence, under high temperature stress. High temperature or heat 

stress is a common detrimental environmental factor to plant growth and this study has 

demonstrated how alterations in the root lipids under this scenario support the positive effects 

of the bacteria to plants.    

 

 

Lipid acronyms used throughout the chapter: 

Cer ceramide    
CL cardiolipin   
CoQ coenzyme Q  
DG diacylglycerol   
DGDG digalactosyldiacylglycerol  
FA fatty acyls  
GL glycerolipids  
GP glycerophospholipids 
HexCer hexosylceramides   
LPC lysophosphatidylcholines  
LPE lysophosphatidylethanolamines  
MG monoacylglycerol   
MGDG monogalactosyldiacylglycerol  
NAE N-acylethanolamines  
PA phosphatidic acid   
PC phosphatidylcholine   
PE phosphatidylethanolamine  
PG phosphatidylglycerol  
PI phosphatidylinositol   
PR prenol lipids  
PS phosphatidylserine   
SP sphingolipids  
SQ squalene    
SQDG sulfoquinovosyldiacylglycerol  
ST sterol lipids  
TG triacylglycerol  
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4.1. Introduction 

Lipids, which are a large group of highly diverse and ubiquitous compounds, are major 

constituents of eukaryotic and prokaryotic cell membranes (Fahy et al., 2011; Siebers et al., 

2016). They are present in all living organisms and perform essential functions such as for 

energy storage (Welte & Gould, 2017), as structural components of the plasma and intracellular 

membranes (Quinn et al., 1989), as mediators in signaling transduction pathways and 

membrane trafficking (Wang, 2004), in maintaining cellular homeostasis (Agmon & 

Stockwell, 2017), as mitigators of stress responses (Okazaki & Saito, 2014), and as facilitators 

during various symbiotic interactions with microorganisms (Macabuhay, Arsova, Walker, et 

al., 2022).   

Because of their many functions, any changes in lipids and their metabolism can reflect the 

biochemical changes of the whole plant system, thereby influencing plant health and 

development (Boutte & Jaillais, 2020). Notably, plants are in constant exposure to a multitude 

of microorganisms present in the soil, air, or water, and are in either beneficial (mutualistic) or 

detrimental (parasitic or pathogenic) forms of interactions.  

As the plasma membrane’s main component and the interface during the plant’s interaction 

with the surrounding environment, lipids have been the focus of many recent studies 

investigating plant responses to biotic stimuli (Hou et al., 2016; Siebers et al., 2016). In the 

rhizosphere, in particular, lipids have important roles; from the formation of symbiotic 

interactions – as chemical signals released from and perceived by plant roots and microbes, to 

the establishment of either plant growth-promoting or disease-causing interactions 

(Macabuhay, Arsova, Walker, et al., 2022). The process of host cell reprogramming allows 

plant cells to dynamically change their architecture and molecular composition following the 

encounter with beneficial or pathogenic microbes (Dormann et al., 2014). That is, either for 

microbial entry or pre-invasive defense, several cell processes are induced, including the 

breaking of plasma membrane symmetry, tethering of membranes, induction of changes in the 

lipid composition, and the activation of plasma membrane-to-cytoskeleton signaling (Dormann 

et al., 2014). Essentially, plasma membrane-associated processes and lipid components 

mediate the recognition of microbes, the transduction of signals, and the downstream cellular 

responses.   

Although many studies have investigated the roles of lipids in plant-microbe interactions, 

many of these were focused on pathogenicity (Ali & Kim, 2018; Zhao, 2015), whereas only a 

few investigations were about beneficial interactions, of which, most were on nitrogen-fixing 
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bacteria (Santi et al., 2017). Various plant lipids are influenced by mutualistic interactions of 

plants and microbes. Notable examples are the increase in the concentration of various 

glycerophospholipids (GP), due to increased membrane GP biosynthesis, whilst a decrease in 

galactolipids was displayed in the root nodules during the soybean and nitrogen-fixing bacteria 

symbiosis (Zhang et al., 2020). Inoculation with Azospirillum showed a varying effect on GP 

depending on the plant species – increasing in cowpea calli (Bashan et al., 1992) and decreasing 

in wheat roots (Pereyra et al., 2006). A study by Castanheira et al. (2017) on the effect of mixed 

inoculation of beneficial microbes (Pseudomonas G1Dc10, Paenibacillus G3Ac9, 

Sphingomonas azotifigens DSMZ 18530T) on annual ryegrass has shown a 65% increase in 

the total fatty acid content, which suggested a dynamic metabolic response and stimulation of 

membrane lipid biosynthesis. This increase in the total fatty acid was a consequence of the 

preferential synthesis of saturated palmitic acid (C16:0) and highly unsaturated linoleic (C18:2) 

and linolenic (C18:3) acids. The synthesis of triacylglycerol (TG) also had conflicting results, 

decreasing in the nodules during soybean and rhizobia interactions (Zhang et al., 2020), and 

increasing in shoots with the inoculation of Bacillus subtilis into Brassica indica grown under 

salt stress (Abeer et al., 2015). 

As sessile organisms, plants are also exposed to the surrounding elements and are 

frequently subjected to fluctuations in temperature, drought, and soil-nutrient conditions such 

as salinity, metal toxicity, nutrient scarcity, as well as other environmental stressors. During 

abiotic stresses, membrane lipids undergo modifications of their fatty acid composition and the 

degree of unsaturation, which are potential mechanisms to plant acclimation or adaptation to 

stress-induced changes (Welti et al., 2007). Temperature has a significant influence on 

membrane lipids during plant growth; and any changes, such as the increase in temperature, 

can alter the lipid composition and profile (Zheng et al., 2011). In general, high temperatures 

reduce the degree of unsaturation of fatty acids in plants, as in the case of Arabidopsis at 36℃, 

where the double bond index (DBI) was 1.46 as opposed to 2.39 of plants grown at 17℃ 

(Falcone et al., 2004). Glycerolipids (GL) are the major constituents of membranes; and in 

response to elevated temperatures, plants can adjust the GL composition to maintain the 

integrity and optimal fluidity of membranes (Zheng et al., 2011). A study by Higashi et al. 

(2015) has detected several lipid species in Arabidopsis leaves affected by short-term heat 

stress, which include 1) glycolipids – monogalactosyldiacylglycerol (MGDG), 

digalactosyldiacylglycerol (DGDG), and sulfoquinovosyldiacylglycerol (SQDG); 2) GPs – 

phosphatidylglycerol (PG), phosphatidylcholine (PC), phosphatidylethanolamine (PE), and 

phosphatidylinositol (PI); (3) diacylglycerol (DG), a lipid intermediate; and (4) the storage 
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lipid TG. This finding was supported by Narayanan et al. (2018) who found that the most 

responsive lipids to high temperature were the extraplastidic glycerophospholipids (PC, PE, 

PG, phosphatidylserine (PS), and phosphatidic acid (PA)). In addition, their unsaturation levels 

were also decreased through the decreases in the levels of 18:3 and increases in the levels of 

16:0, 18:1, and 18:2 acyl chains. 

The study of lipids and their functions can tell many things about biological systems and 

their mechanistic responses to external stimuli. Lipids can alter biological functions with even 

the smallest change in their structure and composition (Harayama & Riezman, 2018). This can 

be observed in the modification of functions in membrane proteins as well as the changes in 

the physical structure and physiological properties of the cell membrane, e.g. membrane 

fluidity and permeability, with changes in the membrane-bound lipids (Guo et al., 2019). It is 

safe to say that lipids are interlinked with DNA, RNA, proteins, and other metabolites within 

the central dogma of biology, and, therefore, must be studied as an integral part of the whole 

system (van Meer, 2005). In addition, it has also been proposed that the study of lipids should 

involve their time-specific responses and local concentrations (van Meer, 2005). 

The cellular lipidome is comprised of hundreds of thousands of lipids (Harkewicz & 

Dennis, 2011), with diverse functions that may be attributed to various factors such as the head 

group types, aliphatic chains, and isomerism (M. Wang et al., 2016). It may be possible that 

the lipid structures exceed 180,000 without even considering all the position isomers, backbone 

substitutions, and stereochemistry Kehelpannala et al. (2021). For example, the 

sphingolipidome of plant cells alone may be comprised of at least 500 to perhaps thousands of 

different species of sphingolipids (Pata et al., 2010). A survey of the plant lipidome in barley 

roots has identified a total of 49 potential building blocks including 10 polar heads, 18 different 

fatty acids, 5 long-chain (sphingoid) bases, 11 sphingolipid head groups, and 5 sterols (Yu et 

al., 2018). A recent publication by Kehelpannala et al. (2021) also generated a comprehensive 

and detailed tissue-specific lipid map of Arabidopsis plants across selected developmental 

stages, which has been integrated into an electronic Fluorescent Pictograph (eFP) browser. 

There are many more studies, making it possible the existence of potentially millions of lipids 

when all structural differences are taken into account (Koelmel et al., 2017). This only suggests 

that there are still many more lipid species yet to be discovered and that we are still just scraping 

the tip of an iceberg when it comes to the complexity and diversity of the plant lipidome. 

Moreover, when plant studies are combined with microbes, the diversity of the lipid profile is 

further increased since the microbes have also various and distinct lipids compared to plants.   
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Because of its still unchartered territory, research on lipids is gaining a lot of attention, 

more so with the breakthroughs in mass spectrometry. However, despite the many recent 

advancements in lipidomics and technology, the characterization and profiling of novel lipids 

and their functions remain a challenging undertaking because of their highly complex and 

diverse nature. One challenge is that relatively new lipid species are most often of low 

abundance in complex biological matrices compared to other more common lipids (Bilgin et 

al., 2016). According to Bilgin et al. (2016), their low abundance will prevent the precursor 

ions from being selected for fragmentation by data-dependent acquisition methods in liquid 

chromatography - tandem mass spectrometry (LC-MS/MS) analysis, making identification 

difficult. Furthermore, the structure identification of all unknown lipids within a biological 

sample is made challenging by the thousands of unidentified mass spectrometric features (Yu 

et al., 2018), which are sometimes artifacts generated from in-source fragmentation (Hu et al., 

2022), while some peaks could also be the result of solvent masses (Gathungu et al., 2018). 

Another challenge is associated with the composition of lipids, which varies significantly 

between organisms, cell types (Welti & Wang, 2004), subcellular organelles (Hölzl & 

Dörmann, 2007), and microdomains within cell membranes (Gronnier et al., 2018). For 

example, GPs (mainly structural lipids), are abundantly found in the plasma membrane, 

tonoplasts, and endoplasmic reticulum (Wewer et al., 2011); DGs such as MGDG, DGDG, and 

SQDG (involved in photosynthesis), are most prominent in chloroplast membranes (Hölzl & 

Dörmann, 2007); whilst sterols and sphingolipids (critical functions in signal transduction and 

cell recognition processes) are found as major components of membrane rafts (Gronnier et al., 

2018).  

Aside from their differences among cell types, lipid compositions also vary significantly 

between different plant tissues as with the studies conducted by Narasimhan et al. (2013) on 

soybean leaf and roots, and by Devaiah et al. (2006) and Kehelpannala et al. (2021) on the 

different tissues of Arabidopsis that includes leaves, flowers, siliques, roots, and seeds. Finally, 

another challenge for lipid researchers is the dynamics of change in the composition of 

membrane lipids throughout plant development, season, and even time of day, all of which are 

further complicated by different environmental conditions (Colin & Jaillais, 2020). Notable 

examples are PS levels changed throughout root development in Arabidopsis (Platre et al., 

2019) and the fluctuation in the unsaturation of PC during day and night in Arabidopsis flower 

(Nakamura et al., 2014). The involvement of environmental changes in the remodeling of 

membrane lipids has also been shown in studies for salinity (Sarabia et al., 2019), low 

temperature (Barrero-Sicilia et al., 2017; Cheong et al., 2021; Cheong et al., 2019), high 
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temperature (Higashi & Saito, 2019; Shiva et al., 2020), pathogen and insect attack (Farmer et 

al., 2003), beneficial microbes (Gupta & Pandey, 2019; Gupta et al., 2021; Schillaci, 

Kehelpannala, et al., 2021), including physical contacts as with wounding (Vu et al., 2014).  

Needless to say, areas of lipid research such as their distribution in different tissues or cell 

types, their intrinsic functions in various cellular processes, their roles in plant growth and 

development, as well as their responses to environmental stresses, need to be further explored. 

In order to do so, mass spectrometric analyses on various complex biological systems can be 

performed – either using targeted or untargeted lipidomic approaches (Melnik et al., 2017). 

According to Melnik et al. (2017), targeted analyses, which are focused on pre-defined sets of 

metabolites, are generally more sensitive and more inclined towards the quantification of lipids; 

however, it is restricted to only a limited number of compounds to analyze. On the other hand, 

untargeted analyses, which are ideal for discovery-focused lipidomic approaches, aim to 

comprehensively capture and profile all detectable compounds in a sample. This provides an 

unbiased analysis of the changes in the system, allowing for the discovery of novel lipids (Gao 

et al., 2020). Unfortunately, due to the complexity and huge amount of data retrieved by 

untargeted methods, as well as the non-specificity or non-standardized nature of the analysis, 

some analytes tend to go undetected. Nonetheless, this approach is widely used to characterize 

novel lipids and their functions on different biological systems while in interaction with the 

biotic and abiotic environment.  

In this chapter, the lipid profiles were generated from the lipid compounds extracted from 

the roots of control and bacteria-inoculated Arabidopsis roots grown under ambient and high-

temperature conditions. The profiles of the four treatments were then compared among three 

developmental stages to investigate the effect of time on the dynamics of bacterial growth 

promotion and lipid alterations from constant high temperatures. Specific lipids that have 

shown significant changes were then discussed, comparing them with the observed root 

phenotypes and based on the insights from existing lipid studies. 

 

 

4.2. Materials and Methods 

4.2.1. Growth protocols for Arabidopsis plants and its co-cultivation with P. 

phytofirmans PsJN bacteria plants  

Arabidopsis thaliana Col-0 seeds were grown on a modified agar-plate system, which utilized 

large agar Petri plates (245 x 245 x 25 mm, square bioassay dish with handles, Corning, USA), 
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placed in an inclined position. Agar plates were made with 1% agar and 1/3 modified Hoagland 

solution, the composition of which was specified in Chapter 3 section 4.1. Seeds were surface-

sterilized by washing with 0.5 mL of 70% (v/v) ethanol solution for 5 minutes followed by 0.5 

mL of 0.5% (v/v) sodium hypochlorite solution containing 0.05% (v/v) Tween 20 for 10 

minutes. Within the incubation time, the tube of seeds was turned slowly, after which, the 

solutions were pipetted out. The seeds were then thoroughly rinsed five times with 0.5 mL of 

sterile Milli-Q water and left suspended in another 0.5 mL. Using a pipette, one sterilized seed 

was drawn out from the tube and carefully sown on marked areas of the plate. A marked guide 

was prepared beforehand to facilitate equally-distanced sowing and was placed underneath 

each agar plate. Once all the plates were sown with seeds, they were sealed with wide 

micropore tape (25 mm, 3M™) to prevent contamination whilst allowing airflow. Plates were 

placed in sterile plastic containers covered in foil to subject seeds to cold stratification at 4℃ 

for 5 days in a cold chamber, after which inoculation ensued. 

P. phytofirmans PsJN was routinely cultured and maintained in Luria-Bertani (LB) media 

containing 5 g yeast extract (Oxoid), 10 g BBL™ Trypticase ™ Peptone (BD), and 15 g 

Bacto™ agar (BD) in a 1L solution, without sodium chloride due to this bacteria’s low 

halophilic tolerance. A day before the stratifying seeds were taken out of the cold room, 

overnight bacterial inoculation was performed. Briefly, a single colony was picked from a 

streaked plate, inoculated in an LB liquid solution, and allowed to incubate overnight in a 

shaking incubator at 30℃ and 180 rpm. Measurement of optical density (OD600) using a 

spectrophotometer (DS-11 FX Spectrophotometer/ Fluorometer, DeNovix, Inc., DE, USA) 

commenced around 16 hours and every hour afterward to get a value of 0.8 (corresponding to 

108 colony-forming units (cfu)/mL). Once the desired OD600 was reached, the solution was 

centrifuged, washed, and serially diluted. A tenfold serial dilution using Hoagland plant media 

was then performed to get 104 cfu/mL which was found by Poupin et al. (2013) to be the 

maximum amount of bacteria that yields growth promotion in Arabidopsis. This dilution was 

set aside as the bacterial inoculum for application to plant roots. 

When stratification was over, the plates were placed and opened inside the sterile bench for 

bacterial inoculation. Briefly, 10 µL of either PsJN-bacterial inoculum or Hoagland liquid 

solution (mock-inoculant), depending on treatments, was pipetted directly into 2-day-old 

radicles (about 2-5 mm) of Arabidopsis seedlings. Once all the seeds were inoculated, the plates 

were double sealed, placed back into the plastic containers in an inclined position (about 30 to 

45 degrees from the vertical line), and transferred into separate two growth chambers with 

varying temperatures.  The two chambers were set to either ambient condition at 22℃/18℃ or 
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high temperature at 30℃ /24℃. The rest of the climate settings were the same on both growth 

chambers, i.e., light intensity was at 120-150 µmol m-2 s-1; photoperiod maintained was the 

16hr/8hr light/dark, and a humidity of 70%. Plants were grown for three weeks (21 days), with 

the harvesting of assigned plants done on several occasions. 

 

4.2.2. Sample collection and lipid extraction 

At three different time points – 7, 14, and 21 days after inoculation, assigned plants had their 

roots and shoots harvested. Five technical replicates from ten pooled samples of two different 

plates were prepared at each harvest time point. Shoots were cut along the side of the plate and 

the roots were harvested by slowly grabbing and removing the top part first (growing inside 

the agar) first, then gently pulling the rest of the root parts from the agar surface. Harvested 

tissues were immediately placed into Eppendorf tubes partly submerged in liquid nitrogen to 

stop any metabolic activity. 

 

4.2.2.1. Extraction from plant roots 

For lipid extraction, approximately 30 mg of ground root tissues were transferred into 2 mL 

tubes and added with 400 µL of -20℃ 100% LC-MS grade 2-propanol (Thermo Fisher 

Scientific, USA) with 0.01% butylated hydroxy toluene (BHT) (Sigma Aldrich, USA). The 

cold 2-propanol mixture also contained the following internal standards (ISTD): 1 mL of ISTD 

– PS, PE, PG, Lyso PC, Lyso PG, Lyso PE, DG, MG, cardiolipin (CL), PC, ceramide (Cer), 

MGDG, DGDG, squalene (SQ) (Avanti Polar Lipids, Inc., USA), 500 µL of Splash LipidoMix 

(Avanti Polar Lipids, Inc., USA) (individual components in Table 4.1), and deuterated 

cholesterol (Sigma-Aldrich, USA). Root samples with the 2-propanol mixture were subjected 

to homogenization in a tissue lyzer (Tissue Lyser II, Qiagen), with liquid nitrogen-maintained 

blocks, for two consecutive 2 min intervals with 30 s pause in between at a frequency of 30 

Hz/s. The samples were placed in a thermoshaker set at 1400 rpm and incubated at 75℃ for 15 

min; after which, they were cooled down to room temperature and added individually with 

1200 µL of chloroform (CHCl3): methanol (MeOH): water mixture (30:41.5:3.5, v/v/v) 

(reagents from Sigma-Aldrich, USA). A longer incubation of the samples at 25℃ for 24 hours, 

with constant shaking at 300 rpm, followed. After that, the supernatants were transferred to 

clean 2 mL Eppendorf tubes and were dried down using a speed vacuum concentrator (John 

Morris Scientific Pty. Ltd., Australia) in preparation for LC-MS analysis. 
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Table 4. 1  Components and concentrations of the SPLASH LipidoMIX™ Internal Standard 

Compound Name 
Molecular 

Weight 
Exact Mass Chemical Formula 

Concentration 
(µg/mL)* 

15:0-18:1(d7) PC 753.11 752.61 C41H73D7NO8P 150.6 
15:0-18:1(d7) PE 711.03 710.56 C38H67D7NO8P 5.3 
15:0-18:1(d7) PS (Na 
Salt) 777.02 776.53 C39H66D7NNaO10 3.9 
15:0-18:1(d7) PG (Na 
Salt) 764.02 763.54 C39H67D7NaO10P 26.7 
15:0-18:1(d7) PI (NH4 
salt) 847.13 846.6 C42H75D7NO13P 8.5 
15:0-18:1(d7) PA (Na 
Salt) 689.94 689.5 C36H61D7NaO8P 6.9 
18:1(d7) Lyso PC 528.72 528.39 C26H45D7NO7P 23.8 
18:1(d7) Lyso PE 486.64 486.35 C23H39D7NO7P 4.9 
18:1(d7) Chol Ester 658.16 657.64 C45H71D7O2 329.1 
18:1(d7) MG 363.59 363.34 C21H33D7O4 1.8 
15:0-18:1(d7)  DG 587.98 587.55 C36H61D7O5 8.8 
15:0-18:1(d7)-15:0 TG 812.37 811.77 C51H89D7O6 52.8 
d18:1-18:1(d9) SM 738.12 737.64 C41H72D9N2O6P 29.6 
Cholesterol (d7) 393.71 393.4 C27H39D7O 98.4 

 

Based on Certificate of Analysis from Avanti Polar Lipids, Inc.  
* Concentrations are based on the isotopic purity of each individual compound 
 

 

4.2.2.2. Extraction from bacteria 

Lipids were also extracted from PsJN bacteria, which were grown axenically in LB media at 

30℃. Having the bacterial profile provided a comparison for the identification of the lipids 

present in the Arabidopsis root samples and those derived from the bacteria.  

At an optical density of 0.8, which was determined to be equivalent to 108 colony forming 

units (cfu)/mL based on serial dilution and colony counting, the bacterial inoculum was washed 

twice in sterile phosphate buffered saline (PBS), and cells were harvested by centrifugation at 

1000 rpm for 10 min. Cell pellets were then resuspended in 500 µL of -40℃ methanol: 0.1 N 

hydrochloric acid (HCL) (1:1) mixture (both reagents from Sigma-Aldrich), snap frozen in 

liquid nitrogen, then alternatively dipped into dry ice/ethanol bath and grinding at room 

temperature until thawed. This freeze-thaw process was repeated ten times to break the 

bacterial cells. 750 µL of the mixture chloroform: methanol (1:2) containing 1 mM BHT and 

50 µM d-cholesterol (Avanti Polar Lipids Inc., US) was added to each sample, before being 

mixed vigorously with a vortex and then shaken by hand for 5 min at room temperature to 

extract lipids. Samples were then sonicated for 30 min at room temperature, followed by 
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centrifugation for 5 min at 13,000 rpm and 0℃. The supernatant (upper phase) was transferred 

to new 2 mL tubes, while the pellets (lower phase) were mixed with 500 µL chloroform: 

methanol: 0.1 N HCl (1:2:0.8). The remixed solution was sonicated for 30 min and then 

centrifuged at 13,000 rpm for 10 min at room temperature; after which, both supernatants were 

combined. Finally, the combined supernatants were dried using a vacuum concentrator (John 

Morris Scientific Pty. Ltd., Australia) and prepared for LC-MS analysis. 

 

4.2.3. Lipid analysis by Liquid Chromatography–Mass Spectrometry (LC-

MS) 

All dried lipid extracts were rehydrated with 200 µL of butanol: MeOH (1:1, v/v) mixture 

containing 10 mM ammonium formate. Ten pooled biological quality control (PBQC) samples 

were prepared by aliquoting 10 µL from each lipid sample.  

Untargeted lipid analysis of samples was performed using liquid chromatography coupled 

with mass spectrometry as reported by Kehelpannala et al. (2021). Briefly, an Agilent 1290 

HPLC system was utilized for the chromatographic separation of lipids on an Infinity Lab 

Poroshell 120 EC-C18 2.1 x 100 mm (2.7-Micron particle size) column (Agilent, USA) operated 

at 55℃. The samples were placed in the autosampler set at 12℃, with an injection volume of 

10 µL and a flow rate of 0.26 mL/min. Elution of samples was performed over 30 min using a 

binary gradient consisting of acetonitrile (ACN): water (60:40, v/v) (Eluent A) and isopropanol 

(IPP): ACN (90:10, v/v) (Eluent B), both containing 10 mM ammonium formate. The 

following gradient was used for Eluent B: 0- 1.5 min isocratic elution at 32%, increased to 45% 

from 1.5 to 4 min, then to 52% from 4 to 5min, followed by an increase to 58% from 5 to 8 

min. Next, the gradient was increased to 66% from 8 to 11 min, then by 70% from 11 to 14 

min, and then to 75% from 14 to 18 min. Then, from 18 to 21 min, it was increased to 97% and 

was maintained at 97% from 21 to 25 min. Finally, solvent B was decreased to 32% in 0.1 min 

and maintained at 32% for another 4.9 min for column re-equilibration (Hu et al., 2008).   

Lipids were then analyzed using a Sciex TOF™ 6600 QqTOF mass spectrometer equipped 

with a Turbo V™ dual-ion source [electro-spray ionization (ESI) and atmospheric pressure 

chemical ionization (APCI)] and an automated calibrant delivery system (CDS) using 

Sequential Window Acquisition of All Theoretical Mass Spectra (SWATH-MS) in positive ion 

mode (Tsugawa et al., 2018). The parameters set were as follows: MS1 mass range: 100-1700 

m/z, SWATH scan range: 300-1700 m/z, MS/MS mass range: 100-1700 m/z, time of flight 

(TOF) MS accumulation time: 50.0 ms, TOF MS/MS accumulation time: 10 ms, collision 
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energy: +45 V, collision energy spread: 15V, precursor window: 15 Da and the cycle time: 

1042 ms. The following ESI parameters were used: source temperature: 250 ºC, curtain gas: 

35 psi, Gas 1: 25 psi, Gas 2: 25 psi, declustering potential: +80 V, Ion spray voltage floating: 

5500 V. The instrument was calibrated automatically with the CDS delivering APCI calibration 

solution every five samples. 

 

4.2.4. Data processing 

The raw data generated by the LC-MS sample run was first converted into an analysis base file 

(ABF) format using the Reifycs file converter and then processed through the open-source 

software MS-DIAL v4.12 (Tsugawa et al., 2015). The features obtained from the SWATH 

analyses were annotated using the software’s internal library. The following were the 

parameters used: MS1 tolerance = 0.01 Da, MS2 tolerance = 0.05 Da, retention time = 0-30 

min, MS1 mass range = 300-1700 Da, and minimum peak height = 1000 amplitude (mass slice 

width, 0.1 Da; sigma window value, 0.5; amplitude of MS/MS abundance cutoff, 0 and 

retention time tolerance, 24 min). The lipids were annotated using the following parameters 

MS1 accurate mass tolerance, 0.01 Da; MS2 accurate mass tolerance, 0.05 Da; identification 

score cut off, 80% and adduct ion settings, [M+H]+, [M+NH4]+, [M+Na]+, [M+CH3OH+H]+, 

[M+K]+, [M+ACN+H]+, [M+H∙H2O]+, [M+2H∙H2O]+, [M+2Na∙H]+, [M+IsoProp+H]+, 

[M+CAN+Na]+, [M+2K∙H]+, [M+DMSO]+. The peaks were aligned to a quality control 

sample using a retention time tolerance of 0.05 min and MS1 tolerance of 0.015 Da. The default 

values for SWATH-MS or conventional all-ions methods data processing were kept for all 

other parameters. Identification of lipids was performed using the MS-DIAL internal library 

database with MS1 accurate mass tolerance of 0.01 Da and MS2 accurate mass tolerance of 

0.05 Da (Tsugawa et al., 2015). 

 

4.2.5. Statistical analysis 

The output data generated from MS-DIAL consisting of peaks of identified lipids and 

unidentified features were pre-processed in Microsoft Excel and annotated by cross-

referencing against existing lipid databases, e.g., LIPID MAPS, and cleaning off artifacts. Only 

the lipids and features with a coefficient of variance (CV = SD(PBQCs)/mean(PBQCs)) below 

20% were included to ensure the reproducibility of the results (Yu et al., 2018). Next, the peaks 

of identified lipids and unidentified lipid features within the 20% CV were normalized to the 

fresh weight of each sample, and the file was formatted to the specification of the free web-
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based online software, Metaboanalyst 4.0 (www.metaboanalyst.ca/MetaboAnalyst). Before 

performing statistical analysis, data were screened on Metaboanalyst by filtering-out non-

informative variables; after which, features abundance was log-transformed, pareto scaled, and 

statistically analyzed. 

Statistical analyses of the processed data were performed by comparing the treatments 

against different time points and using different treatment combinations. 2D principal 

component analysis (PCA) and hierarchical cluster analysis paired with a heatmap were used 

to illustrate lipid abundances. Student’s t-test was used to determine the statistical significance 

of the difference in the lipid abundance between control and PsJN inoculated plants, under each 

temperature condition, and at each time point. When comparing the abundance of the features 

between different treatments or time points, only those with a fold change (FC) threshold of 

1.2 and with raw P-value < 0.05 were considered significantly different.   

 

 

4.3. Results 

4.3.1. Confirmation of bacterial colonization of the rhizoplane and root 

tissues 

Arabidopsis thaliana Col-0 roots were inoculated with P. phytofirmans PsJN and the 

rhizoplane and tissue colonization were confirmed using bacterial colonization assays as 

described (Figure S2a). On inoculated samples, bacterial growth was present as seen from the 

colonies on the agar plates after washing the roots (rhizoplane component) and then macerating 

the washed roots (endophytic component). The colony PCR and 16S rRNA genomic 

sequencing also confirmed the identity of the colonies as those belonging to the bacterial strain 

PsJN. Whilst bacterial colonies were observed on the PsJN-inoculated roots, no growth was 

present from the washed control roots, which confirmed the sterility of the agar system and the 

root tissue.  

 

4.3.2. Lipid profiling of control and PsJN-inoculated Arabidopsis roots 

under ambient and high temperature conditions and three time points 

The untargeted analysis of lipids from Arabidopsis roots inoculated with PsJN bacteria 

produced a total of 13886 features, and of those, 693 were annotated as lipids. The annotated 

lipid species (with their corresponding number of lipid species) belong to the lipid categories 

http://www.metaboanalyst.ca/MetaboAnalyst
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GP (243), GL (278),  SP (130), ST (24),  PR (3), and FA (22). GPs were divided into PC (63), 

PE (76), PG (19), PI (24), PS (22), CL (12), LPC (12), and LPE (10). GLs were comprised of 

DG (89), DGDG (21), MG (19), DGGA (14), MGDG (9), TG (120), and SQDG (4). SPs were 

comprised of Cer (102) and HexCer (28). PR was consisted of CoQ (3), while FAs were 

comprised of NAE (22). ST has 24 lipid species.  

 

 

Figure 4. 1  Total number of apparent lipids detected and annotated in Arabidopsis roots subjected to 

control and PsJN-inoculation and under ambient and high-temperature conditions.  

Cer – ceramides, CL – cardiolipin, CoQ – coenzyme Q, DG – diacylglycerols, DGDG – 

digalactosyldiacylglycerols, DGGA – diacylglyceryl glucuronides, HexCer – hexosylceramides, LPC 

– lysophosphatidylcholines, LPE – lysophosphatidylethanolamines, MG – monoacylglycerols, MGDG 

– monogalactosyldiacylglycerols, NAE – N-acylethanolamines, PC – glycerophosphocholines, PE – 

glycerophosphoethanolamines, PG – glycerophospoglycerols, PI – glycerophospoinositol, PS – 

glycerophosposerines, SQDG – sulfoquinovosyldiacylglycerols, ST – sterols, TG - triacylglycerols 

 

 

Out of the individual lipid species annotated belonging to each of the different classes (Figure 

4.1), 544 lipid annotations were found to be already documented in lipid-based resources such 

as the LIPID MAPS and the Arabidopsis Lipid Map eFP Browser 

(https://bar.utoronto.ca/efp_arabidopsis_lipid/cgi-bin/efpWeb.cgi) (Kehelpannala et al., 2021). 

The remaining features were annotated by cross-referencing the experimental m/z values with 

accurate masses of an existing list of lipids and by aligning their retention times to the identified 

https://bar.utoronto.ca/efp_arabidopsis_lipid/cgi-bin/efpWeb.cgi
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lipids. The rest of the features, labeled in various forms of unknown and unconventional names, 

were set aside and also subjected to statistical analysis to weigh their significance in explaining 

the treatment effects or lack thereof. The full list for both data were then filtered down by the 

calculation of the CV and the acceptance of values below 20% to ascertain the reproducibility 

of the result (Schillaci, Kehelpannala, et al., 2021).    

A data dimension reduction performed by principal component analysis (PCA) showed 

clear clustering between replicates from all treatments (Figure 4.2). The cluster of brown 

circles evidently separated from the rest on the right side of the quadrant represents the pooled 

biological quality control samples. This indicates good reproducibility and reliability in the 

detection by the methods; and therefore, data can be utilized for subsequent analysis, such as 

subjecting for further lipid identification procedures. 

 

Figure 4. 2  Principal component analysis (PCA) score plot of the annotated lipids detected from control 

and PsJN-inoculated roots subjected to ambient and high-temperature conditions. Treatments: ATC – 

ambient-control, ATP – ambient- PsJN-inoculated, HTC – high temperature- control, HTP – high-

temperature- PsJN -inoculated, pooled biological quality control (PBQC) samples. Numbers at the start 
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of each treatment name refers to measurements or harvest times at 7, 14, and 21 days after inoculation 

(DAI). Coloured ellipses around samples display 95% confidence areas. 

 

4.3.3. Comparison of annotated lipids and unknown features profile of 

Arabidopsis roots under four treatments and three timepoints  

Further PCA plots were generated for the comparison of all four treatments under each 

timepoint for both annotated lipids and unknown features. The PCA analysis of the annotated 

lipid species detected in Arabidopsis control and PsJN-inoculated roots across different time 

points showed a consistent separation based on temperature, and in some cases (i.e., at 7 and 

21 DAI), from the effect of bacterial inoculation, more prominently shown under high-

temperature conditions (Figure 4.3). The 1st and 2nd PCA accounted for 60.7%, 63.7%, and 

65% of the variation of the treatment at 7, 14, and 21 DAI, respectively. The PCA scatterplot 

for (Figure 4.3Aa) and (Figure 4.3Ac) showed clustering of treatments ambient–control 

(ATC) and ambient–PsJN-inoculated (ATP), and separation of treatments high temperature–

control (HTC) and high temperature–PsJN-inoculated (HTP).  

When compared with the unknown features, the same trend was also observed in the 

prominent separation between ambient and high temperature treatments. On all time points (7, 

14, and 21 DAI) (Figure 4.3Ba-c), however, the effect of bacterial inoculation was observed 

consistently under high temperature from the clear separation of groups HTC and HTP (Figure 

4.3). The 1st and 2nd PCA accounted for 54.7%, 62%, and 54% of the variation in the treatments 

at 7, 14, and 21 DAI, respectively. The same clear separation of ambient (ATC and ATP) and 

high temperature (HTC and HTP) treatments was observed, and on the latter, the separation of 

control and PsJN-inoculated treatments (HTC vs. HTP).  

On both annotated lipids and unknown feature profiles, the effect of bacterial inoculation 

under ambient conditions appeared inconclusive, i.e., the annotated lipids showed some 

separation between control and PsJN-inoculated roots only at 21 DAI (Figure 4.3Ac), whereas 

the unknown features showed this bacterial inoculation effect under ambient at 7 DAI (Figure 

4.3Ba).  
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(A) Annotated lipids (B) Unknown features 

(a)  

(b)  

(c)  
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Figure 4. 3  Principal component analysis (PCA) plots of the annotated lipids (A) and unknown features 

(B) detected from control and PsJN-inoculated roots subjected to ambient and high-temperature 

conditions. Legend: ATC – ambient-control, ATP – ambient- PsJN-inoculated, HTC – high 

temperature- control, HTP – high-temperature- PsJN -inoculated. Measurements were taken at (a) 7 

(top), (b) 14 (middle), and (c) 21 (bottom) days after inoculation (DAI). Coloured ellipses around 

samples display 95% confidence areas. 

 

 

The hierarchical clustering plots, coupled with the heatmap and dendrogram, comparing 

the four treatments – control and PsJN-inoculated plants under ambient and high-temperature 

conditions, also showed the separation and relative abundances of the four main lipid clusters 

on each time point (Figure 4.4). In annotated lipids, there were separations in the treatments 

under each of the three time points. At both 7 and 21 DAI, three distinct clusters were formed 

– ATC and ATP, HTC, and HTP (Figure 4.4Aa, Ac). At 14 DAI, the clustering was not very 

distinct, though there was an indication of the separation of ambient samples against high 

temperature treatments (Figure 4.4Ab). From the unknown features data, there was a 

separation of HTP distinctly from the other two treatment groups – HTC and the further 

clustered subclasses for ATC and ATP at 7 DAI (Figure 4.4Ba). At 14 DAI, there were two 

main separations, one for HTC (though with some samples from HTP), the cluster of ATC and 

ATP, and finally HTP (Figure 4.4Bb). At 21 DAI, there was not a clear separation, although 

HTC was disconnected from the aggregated clusters of ATC, ATP, and some HTC (Figure 

4.4Bc). 

A one-way analysis of variance (ANOVA) revealed the number of lipid species that were 

significantly different among the four treatments on both annotated lipids and unknown 

features (Figure 4.5). The number of significantly changed lipid species against nonsignificant 

(Sig/Unsig) ones from the annotated lipid data were 574/127, 513/188, and 506/195 for 7, 14, 

and 21 DAI, respectively (Figure 4.5Aa-c). For unknown features on the other hand, 

significant against nonsignificant lipid species from 7 to 21 DAI were 2552/835, 2505/882, and 

2033/1354, respectively (Figure 4.5Ba-c). Aside from the large difference in the number of 

significant features between annotated and unknown profile, one notable observation was the 

decrease in the ratio between significant and nonsignificant lipid species from 7 DAI to 21 

DAI.  That is, for annotated – from 4.52 to 2.72 down to 2.59; while for unknown – from 3.05 

to 2.84, and then down to 1.50 (Figure 4.5A, B).                                                                                                                               
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(c)  

(a)  

(b)  

(A) Annotated lipids (B) Unknown features 
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Figure 4. 4  Hierarchical clustering coupled with heatmap of the annotated lipids (A) and unknown 

features (B) detected from control and PsJN-inoculated roots subjected to ambient and high-temperature 

conditions. Legend on the upper right side: ATC – ambient-control, ATP – ambient- PsJN-inoculated, 

HTC – high temperature- control, HTP – high-temperature- PsJN -inoculated. Measurements were 

taken at (a) 7 (top), (b) 14 (middle), and (c) 21 (bottom) days after inoculation (DAI). Label at the 

bottom refers to the replicates; and for each replicate (column), blue and red colours signify the lower 

and higher abundance of specific lipids as compared to the other replicates, with darker colours 

indicating more pronounced differences. Dendrogram at the top indicates the main lipid clusters 

represented with branches of different colours. 

 

 

(A) Annotated lipids (B) Unknown features 

(a)  

(c)  

(b)  
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Figure 4. 5  Analysis of variance (ANOVA) of the annotated lipids and unknown features detected 

from control and PsJN-inoculated roots subjected to ambient and high-temperature conditions. Red dots 

– lipid species showing significant differences, green dots – lipid species showing no significant 

differences. (a), (b), and (c) represents the time points 7, 14, and 21 days after inoculation (DAI). 

 

Although the analysis on the unidentified features profile could not provide further 

information about specific lipids, they have presented insights on the potential contribution of 

the unknown features to the changes involved among the treatments throughout the plant 

development. Therefore, to look into the specific contribution of lipids involved in this study’s 

plant root-bacteria-temperature interactions, the annotated lipid profiles (Figure 4.3A) were 

further investigated and dissected.  

Looking at the loadings of the first two principal components of the four treatments at each 

time point, the specific lipids that have strongly influenced the PCA analysis were elucidated 

(Table 1 – 3). In Figure 4.3A-a, the highest and lowest loading values indicated the most 

important lipid species for assigning the principal component 1 (PC1). PC1 explained 31.2% 

of the variance among the lipid profiles of the four treatments. Examining the loading values 

indicated that the separation of the treatments is due to higher levels of specific species CL 

72:8|CL 36:3_36:5, Cer 42:3;3O|Cer 28:3;2O/14:0;O, Cer 43:3;3O|Cer 29:2;2O/14:1;O, TG 

51:5|TG 15:0_18:2_18:3, and MG 38:4 (highest five); and lower levels of CL 72:12|CL 

36:6_36:6, LPE 26:0, PE 42:4|PE 26:1_16:3, DG 42:0|DG 20:0_22:0, and HexCer 

42:3;3O|HexCer 18:2;2O/24:1;O (lowest five) (the rest of the loadings shown in Table 2).  

In Figure 4.3A-b, the PC1 explained 46.2% of the variance of the four treatments at 14 

DAI. Upon examination of the loading values, the specific lipid species that contributed the 

most to the separation are MG 38:4, Cer 46:4;3O|Cer 18:1;2O/28:3;O, Cer 46:4;3O|Cer 

18:1;2O/28:3;O, ST 28:2;O, and Cer 43:3;3O|Cer 29:2;2O/14:1;O as the highest five, while the 

lowest five was contributed by PI 45:12, CL 72:12|CL 36:6_36:6, PI 47:12, PE 42:4|PE 

26:1_16:3, and DG 36:6|DG 18:3_18:3 (the rest of the loadings shown in Table 3).   

In Figure 4.3A-c, the PC1 represented 43.7% of the variance of the compared treatments 

at 21 DAI. Here, the loadings indicated that the highest five levels of species contributing to 

the separation were from CL 72:8|CL 36:3_36:5, Cer 42:3;3O|Cer 28:3;2O/14:0;O, Cer 

43:3;3O|Cer 29:2;2O/14:1;O, TG 51:5|TG 15:0_18:2_18:3, and MG 38:4, while the lowest five 

levels were from CL 72:12|CL 36:6_36:6, LPE 26:0, PE 42:4|PE 26:1_16:3, DG 42:0|DG 

20:0_22:0, and HexCer 42:3;3O|HexCer 18:2;2O/24:1;O (the rest of the loadings shown in 

Table 4).   
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Table 4. 2  Loadings of the first two principal components of the four treatments (control roots 

under ambient, PsJN-inoculated roots at ambient, control roots at high temperature, and PsJN-

inoculated roots at high temperature) at 7 days after inoculation (DAI). 

 

 

 

 

 

Lipid species PC1   Lipid species PC2 
7 DAI         

Fifteen highest loading values          

CL 72:8|CL 36:3_36:5 0.095  TG 46:3|TG 14:0_14:0_18:3 0.097 
Cer 42:3;3O|Cer 28:3;2O/14:0;O (a) 0.087  TG 48:3|TG 14:0_16:0_18:3 0.097 
Cer 43:3;3O|Cer 29:2;2O/14:1;O 0.085  TG 47:3|TG 14:0_15:0_18:3 0.091 
TG 51:5|TG 15:0_18:2_18:3 (b) 0.084  TG 49:6|TG 14:0_17:3_18:3 0.091 
MG 38:4 (a) 0.082  TG 48:2|TG 14:0_16:0_18:2 (a) 0.090 
CL 72:9|CL 36:4_36:5 (a) 0.079  TG 46:2|TG 14:0_14:0_18:2 0.089 
PE 41:1|PE 16:0_25:1 0.078  TG 47:2|TG 14:0_15:0_18:2 0.087 
TG 58:4|TG 22:0_18:2_18:2 0.078  TG 47:1|TG 15:0_16:0_16:1 0.086 
Cer 44:3;3O|Cer 18:1;2O/26:2;O 0.078  TG 46:1|TG 14:0_16:0_16:1 0.083 
DGDG 35:2|DGDG 17:0_18:2 0.077  TG 50:6|TG 14:0_18:3_18:3 (b) 0.082 
DG 43:4|DG 25:1_18:3 0.077  TG 48:4|TG 14:0_16:1_18:3 0.082 
Cer 44:3;3O|Cer 22:3;2O/22:0;O 0.075  TG 49:3|TG 15:0_16:0_18:3 0.082 
PC 30:0|PC 15:0_15:0 0.074  TG 50:5|TG 14:0_18:2_18:3 (a) 0.082 
HexCer 40:0;4O|HexCer 
18:0;3O/22:0;(2OH) 0.073  TG 43:0|TG 14:0_14:0_15:0 0.081 
TG 59:4|TG 23:0_18:2_18:2 0.073  TG 54:3|TG 18:1_18:1_18:1 0.081 

Fifteen lowest loading values          

PC 34:6 -0.064   TG 52:6|TG 16:0_18:3_18:3 (c) -0.037 

PE 38:3|PE 20:0_18:3 -0.065  

Cer 33:1;4O|Cer 
17:1;3O/16:0;(2OH) -0.038 

PG 44:3 -0.065  PE 32:0|PE 16:0_16:0 -0.040 
CL 67:2|CL 33:1_34:1 -0.065  LPE 17:1 (a) -0.041 
PE 36:6|PE 18:3_18:3 -0.071  PC 32:0|PC 16:0_16:0 -0.055 
LPE 25:0 -0.071  LPE 19:1 -0.067 
PE 42:3|PE 24:0_18:3 -0.071  PG 38:2|PG 19:1_19:1 -0.075 
PI 35:6 -0.072  CL 67:3|CL 33:1_34:2 -0.077 
PE 43:3 -0.074  PE 35:1|PE 16:0_19:1 -0.077 
DG 36:6|DG 18:3_18:3 -0.074  PE 33:1|PE 16:0_17:1 -0.085 
HexCer 42:3;3O|HexCer 18:2;2O/24:1;O -0.075  PG 35:1|PG 16:0_19:1 -0.090 
DG 42:0|DG 20:0_22:0 -0.075  PE 32:4 -0.092 
PE 42:4|PE 26:1_16:3 -0.079  CL 67:2|CL 33:1_34:1 -0.093 
LPE 26:0 -0.080  CL 68:3|CL 33:1_35:2 -0.096 
CL 72:12|CL 36:6_36:6 -0.083   CL 65:1|CL 30:0_35:1 -0.105 
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Table 4. 3  Loadings of the first two principal components of the four treatments (control roots 

under ambient, PsJN-inoculated roots at ambient, control roots at high temperature, and PsJN-

inoculated roots at high temperature) at 14 days after inoculation (DAI). 

 

Lipid species PC1   Lipid species PC2 
14 DAI         

Fifteen highest loading values          

MG 38:4 (a) 0.074  CL 67:2|CL 33:1_34:1 0.147 
Cer 46:4;3O|Cer 18:1;2O/28:3;O 
(c) 0.065  CL 67:3|CL 33:1_34:2 0.146 
Cer 46:4;3O|Cer 
18:1;2O/28:3;O(b) 0.063  CL 65:1|CL 30:0_35:1 0.146 
ST 28:2;O (b) 0.060  PE 32:4 0.136 
Cer 43:3;3O|Cer 29:2;2O/14:1;O 0.059  PG 35:1|PG 16:0_19:1 0.132 
PE 41:1|PE 16:0_25:1 0.057  CL 68:3|CL 33:1_35:2 0.130 
Cer 44:3;3O|Cer 22:3;2O/22:0;O 0.055  PE 33:1|PE 16:0_17:1 0.129 
CL 72:8|CL 36:3_36:5 0.055  PE 35:1|PE 16:0_19:1 0.119 
Cer 42:3;3O|Cer 28:3;2O/14:0;O 
(a) 0.055  PG 38:2|PG 19:1_19:1 0.115 
TG 51:5|TG 15:0_18:2_18:3 (b) 0.052  LPE 19:1 0.105 
TG 56:2|TG 16:0_22:0_18:2 (a) 0.052  LPE 17:1 (a) 0.101 
TG 58:4|TG 22:0_18:2_18:2 0.052  PE 32:0|PE 16:0_16:0 0.099 
TG 59:4|TG 23:0_18:2_18:2 0.051  TG 54:7|TG 18:2_18:2_18:3 0.086 
CoQ8 0.050  PE 31:1|PE 14:0_17:1 0.084 
TG 60:4|TG 24:0_18:2_18:2 0.049  TG 54:6|TG 18:1_18:2_18:3 0.083 

Fifteen lowest loading values          

TG 54:9|TG 18:3_18:3_18:3 -0.072  TG 50:3|TG 16:0_16:0_18:3 -0.059 
TG 54:8|TG 18:2_18:3_18:3 (a) -0.072  TG 50:6|TG 14:0_18:3_18:3 (b) -0.060 
CoQ11 -0.072  TG 49:6|TG 14:0_17:3_18:3 -0.060 

PE 43:3 -0.074  
DGGA 36:6|DGGA 18:3_18:3 
(a) -0.062 

PC 35:6 -0.075  PE 45:2 -0.064 
CL 68:3|CL 33:1_35:2 -0.075  DG 42:0|DG 20:0_22:0 -0.064 
DGDG 36:8|DGDG 18:4_18:4 -0.076  PS 33:3 -0.064 
PE 42:3|PE 24:0_18:3 -0.077  TG 48:2|TG 14:0_16:0_18:2 (a) -0.064 
PC 36:6|PC 18:3_18:3 -0.077  PI 35:6 -0.069 
PE 48:8|PE 18:3_30:5 -0.078  PC 35:6 -0.071 
DG 36:6|DG 18:3_18:3 -0.079  TG 49:3|TG 15:0_16:0_18:3 -0.074 
PE 42:4|PE 26:1_16:3 -0.079  TG 46:3|TG 14:0_14:0_18:3 -0.077 
PI 47:12 -0.084  TG 48:5|TG 12:0_18:2_18:3 -0.080 
CL 72:12|CL 36:6_36:6 -0.088  TG 49:2|TG 15:0_16:0_18:2 -0.083 
PI 45:12 -0.090   TG 48:3|TG 14:0_16:0_18:3 -0.084 
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Table 4. 4  Loadings of the first two principal components of the four treatments (control roots 

under ambient, PsJN-inoculated roots at ambient, control roots at high temperature, and PsJN-

inoculated roots at high temperature) at 21 days after inoculation (DAI). 

 

Lipid species PC1   Lipid species PC2 
21 DAI         

Fifteen highest loading values          

CL 72:8|CL 36:3_36:5 0.095  CL 67:3|CL 33:1_34:2 0.172 
Cer 42:3;3O|Cer 28:3;2O/14:0;O (a) 0.087  CL 67:2|CL 33:1_34:1 0.171 
Cer 43:3;3O|Cer 29:2;2O/14:1;O 0.085  CL 65:1|CL 30:0_35:1 0.167 
TG 51:5|TG 15:0_18:2_18:3 (b) 0.084  CL 68:3|CL 33:1_35:2 0.163 
MG 38:4 (a) 0.082  PG 35:1|PG 16:0_19:1 0.160 
CL 72:9|CL 36:4_36:5 (a) 0.079  PE 32:4 0.152 
PE 41:1|PE 16:0_25:1 0.078  PE 33:1|PE 16:0_17:1 0.136 
TG 58:4|TG 22:0_18:2_18:2 0.078  LPE 19:1 0.128 
Cer 44:3;3O|Cer 18:1;2O/26:2;O 0.078  PG 38:2|PG 19:1_19:1 0.128 
DGDG 35:2|DGDG 17:0_18:2 0.077  PE 35:1|PE 16:0_19:1 0.119 
DG 43:4|DG 25:1_18:3 0.077  LPE 17:1 (a) 0.111 
Cer 44:3;3O|Cer 22:3;2O/22:0;O 0.075  MG 32:4 (a) 0.097 
PC 30:0|PC 15:0_15:0 0.074  PE 31:1|PE 14:0_17:1 0.092 
HexCer 40:0;4O|HexCer 
18:0;3O/22:0;(2OH) 0.073  CL 66:3|CL 32:1_34:2 0.089 
TG 59:4|TG 23:0_18:2_18:2 0.073  PE 32:0|PE 16:0_16:0 0.084 

Fifteen lowest loading values          

PC 34:6 -0.064   TG 49:4|TG 14:0_17:2_18:2 -0.087 
PE 38:3|PE 20:0_18:3 -0.065  TG 51:4|TG 15:0_18:2_18:2 -0.087 
PG 44:3 -0.065  TG 50:2|TG 16:0_16:0_18:2 (a) -0.089 
CL 67:2|CL 33:1_34:1 -0.065  TG 49:5|TG 14:0_17:2_18:3 -0.093 
PE 36:6|PE 18:3_18:3 -0.071  TG 49:6|TG 14:0_17:3_18:3 -0.094 
LPE 25:0 -0.071  TG 46:2|TG 14:0_14:0_18:2 -0.095 
PE 42:3|PE 24:0_18:3 -0.071  TG 47:2|TG 14:0_15:0_18:2 -0.098 
PI 35:6 -0.072  TG 50:3|TG 16:0_16:0_18:3 -0.100 
PE 43:3 -0.074  TG 50:6|TG 14:0_18:3_18:3 (b) -0.105 
DG 36:6|DG 18:3_18:3 -0.074  TG 47:3|TG 14:0_15:0_18:3 -0.107 
HexCer 42:3;3O|HexCer 18:2;2O/24:1;O -0.075  TG 46:3|TG 14:0_14:0_18:3 -0.108 
DG 42:0|DG 20:0_22:0 -0.075  TG 48:2|TG 14:0_16:0_18:2 (a) -0.112 
PE 42:4|PE 26:1_16:3 -0.079  TG 49:3|TG 15:0_16:0_18:3 -0.112 
LPE 26:0 -0.080  TG 49:2|TG 15:0_16:0_18:2 -0.118 
CL 72:12|CL 36:6_36:6 -0.083   TG 48:3|TG 14:0_16:0_18:3 -0.122 

 

 

 

 



 

179 
 

4.3.4. Comparison of lipid class profiles of control and PsJN-inoculated roots 

under each treatment and time point   

To further understand how the lipid profiles of control and PsJN-inoculated roots changes 

under each temperature treatment and over time, further univariate analysis was performed. 

Here, we divide the analysis per time point and from each time point, we determine the lipid 

changes due to the bacterial inoculation under ambient (graph A of Figure 4.6-4.8) and high 

temperature (graph B of Figure 4.6-4.8) conditions. Univariate analysis examines each 

variable separately and for this, a fold change comparison analysis was constructed. Fold 

change is used to compare and quantify the changes (as a ratio between two quantities), which 

in this case, are the increase or decrease of peak areas of lipids, between two compared 

variables (i.e., control and PsJN-inoculated roots). Described fold changes (with a threshold of 

1.2 for this study), was paired with the two-sample t-test using the statistical significance level 

p<0.05 and the Wilcoxon rank-sum tests, to determine whether the increase or decrease in the 

lipid levels were statistically significant. The fold changes were then log2 transformed and 

plotted in the x-axis against all the lipid classes. For this analysis, lipid class peak areas were 

calculated by averaging the sum of peak areas of lipid species in each sample.  

Figure 4.6 describes the various univariate analysis for comparing the lipid classes of 

control and PsJN-inoculated roots at 7 DAI. Under ambient condition, no clear separation of 

the two treatments were observed in the PCA score plot (Figure 4.6Aa). The PC1 value of 

60.4% and PC2 value of 13.9% explained the variance of the lipid profiles between the control 

and PsJN-inoculated roots. Although not clearly separated, the PCA analysis was partially 

assigned by the highest and lowest loading values of PC1 and PC2 (Figure 4.6Ab, Table 5). 

PC1 consisted of the higher levels of lipid classes CL, LPE, PC, PG, and PI; and the lower 

levels from the lipid classes DG, DGGA, HexCer, MG and TG. PC2 loadings also showed that 

higher levels of CL, CoQ, DG, PC, and PE; as well as the lower levels of CER, LPC, MG, 

NAE, and ST, contributed to the outcome of the PCA analysis (Table 5). Fold change analysis 

showed that, although not significant, the levels of CL, CoQ, LPE, PC, PE, PG, and SQDG 

were lower in control roots as opposed to PsJN-inoculated roots (Figure 4.6Ac). 

Under high temperature condition, PCA score plot analysis showed a separation of control 

and PsJN-inoculated root treatments and the variance was attributed mainly to the PC1 of 

75.7% (Figure 4.6Ba). Examination of the loading values of PC1 showed that the higher levels 

(CoQ, DG, DGGA, HexCer, and LPE) and lower levels (CL, MG, MGDG, PI, and TG) of lipid 

species contributed to this separation observed in the PCA plot (Figure 4.6Bb, Table 5).   
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Figure 4. 6  Principal component analysis (PCA) (a), PCA loading plot (b), and log2 fold change 

comparison (c) of the levels of lipid classes between control and PsJN-inoculated roots subjected under 

ambient (A) and high-temperature (B) conditions at 7 days after inoculation (DAI). Treatments: ATC 

– ambient-control, ATP – ambient- PsJN-inoculated, HTC – high temperature- control, HTP – high-

temperature- PsJN-inoculated. Coloured ellipses around samples display 95% confidence areas.  

Fold changes were calculated by averaging the sum of peak areas of a lipid class by the number of 

replicates (n=5) per treatment, and then log2 transformed. The direction of comparison is ATC/ATP. 

Bar colors: grey – non-significant change, decreased - light blue, dark blue – significantly decreased, 

light orange – increased, dark orange – significantly increased. Significant differences were determined 

by two-sample t-test (significance level p<0.05) and the Wilcoxon rank-sum tests. Lipid class 

abbreviation - refer to page 156. 

 

 

 

The fold change analysis shown in Figure 4.6Bc revealed that several lipid classes were 

significantly higher in control roots than PsJN-inoculated roots under high temperature. This 

consists of CER, CL, DGDG, LPC, MG, MGDG, NAE, PC, PE, PG, PI, PS, SQDG, ST, and 

TG. This suggests that bacterial inoculation, under the influence of increased temperature, 

decreased many of the lipid species in Arabidopsis roots at the early development stage of the 

roots. 

At 14 DAI (Figure 4.7), both PCA score plots of control and PsJN-inoculated roots under 

ambient and high temperatures did not show any separation (Figure 4.7Aa, 4.7Ba). Under 

ambient conditions, PC1 and PC2 accounted for 71.2% and 10.3% of variation in the treatments 

(Figure 4.7Aa). The PC1 loading values that contributed to the outcome of the PCA score plot 

were the higher levels of DGDG, LPC, LPE, SQDG, and ST; and the lower levels of CL, DG, 

PC, PE, and PG. On the other hand, PC2 higher values came from LPC, MGDG, NAE, PG, 

and PI; while lower values were from CL, CoQ, DG, LPE, and PE (Figure 4.7Ab, Table 5). 

based on the fold change comparison, the lipid levels of DG, MGDG, and PG were lower in 

control plants, though not statistically significant (Figure 4.7Ac).  
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Figure 4. 7  Principal component analysis (PCA) (a), PCA loading plot (b), and log2 fold change 

comparison (c) of the levels of lipid classes between control and PsJN-inoculated roots subjected under 

ambient (A) and high-temperature (B) conditions at 14 days after inoculation (DAI). Treatments: ATC 

– ambient-control, ATP – ambient- PsJN-inoculated, HTC – high temperature- control, HTP – high-

temperature- PsJN-inoculated. Coloured ellipses around samples display 95% confidence areas.  

Fold changes were calculated by averaging the sum of peak areas of a lipid class by the number of 

replicates (n=5) per treatment, and then log2 transformed. The direction of comparison is ATC/ATP. 

Bar colors: grey – unsignificant change, decreased - light blue, dark blue – significantly decreased, light 

orange – increased, dark orange – significantly increased. Significant differences were determined by 

two-sample t-test (significance level p<0.05) and the Wilcoxon rank-sum tests. Lipid class abbreviation 

- refer to page 156. 

 

 

Conditions under high temperature reveal no apparent separation of the two treatments, and 

that the PC1 (82.5%) and PC2 (16.9%) values accounted for the variances (Figure 4.7Ba). The 

loadings of PC1 showed that separation was caused by the higher levels of LPC, NAE, PG, PS, 

and ST; and the lower levels of CoQ, DGDG, DGGA, MG, and SQDG. PC2 loadings showed 

higher levels (CL, DG, LPE, PS, and TG) and lower levels (CER, CoQ, MG, MGDG, and PI) 

that account for this result (Figure 4.7Bb, Table 5). Fold change comparison showed that 

although many lipid classes under control treatment were lower, only those significantly 

decreased were from DG, LPC, LPE, NAE, PC, PE, PG, PS, ST, and TG (Figure 4.7Bc).  

Finally, at 21 DAI (Figure 4.8), a separation of control and PsJN-inoculated roots was only 

detected at high temperature (time x bacteria x temperature interaction, though no separation 

under ambient, Figure 4.8Aa), and this was accounted by the PC1 and PC2 variances of 48% 

and 22%, respectively (Figure 4.8Ba). The lipid classes from PC1 that have the highest levels 

were of CL, CoQ, DG, MGDG, and TG; while the lowest levels were from CER, DGGA, LPC, 

LPE, and NAE. Similarly, for PC2, the separation of the treatments was attributed to higher 

levels of CoQ, DGGA, LPE, NAE, and PG; while the lowest levels were from CL, DG, DGDG, 

MGDG, and TG (Figure 4.8Bb). Only the level of the lipid class TG was significantly 

increased in control roots at this point, although there were some which were decreased, but 

not significantly. 
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Figure 4. 8  Principal component analysis (PCA) (a), PCA loading plot (b), and log2 fold change 

comparison (c) of the levels of lipid classes between control and PsJN-inoculated roots subjected under 

ambient (A) and high-temperature (B) conditions at 21 days after inoculation (DAI). Treatments: ATC 

– ambient-control, ATP – ambient- PsJN-inoculated, HTC – high temperature- control, HTP – high-

temperature- PsJN-inoculated. Coloured ellipses around samples display 95% confidence areas.  

Fold changes were calculated by averaging the sum of peak areas of a lipid class by the number of 

replicates (n=5) per treatment, and then log2 transformed. The direction of comparison is ATC/ATP. 

Bar colors: grey – unsignificant change, decreased - light blue, dark blue – significantly decreased, light 

orange – increased, dark orange – significantly increased. Significant differences were determined by 

two-sample t-test (significance level p<0.05) and the Wilcoxon rank-sum tests. Lipid class abbreviation 

- refer to page 156. 

 

 

Table 6 summarizes all the significantly altered lipid classes (P<0.05) with a ≥1.2-fold 

change threshold between the control and PsJN-inoculated roots under ambient and high 

temperature conditions at all three timepoints. This gives the directionality of the changes in 

the lipid classes as identified by the increase or decrease in the log2 fold changes. When 

comparing the number of lipid classes affected, high temperature affected both control and 

PsJN-inoculated roots more, with control roots showing significantly higher number of 

increased levels of lipid classes at 7 DAI (15), and higher number of reduced lipid classes at 

14 (10) and 21 (6) DAI. Interestingly, under both temperature conditions, the number of 

affected lipid classes decreased through time. This may suggest that the plants advanced 

development stage could have made them already hardy against the effect of both bacteria and 

high temperature. Under ambient, a large number of GPs (PC, PE, PG, LPE, CL) and GLs were 

affected by bacterial inoculation at 7 DAI. As time progressed, the number of lipid classes from 

the same category affected were reduced, and at 21 DAI, only the Fatty acyl – NAEs were 

affected. At high temperature, except for PR lipids, all the lipid classes were significantly 

higher in control roots. At 14 DAI, however, all the affected lipid classes were already reduced, 

with only TG significantly increased.   
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Table 4. 5  Loadings of the first two principal components of control and PsJN-inoculated roots under two temperatures and three time points.    

Red texts indicate top five highest loading values, blue texts indicate top five lowest loading values. 

Lipid class 7 DAI 14 DAI 21 DAI 

Ambient High temperature Ambient High temperature Ambient High temperature 

PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 

CER 0.245 -0.234 -0.217 0.155 -0.226 0.100 0.222 -0.182 -0.252 -0.103 -0.284 -0.056 

CL 0.267 0.166 -0.370 -0.387 -0.250 -0.341 0.236 0.558 -0.494 -0.233 0.066 -0.403 

CoQ 0.205 0.484 -0.141 -0.519 -0.195 -0.261 0.150 -0.258 -0.261 -0.383 -0.013 0.054 

DG 0.168 0.207 -0.147 -0.230 -0.257 -0.198 0.211 0.259 -0.112 -0.157 -0.077 -0.383 

DGDG 0.195 -0.057 -0.243 0.155 -0.169 -0.062 0.148 -0.004 -0.264 0.139 -0.223 -0.221 

DGGA 0.164 -0.141 -0.093 0.296 -0.220 -0.123 0.178 -0.100 -0.032 0.186 -0.277 0.259 

HEXCER 0.163 0.072 -0.145 0.063 -0.224 0.089 0.216 -0.137 -0.177 -0.157 -0.250 -0.106 

LPC 0.224 -0.385 -0.224 0.286 -0.143 0.433 0.280 -0.039 -0.212 -0.142 -0.341 0.010 

LPE 0.268 0.131 -0.090 -0.057 -0.192 -0.360 0.246 0.318 -0.104 -0.123 -0.320 0.116 

MG 0.127 -0.391 -0.266 0.119 -0.193 -0.060 0.196 -0.323 -0.092 0.326 -0.203 0.032 

MGDG 0.231 -0.152 -0.262 -0.074 -0.227 0.471 0.220 -0.203 -0.263 0.196 -0.128 -0.239 

NAE 0.243 -0.224 -0.200 0.137 -0.217 0.162 0.284 -0.070 -0.008 -0.266 -0.327 0.034 

PC 0.245 0.208 -0.246 0.045 -0.233 -0.075 0.227 -0.095 -0.171 0.192 -0.254 -0.123 

PE 0.244 0.202 -0.186 -0.054 -0.268 -0.213 0.204 -0.102 -0.235 0.042 -0.186 -0.115 

PG 0.308 0.152 -0.201 0.116 -0.346 0.172 0.283 -0.051 -0.188 -0.067 -0.244 0.181 

PI 0.258 0.006 -0.279 -0.171 -0.217 0.169 0.214 -0.169 -0.197 0.419 -0.179 -0.117 

PS 0.240 -0.133 -0.204 0.191 -0.232 0.153 0.259 0.139 -0.199 -0.003 -0.145 -0.130 

SQDG 0.236 0.111 -0.223 0.138 -0.155 0.008 0.142 -0.035 -0.172 0.395 -0.182 -0.189 

ST 0.199 -0.286 -0.198 0.340 -0.192 0.152 0.266 -0.084 -0.149 0.242 -0.260 -0.063 

TG 0.149 0.039 -0.322 -0.218 -0.233 -0.121 0.212 0.403 -0.354 -0.024 0.157 -0.594 
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Table 4. 6  Number of changed (increased or decreased) lipid classes (with a P<0.05 and ≥1.2-

fold change) corresponding to the peak areas between control and PsJN-inoculated roots under 

two temperatures and three time points. Red and bold texts indicate significantly changed. 

 

 

 

4.3.5. Specific lipid species altered when control and PsJN-inoculated roots 

were subjected to different temperatures and at different time points    

Although the analysis of the lipid class profile provided insights on the 1) effect of bacterial 

inoculation under ambient and high temperature condition, 2) number of lipid classes affected 

by bacterial inoculation and temperature, 3) magnitude of alterations measured in fold changes 

and the 4) directionality of the changes, whether increasing or decreasing, specific lipid species 

may behave differently that may cause a drift in the result compared to when all the lipid 

species were combined into their associated class. As such, a volcano plot analysis was 

conducted on the individual lipid species. Volcano plots are used to compare the size of the 

fold change (threshold of 1.2 for this study) with the statistical significance level of P<0.05.  

Figure 4.9. illustrates the significantly altered lipid species between the control and PsJN-

inoculated roots under ambient and high temperatures and at three time points. Compared to 

the lipid classes, this information provided more details as to which specific species, and 

collectively the lipid classes they belong to, were influenced (increased or decreased by) by 

bacterial inoculation.  

Ambient High-temperature 

7 DAI
ATC vs. ATP Increase
ATC vs. ATP Decrease 7 CL, CoQ, LPE, PC, PE, PG, SQDG

HTC vs. HTP Increase 15  (15)

CER, CL, DGDG, LPC, MG, MGDG, NAE, PC, PE, 

PG, PI, PS, SQDG, ST, TG

HTC vs. HTP Decrease
14 DAI

ATC vs. ATP Increase
ATC vs. ATP Decrease 3 DG, MGDG, PG

HTC vs. HTP Increase

HTC vs. HTP Decrease 18 (10)

CER, CL, DG, DGGA, HEXCER, LPC, LPE, MG, 

MGDG, NAE, PC, PE, PG, PI, PS, SQDG, ST, TG

21 DAI
ATC vs. ATP Increase 2 PI, SQDG

ATC vs. ATP Decrease 1 NAE

HTC vs. HTP Increase 2 (1) CL,TG

HTC vs. HTP Decrease 6 CER, DGGA, LPC, LPE, NAE, PG

Number of lipid classes changed by 
≥1.2-fold at P<0.05

Treatment 
combination

Lipid classes increased or decreased
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Figure 4. 9  Volcano plots of significantly altered lipids in the comparison between control and PsJN-

inoculated roots under ambient (A) and high-temperature (B) conditions at 7 (a), 14 (b), and 21 (c) DAI. 

Fold change direction is ATP/ATC. Horizontal axis plots the fold change between two groups (on a 

log2 scale), while vertical axis shows the P<0.05 for a t-test differences between samples (on a negative 

log scale). Red dots represent significantly increased lipid species with an FC threshold of 1.2, while 

blue dots represent significantly decreased lipid species, based on the two-factor t-test P>0.05. 

(A) Ambient 

a 

b 

c 

(B) High-temperature 
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When comparing the effect of bacterial inoculation, it was observed that in all time points, 

high temperature has induced changes in more individual lipid species of PsJN-inoculated roots 

as compared to those under ambient condition (Figure 4.9, Table 7). The increase in the peak 

area levels was shown in the 14 lipid species at 7 DAI, 147 lipid species at 14 DAI, and 51 

lipid species at 21 DAI. On the other hand, decreases in the peak areas were observed in the 

338 lipid species at 7 DAI, 44 lipid species at 14 DAI, and 102 lipid species at 21 DAI. 

Although not as many compared to high temperature, there were also several lipid species that 

were altered by bacterial inoculation under ambient condition (Figure 4.9, Table 7). Increases 

in the peak area were observed in 30 lipid species at 7 DAI, 1 lipid species at 14 DAI, and 21 

lipid species at 21 DAI. On the other hand, decreases were observed in the 27 lipid species at 

7 DAI, 4 lipid species at 14 DAI, and 32 lipid species at 21 DAI.  

 Examination of the significantly changed individual lipid species revealed that the main 

lipid categories they belong to were GPs, GLs, and SPs, although SPs species were not detected 

under ambient condition at 14 DAI (Figure 4.9, Table 7). Further examination on the effect of 

bacterial inoculation has shown two very distinct pattern in the 1) highest number of changed 

lipid species and 2) highest fold change. Counting the number of lipid species that were 

increased, whether under ambient or high temperature and at any time point, has shown that 

PE always have the highest number. This is in the same way that TG consistently have the 

highest number of decreased species. Looking at the fold changes, it was also very evident that, 

in terms of increases, CLs mainly have the highest fold changes (about 6 to 8 folds) in almost 

all temperature conditions and time points (except at 14 DAI ambient when it was not detected). 

What was even more interesting was with the decreases, which consistently illustrated TG 

species with the highest fold changes (about 1.5 to 5 folds), across all time points and on both 

temperatures (data not shown).  
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Table 4. 7  Number of significantly changed (increased or decreased) lipid species (with a P<0.05 and ≥1.2-fold change) corresponding to the 

peak areas between control and PsJN-inoculated roots under two temperatures and three time points. Treatments:  ATC – ambient-control, ATP – 

ambient- PsJN-inoculated, HTC – high temperature- control, HTP – high temperature- PsJN-inoculated. 

 

Ambient High-temperature 

7 DAI

Increase 30
CER-1, CL-5, HEXCER-2, LPE-4, PC-1, PE-11, PG-3, PS-1, 
ST-2 PE-11 CL-7.3

Decrease 27 DG-4, PC-1, PE-1, PI-1, TG-20 TG-20 TG-1.9
Increase 14 CL-4, HEXCER-1, LPE-1, PC-1, PE-5, PG-2 PE-5 CL-6.3

Decrease 338

CER-63, CL-4, DG-55, DGDG-13, DGGA-3, HEXCER-6, LPC-
3, MG-8, MGDG-6, NAE-15, PC-24, PE-24, PG-6, PI-15, PS-
12, SQDG-3, ST-8, TG-70 TG-70, CER-63 TG-5.0

14 DAI
Increase 1 PG-1 PG-1 PG-2.7

Decrease 4 TG-4 TG-4 TG-1.5

Increase 147

CER-9, CL-5, DG-27, DGDG-3, DGGA-2, LPC-6, LPE-4, MG-
1, MGDG-1, NAE-6, PC-14, PE-25, PG-6, PI-5, PS-8, ST-6, 
TG-19 DG-27, PE-25 CL-7.2

Decrease 44 CER-2, DG-2, DGGA-1, PC-2, PE-7, ST-2, TG-27 TG-27 TG-2.8
21 DAI

Increase 21 CER-1, CL-5, LPE-1, NAE-1, PE-9, PG-3, ST-1 PE-9 CL-6.4
Decrease 32 DG-1, DGDG-3, DGGA-1, PC-7, PE-3, PI-1, TG-16 TG-16 TG-2.1

Increase 51

CER-3, CL-5, DG-3, DGDG-2, DGGA-2, HEXCER-2, LPC-1, 
LPE-3, MG-1, MGDG-1, PC-6, PE-12, PG-3, PI-1, SQDG-1, 
ST-3, TG-2. PE-12 CL-8.1

Decrease 110
CER-1, CL-1, DG-9, DGDG-4, DGGA-1, NAE-1, PC-6, PE-8, 
PG-1, PI-5, PS-3, ST-1, TG-69 TG-69 TG-5.3

Treatment 
combination

Total number of lipid species 
Lipid classes increased or decreased (and number of lipid 

species per class) 

Highest number 
of changed 

species

Highest 

Log2(Fold 

Change)

HTC vs. HTP

ATC vs. ATP

HTC vs. HTP

ATC vs. ATP

HTC vs. HTP

ATC vs. ATP
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4.3.6. Comparison of lipid profiles of ambient-grown and heat-stressed roots 

at different time points. 

To isolate the effect of high temperature on roots, a separate analysis was conducted by 

comparing the treatments ATC (ambient – control) and HTC (high temperature – control) 

across three time points. Figures 4.10 to 4.13 were generated to illustrate these effects. PCA 

score plot analysis (Figure 4.10) clearly showed a distinct separation between control (7-ATC, 

14-ATC, and 21 ATC) and heat-stressed roots (7-HTC, 14-HTC, and 21-HTC) indicating the 

consistent influence of temperature on the root lipid profiles through time. ANOVA result 

(Figure 4.11) revealed a large number of significantly affected lipids between ambient and 

heat-stressed roots through time.  Figure 4.12 showed two distinct main group clustering, 

supporting the separation previously shown by the PCA score plot. The volcano plot analysis 

(Figure 4.13) and the resulting summary of fold change analysis (Table 8) allowed for the 

synthesis of further information including the 1) total number of lipid species that were affected 

by high temperature, the 2) lipid classes and categories they belong to, as well as the 3) lipid 

class with the greatest number of altered species, and the 4) magnitude of the fold changes 

detected. Whether increasing or decreasing, high temperatures significantly affected different 

lipid species at different time points: increasing the peak intensities of 257, 103, and 174 lipid 

species; and decreasing the peak intensities of 93, 320, and 236 lipid species – both at 7, 14, 

and 21 DAI, respectively. A prominent trend was shown by the consistent number of highly 

increased lipid species of TG, and the somewhat opposite trend by DG (with the highest 

number of decreased lipid species), although only shown at 14 and 21 DAI.  
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Figure 4. 10   Principal component analysis (PCA) plots between ambient-grown and heat-stressed 

roots at three timepoints. Treatments: ATC – ambient-control and HTC – high temperature- control. 

Measurements were taken at 7, 14, and 21 days after inoculation (DAI). Coloured ellipses around 

samples display 95% confidence areas. 

 

Figure 4. 11  Analysis of variance (ANOVA) between ambient-grown and heat stressed roots at all 

three time points. Red dots – lipid species showing significant differences, green dots – lipid species 

showing no significant differences. 



 

193 
 

 

 

Figure 4. 12  Hierarchical clustering coupled with heatmap between ambient-grown and heat-stressed 

roots at three different timepoints. Treatments: ATC – ambient-control and HTC – high temperature- 

control. Measurements were taken at 7, 14, and 21 days after inoculation (DAI). Label at the bottom 

refers to the replicates; and for each replicate (column), blue and red colours signify the lower and 

higher abundance of specific lipids as compared to the other replicates, with darker colours indicating 

more pronounced differences. Dendrogram at the top indicates the main lipid clusters represented with 

branches of different colours. 
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Figure 4. 13  Volcano plots of significantly altered lipids in the comparison between ambient-grown 

and heat-stressed roots taken at 7 (a), 14 (b), and 21 (c) DAI. Fold change direction is HTC/ATC. 

Horizontal axis plots the fold change between two groups (on a log2 scale), while vertical axis shows 

the P<0.05 for a t-test differences between samples (on a negative log scale). Red dots represent 

significantly increased lipid species with an FC threshold of 1.2, while blue dots represent significantly 

decreased lipid species, based on the two-factor t-test P>0.05. 

a 

b 

c 



 

195 
 

Table 4. 8  Number of significantly changed (increased or decreased) lipid species (with a P<0.05 and ≥1.2-fold change) corresponding to the 

peak areas between ambient-grown and heat-stressed roots at three time points. Treatments:  ATC – ambient-control and HTC – high temperature- 

control.  

 

 

Ambient High-temperature 
7DAI

Increase
CER-40, CL-5, CoQ-1, DG-21, DGDG-15, DGGA-1, HEXCER-
10, LPC-2, LPE-1, MG-2, MGDG-4, NAE-1, PC-27, PE-28, 
PG-5, PI-5, PS-3, SQDG-3, ST-5, TG-78 TG-78 CL- 3.3

Decrease
CER-2, CL-1, CoQ-1, DG-12, DGDG-1, DGGA-3, HEXCER-
2, LPE-1, MG-2, NAE-1, PC-14, PE-23, PG-2, PI-6, PS-7, ST-
4, TG-11 PE-23 CL- 2.5

14 DAI

Increase
CER-28, CL-1, CoQ-2, DG-4. DGDG-5, HEXCER-4, MG-1, 
MGDG-2, PC-11, PE-4, PG-1, PI-2, PS- 1, SQDG-2, ST-3, TG-
32 TG-32 MG-3.4

Decrease
CER-38, CL-2, CoQ-1, DG-59, DGDG-5, DGGA-8, HEXCER-
6, LPC-7, LPE-5, MG-12, MGDG-2, NAE-18, PC-31, PE-37, 
PG-7, PI-14, PS-17, SQDG-1, ST-16, TG-34 DG-59 PI-3.8

21 DAI

Increase
CER-33, CL-3, DG-5, DGDG-8, HEXCER-6, MG-2. MGDG-2, 
PC-14, PE-16, PG-1, PI-5, PS-3, SQDG-2, ST-3, TG-71 TG-71 TG-4.1

Decrease
CER-30, CL-3, CoQ-1, DG-42, DGDG-4, DGGA-7, 
HEXCER_4, LPC-5, LPE-3, MG-7, MGDG- 1, NAE-15, PC-
26, PE-34, PG-6, PI-11, PS-13, ST-11, TG-13 DG-42 PI-4.0

257

93

ATC vs. HTC

103

320

Highest 

Log2(Fold 

Change)

Treatment 
combination

Total number of lipid species 
changed by ≥1.2-fold at P<0.05

Lipid classes increased or decreased (and number of lipid 
species per class) 

Highest number 
of changed 

species

ATC vs. HTC

174

236

ATC vs. HTC



 

196 
 

4.4. Discussion 

With scientific and technological advances in different fields comes the wide range of 

breakthrough studies on plants. Whether driven by the need to expand scientific information 

and fill knowledge gaps or the necessity to address current crop production and environmental 

sustainability issues, research on plants have been diverse and ranges from genetic and 

molecular to the whole plant level. However, whilst there are many investigations utilising 

DNA, RNA, and proteins, not many have looked into the intrinsic metabolic nature and 

biochemical interaction of plants with their surroundings. In this study we looked into the 

lipidomic profile of plants, particularly roots, which are not only essential parts for plant 

growth, but are also critical components of the underground ecosystem that are subjected to 

environmental stress such as high temperatures. To do so, a microcosm of plant-microbe niche 

was simulated to observe the development of the plants under biotic and abiotic influence and 

characterize the root lipidomic responses.  

Arabidopsis Col-0 roots were grown on modified agar plates and treated with either mock 

inoculant or PsJN bacterial inoculum and then both were subjected to either ambient 

(22℃/18℃) or high temperatures (30℃ /24℃) from germination until 21 days of growth. At 

three time points in their development (7, 14, and 21 days), roots were harvested and extracted 

for lipids, after which, the extracts were subjected to MS-based untargeted data acquisition. 

This study’s discovery-based analysis of the lipid compounds extracted from control and PsJN-

inoculated roots subjected to different temperatures and measured at different time points of 

their development provided several insights into the lipid profiles. Firstly, the annotated lipid 

species in the roots have shown dynamic changes in response to bacterial inoculation, elevated 

temperatures, and developmental stages. Although, the unknown features detected could not 

provide specific details, their huge number that mirrored the results of annotated lipids 

provided insights into how they would have potentially affected the lipid profiles of the treated 

roots. Secondly, high temperature strongly influenced the lipid profile of both control and 

PsJN-inoculated roots at all stages of development, showing different effects on different lipid 

species (variations in magnitude and directionality) at all time points. Thirdly, the effect of 

bacterial inoculation was clearly shown under high temperatures, with higher magnitude of 

changes observed in different lipid species at different time points. Finally, the levels of some 

specific lipid classes strongly increased or decreased as induced by bacterial inoculation and/or 

high temperatures. 
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4.4.1. High temperature altered several annotated lipid species and 

manifested similar dynamic changes in unknown features 

The effects of high temperature on plant lipids have been previously investigated. Many of 

these studies looked into either whole plant tissues, or that located aboveground, such as leaves 

(Narayanan et al., 2016), pollen (Narayanan et al., 2018), flowers/parts of (Zoong Lwe et al., 

2020), seeds (Chebrolu et al., 2016), and fruits (Wang & Lin, 2006). Other studies, like the one 

by Wang and Lin (2006), investigated the effect of high temperature on the leaves, flowers, 

and roots of strawberry. Furthermore, a recent study by Kehelpannala et al. (2021) provided a 

comprehensive profiling of lipids from different tissues of Arabidopsis Col-0 plants such as 

flowers, seeds, siliques, leaves, stems, and roots, although this did not include a heat stress 

treatment. In general, there are not many studies on plants roots, even more so on their 

metabolic and lipidomic profiles, particularly when paired with environmental factors. 

As shown in the PCA score plots (Figure 4.3) and hierarchical clustering with heatmaps 

(Figure 4.4), high temperature significantly affected the lipid profiles of both control and PsJN-

inoculated roots. Clear separation between ambient (ATC and ATP) and high temperature 

(HTC and HTP) treatments across three time points showed that the effect of constant high 

temperature from germination has consistent, perhaps even cumulative (as with long-term 

effects of high temperature on plants (Wahid et al., 2007)), effect on the modification of the 

lipid profiles. This effect was observed on both annotated lipids and unknown features. In 

addition, more information was extracted from the annotated data due to specific details such 

as the molecular name and number of lipid species, which made possible the comparison of the 

level and direction of changes induced by the treatments. Assessment of the lipid species that 

were involved in the heat stress analysis has shown the involvement of several lipid categories, 

mainly GPs, GLs, and SPs (Table 8). In particular, the consistent effect of high temperature on 

TG and DG has been highlighted in this experiment.  

Many lipid species have been implicated in plant responses to high temperatures, including, 

GP, which are main components of biological membranes, such as PC, PE, PG, PI, and PS (Liu 

et al., 2019). In the lipid study presented here, which was performed on roots, many of the GPs 

have been detected, which being either increased or decreased under high temperatures. Present 

in highest number were PE species, although PC, PI, and PS species were also detected in lower 

quantities (Figure 4.9, Table 7). This result also coincides with the root lipid profiles found 

by Kehelpannala et al. (2021) and the study conducted by Devaiah et al. (2006), except for PGs 

32 and 34:2 which were not detected in their studies.  
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Plants regulate their lipid metabolism as a response to high-temperature exposure. This 

highly involves the cell membranes, which influence the plant’s ability to survive and flourish 

through the maintenance of membrane fluidity and permeability. One typical metabolic 

response is the decrease in unsaturation of fatty acids in membrane lipids (Higashi et al., 2015; 

Murakami et al., 2000; Shiva et al., 2020). At high temperatures, it has been proposed that 

reduced desaturation of newly synthesized fatty acids and increased lipid head group turnover 

are likely to contribute to the maintenance of membrane fluidity (Shiva et al., 2020; Zheng et 

al., 2011). The reduction of the degree of unsaturation under high temperatures was observed 

in Arabidopsis plants grown at 36℃ having a double bond index (DBI) of 1.46 as opposed to 

the DBI of 2.39 of plants grown at 17℃, which illustrated a decrease of 39% (Falcone et al., 

2004). As part of this, the dominant component of thylakoid membranes, GLs (e.g., DGDG, 

MGDG) increased their trienoic fatty acids more than the other membrane phospholipids, 

making them major contributors to membrane unsaturation in leaves (Murakami et al., 2000). 

These lipids, which are components of photosynthetic systems (Hölzl & Dörmann, 2007), were 

also found in roots, although in lower numbers.  

Further changes to lipids under high temperatures include the increases in TG species, 

particularly those containing 18:3 (Mueller et al., 2017; Narayanan et al., 2016). According to 

Mueller et al. (2017), the accumulation of TG is partly dependent on the transfer of an acyl 

chain from PC to DG, which then forms into TG. Therefore, under high temperatures, the levels 

of PC, DG, and TG, including those of acylated MGDG and DGDG, are increased (Mueller et 

al., 2017). A study of changes occurring in membrane lipids of C. reinhardtii after exposure to 

brief heat stress followed by recovery (Légeret et al., 2016), has also shown the degradation of 

membrane lipids and the direct conversion of MGDG to DG, simultaneous with accumulation 

of the polyunsaturated TG (Hemme et al., 2014). This increase in TG was prominently 

observed in the current study. However, although there were observed increases in some DGs, 

most of the DG species were actually decreased, as with the result at 14 and 21 DAI (Table 8). 

It could be that although many of the observed lipid species have shown decreased intensities, 

the peak intensities of the few increased species may actually be higher when individually 

analysed, thus, it is recommended to perform further lipid identification to verify the associated 

specific DG species of interest. Moreover, most of the studies previously conducted were of 

aboveground plant parts and therefore, this response may be unique to roots.  

Another implicated lipid class under heat stress found in this study are sterol lipids. 

Increases in the levels of sterol glucosides (SG) and acyl sterol glucosides (aSG) occur when 

plants are under high-temperature stress (Mishra et al., 2015). Sterol glucosyltransferases 
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synthesize SGs and catalyses the formation of glycosidic bonds between glucose and a free 

hydroxyl group on a sterol molecule. In plants, a mixture of sterol lipids such as sitosterol, 

stigmasterol, and campesterol, are synthesized. Recent works on increased SG and aSGs found 

during high-temperature stress hint at a potential for improving heat stress response in plants 

(Mishra et al., 2015; Shiva et al., 2020). This may partly explain the better response of the 

Arabidopsis plants in the current study to the otherwise detrimental high temperature effects. 

Moreover, this makes this particular lipid category/class of interest for future targeted lipidomic 

studies involving plant tolerance or adaptation to high temperature stress. 

Aside from their functions as critical components of the plant plasma and endomembranes, 

the particular structure of sphingolipids makes them important contributors to the fluidity and 

biophysical order of the membranes (Huby et al., 2020). As these cell properties are subject to 

environmental fluctuations, sphingolipids also serve crucial functions in plant responses to 

temperature stress as signaling mediators. Several studies have previously reported the roles of 

sphingolipids in response to temperature stress. In particular, acclimation capacity was 

correlated with changes in the contents of MGDG, DGDG, TGs, and glycosylceramides 

(GlcCer) (Degenkolbe et al., 2012). However, most of these studies, e.g., on oat, rye, and 

Arabidopsis lipid profiles described acclimation responses to cold temperature, as with the 

decrease in GlcCer contents in the plasma membrane and unchanged property in microdomains 

(Minami et al., 2009; Takahashi et al., 2016). There have been no characterized functions for 

sphingolipids in tolerance of high temperature except for the high concentration of trienoic 

acids in the thylakoid membranes shown to be involved in both cold and high-temperature 

tolerance (Murakami et al., 2000; Routaboul et al., 2012). It was also shown that exogenous 

LCB-phosphate contributed to heat stress tolerance in Arabidopsis cell cultures (Alden et al., 

2011). In our study, we found Cer and HexCer species that either increased or decreased under 

high temperatures. These lipids, however, have been implicated in hypoxia and oxidative stress 

(Xie et al., 2015).  

It is noteworthy that many of the plant lipid studies are conducted simultaneously with 

drought in chickpea (Khan et al., 2019), cold in wheat (Cheong et al., 2019), salinity in barley 

(Gupta et al., 2019), nutrient stress in Brachypodium (Schillaci, Kehelpannala, et al., 2021), 

and other environmental stressors. Although considered a huge detrimental agricultural and 

environmental issue, with potential for further aggravated side effects due to climate change, 

high temperature or heat stress has received relatively lower attention. Moreover, lipid studies 

on temperature effects are mostly targeted at the leaves or photosynthetic parts. Only a few 
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lipid studies were conducted on roots, making the current study timely and a candidate for 

further exploration of interesting lipids that are subject to changes under high temperatures.      

 

4.4.2. Bacteria-induced changes to the lipid profile is prominent under high 

temperature 

PGPRs are beneficial soil microbes that colonize both the rhizosphere and develop close 

physical and biochemical interactions with plant roots (Lugtenberg & Kamilova, 2009). They 

are known to act as either biofertilizers, directly affecting plants by promoting growth and 

nutrient management, or as biocontrols, indirectly assisting plants by increasing resistance 

against pathogens. Some functions of PGPRs that have been documented include plant growth 

stimulation through production of phytohormones and siderophores (Hayat et al., 2010) and 

reinforcement of plant protection through production of antibiotic and hydrolytic enzymes 

(Niazi et al., 2014). These beneficial growth effects ultimately lead to increased biomass and 

yield. The effects of the plant and microbe interactions on the lipid profile have also been 

documented, although many of these were based on pathogenicity, and not many on beneficial 

soil microbes. Examples of studies that looked into lipid characterization of the interaction of 

plants and beneficial microbes are those from Gupta et al. (2019) and Schillaci, Kehelpannala, 

et al. (2021). 

This study, focused on the lipid profile of Arabidopsis roots and the modifications under 

the influence of the bacteria PSJN, particularly its effect on roots when subjected to high 

temperature stress. The comparison of the peak areas of individual lipid species between 

control and PsJN-inoculated roots under two temperature conditions revealed that, whilst the 

effect of bacterial inoculation was significant under high temperature (HTC vs. HTP), this 

effect of inoculation was not consistent under ambient (ATC vs. ATP), with a group separation 

only found at 21 DAI for annotated lipids and at 7 DAI for unknown features. This separation 

of the treatment groups was observed through the PCA score plots (Figure 4.3) and hierarchical 

clustering with heatmaps (Figure 4.4).  

Statistical analysis using ANOVA (Figure 4.5) has shown the number of lipid species that 

were significantly different among the four treatments, for both annotated and unknown 

features, and at different time points. This analysis also revealed that, aside from the large 

difference between annotated and unknown features, there was an observed decrease in the 

ratio between significant and non-significant lipid species from 7 to 21 DAI. Breaking down 

into pairs, the comparison of lipid classes revealed additional information such as the loadings 
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or specific lipid species responsible for the spread or clustering of the samples and the fold 

changes of significantly affected lipid species by the bacterization and temperature treatments. 

However, although we could quantify the changes in the levels of the lipid classes between 

control and PsJN-inoculated roots, there was no discernible trend. This could potentially be 

because the effect of both bacteria and heat are manifested on the species level within a lipid 

class. Therefore, pairwise analyses (volcano plots) of the treatments in the full annotated data 

were performed (Figure 4.9). This provided a more comprehensive result with distinct 

outcomes and trends on the lipid profiles as summarized in Table 7.   

Under ambient conditions, several root lipids were affected by the inoculation of PsJN. 

Whilst some lipid classes were up-regulated as shown from the increases in the peak areas of 

lipid species relative to the control plants, other lipid species were also down-regulated. 

Following the outcome from the PCA plot where, the observed separation between control and 

PsJN-inoculated roots were only seen at 21 DAI, thus, we will focus on this time point. 

Significant increase in the levels of Cer, CL, LPE, some membrane lipids (PE, PG), and ST 

were observed. On the other hand, decreases in the levels of GL species, as well as TG were 

also observed (Table 7). 

Sphingolipids, which are diverse lipids comprised of small molecules as well as large 

glycosylated lipids, are essential for membrane integrity and raft formation (Siebers et al., 

2016). Ceramides serve as substrate for the synthesis of two major sphingolipid classes in 

plants, glucosylceramides (GlcCer) and glycosylinositol phosphoceramides (GIPC), both of 

which are abundant components of the plasma membrane, tonoplast, and the ER membrane 

involved in raft formation. HexCer belongs to the simple GcCer series. As with other 

membrane lipids, the increase in these lipid compounds, also shown in this study, may indicate 

their involvement in the reorganization and maintenance of plasma membrane integrity during 

the interaction with beneficial microbe (Cassim et al., 2019). 

Lysophospholipids, which are small molecules that are minor components of plant 

membranes subject to tight regulation, were recently identified as signalling components 

mediating plant defense responses (Kimberlin et al., 2013; Luttgeharm et al., 2015). These lipid 

molecules interact with phospholipase Ds (PLDs) or phosphatidic acid (PA) in regulating 

enzyme activity, biosynthesis and signalling, particularly during plant defense response (Zhao, 

2015). PGPRs can stimulate the plant immune system, resulting in induced systemic resistance 

(ISR), which shares common signalling components (Pieterse et al., 2014). Both LPC and LPE, 

which are products of plant phospholipase A2 (PLA2), are involved in systemic responses, 
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including with wounding (Jang et al., 2012). Both of these explanations are plausible reasons 

for the detected increases in these molecules in the current study. 

Sterol lipids are synthesized via isoprenoid pathway in the cytosol of plant cells. The major 

sterols in plants (phytosterol) are stigmasterol, B-sitosterol, and campesterol, with cholesterol 

in low abundance (Wewer et al., 2011). It has been observed by Bhat et al. (2005), using sterol-

specific filipin staining, that sterol lipids aggregated at the tip of appressorial germ tubes and 

the septum of B. graminis after germination on barley leaves. This aggregation indicated the 

enhanced production and also formation of lipid rafts in the plasma membrane by the sterol 

lipids. Although not in huge quantity, there has been some increases observed from ST species 

under bacterial inoculation in this study.   

The noticeable increase of other compounds in inoculated roots can potentially be attributed 

to the contribution of the bacteria such as PSJN, the membrane lipids of which are generally 

consist of GPs, PG, CL, and PE (López-Lara et al., 2003). In addition, a subset of bacteria can 

also possess the methylated derivatives of PE, monomethylphosphatidylethanolamine,     

dimethylphosphatidylethanolamine,  and  phosphatidylcholine  PC (López-Lara et al., 2003). 

The large increases in these lipid species found in PsJN-inoculated roots under ambient, only 

shows the significant contribution of the bacterial lipids in the overall lipid profile detected 

through untargeted analysis. This can potentially account for why the effect of inoculation with 

PsJN was only significant at 21 days (PCA result in Figure 4.3), since phenotypic response of 

bacterized plants in a closed-plate system mainly manifested bacteria-imparted root grown 

promotion at later stages.    

Aside from their plant growth-promoting roles, PGPRs are also known to assist and impart 

tolerance against abiotic environmental stressors such as high temperature (heat stress). A 

range of studies have documented the various mechanisms that PGPRs employ leading to plant 

heat stress tolerance and improved plant performance. Some of these mechanisms include the 

production of phytohormones and plant growth regulators (Choudhary et al., 2016; Khan et al., 

2020), induction of heat shock proteins (McLellan et al., 2007), mediation of ROS (Abd El-

Daim et al., 2014; Maitra et al., 2021), moderation of protective molecules (Basu et al., 2021; 

Bista et al., 2018), and regulation of nutrient and water uptake (Bista et al., 2018). However, 

only a few studies investigated the plant 1) lipid response to microbial inoculation, 2) 

particularly in tandem with high temperature (as opposed to studies on salinity, drought, and 

cold stresses), and specifically 3) in roots, which are considered more sensitive to temperature 

than the shoots (Heckathorn et al., 2013), but are less studied due to their hidden nature.  
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The effects of bacterial inoculation under high temperatures were evident and consistent 

throughout the plant development, from 7 to 21 DAI (see PCA on Figure 4.3). Here we have 

observed almost similar trends in the increases of the same lipid species affected with bacterial 

inoculation, but with more classes detected and higher number of lipid species per class (Table 

8). Lipids from almost all lipid classes were changed, even showing increases and decreases of 

lipid species within the same lipid class – which can potentially be resolved by further lipid 

identification, through MS/MS spectra analysis and targeting lipids of interests in future 

experiments. Lipids that were upregulated by bacteria PsJN at ambient seemed to be even more 

increased under high temperatures as observed during 14 and 21 DAI, while those 

downregulated were also further decreased.  

Lipid classes that were increased and could have potentially been useful in imparting heat 

tolerance to plants were the membrane lipids PC, PE, PG, and PI – maintaining the organization 

and integrity of the membrane as an intrinsic plant response to high temperature stress, which 

could have also been enhanced by the PsJN bacteria. Other lipids involved include sphingolipid 

species as with Cer and HexCer, which have specific responses to high temperature that may 

have been enhanced by the bacteria. Sterol esters which are normally of low abundance have 

increased their contents due to both abiotic and biotic stimuli (Wewer et al., 2011). One new 

lipid class affected by both bacteria and high temperature was NAE, which are also small 

signalling molecules, as are lysophospholipids and sphingolipids (Jang et al., 2012). They are 

fatty acid amides derived from the hydrolysis of the membrane component N-

acylphosphatidylethanolamine by PLD, which have been shown to be elicitor-activated during 

plant defense (Tripathy et al., 2003). Based on the analysis of fold changes, specific lipid 

classes showed prominent increasing or decreasing response to bacterial inoculation and high 

temperatures.   

 

4.4.3. Specific lipid species with specific behaviour and fold change 

comparison of control and inoculated roots. 

A very evident result (shown in Table 8) was the highest number of changed lipid species as 

well as the highest log2 fold change values. We can see that, except for 14 DAI under ambient, 

PE consistently have the highest number of species with increased peak intensities, under 

ambient and high temperature conditions. This can very well be due to the contribution of the 

bacterial membranes which, as in the case of Escherichia coli, is majorly composed of 

phospholipids such as PG, PE, and CL (Gill & Suisted, 1978; Shukla & Turner, 1980). In the 
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same manner, although only a few of its species were affected, CL showed the highest fold 

change increase consistently throughout (except at 14 DAI ambient) the plant root 

development. CLs are key phospholipids in mitochondrial membranes, which plays significant 

roles in the maintenance of its functional integrity and dynamics of the mitochondria. CLs have 

also been known to play roles in plant responses to heat and extended darkness stresses that 

induce programmed cell death (Pan et al., 2014). This adds to the fact that this lipid class is an 

abundant component of bacterial membranes, which could have been the reason why CL 

showed the highest fold change increase, even at high temperatures.  

One surprising result was with the bacterial inoculation effect on TG, which showed 

considerable decreases under both ambient and high temperature conditions. This outcome is 

not yet supported in any literature and was in fact the opposite expected effect due to the plant’s 

mechanistic response of producing more TG under heat stress, and the bacteria’s affinity for 

generating and storing more lipids in the form of TGs as endogenous carbon and energy sources 

(Kalscheuer et al., 2007). However, it is to be noted that this experiment was conducted only 

on roots and said observations of increased TGs under high temperature and were based on 

above-ground lipid studies. This further supports the novelty of the study and the potential for 

the elucidation of not only new lipids species, but also of more tissue-specific lipid functions, 

particularly under the influence of beneficial microbes and high temperature stress.   

 

It is also highly possible that the annotation and identification of lipids from the unknown 

features may either shift the result of the current study or further strengthen its outcome. This 

is because some affected lipids might be hidden among the features that were not yet identified 

by the currently available lipid libraries and databases. As observed in the initial analysis 

comparing all the treatments between annotated lipids and unknown features, aside from the 

latter having considerably higher number of features (Figure 4.5), this also magnified the trend 

and differences found from the annotated lipid data, such as the consistent effect of bacterial 

inoculation under high temperature, and to some extent, the bacterial effect under ambient 

temperature (Figure 4.3 and 4.4). Whilst not all of these features may be real lipids and are 

instead lipid fragments, contaminants, noise, or artifacts, a number of them could very well be 

novel lipid species not yet documented in any available libraries. Comprehensive libraries and 

databases are not yet final (Gika, 2018) but are instead open to further addition of newly 

discovered lipids. Together with further lipid annotation using the MS/MS spectra, these 

improved and updated libraries can be used to newly annotate the unknown features found in 
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this study. This will hopefully characterize further lipid species influenced by P. phytofirmans 

PsJN in Arabidopsis roots under high temperature perturbation.  

 

 

4.5. Conclusion 

The utilization of an untargeted lipid approach enabled the profiling of existing and annotation 

of yet-to-be-identified lipids in Arabidopsis roots in interaction with varying temperatures and 

plant developmental stages. With the annotated lipid data, high temperature was shown to 

influence the magnitude and directionality of change in the peak intensities (areas), as well as 

the number of various lipid species. Exposure to constant high temperature has also seen 

modifications in the glycerophospholipids, glycerolipids, and sphingolipid species (essential 

membrane lipids), with quantified changes in the levels of lipid species or class. The effect of 

bacterial inoculation is also more prominent under high temperatures, as shown in the increases 

in the levels and number of lipid species affected by temperature, indicating their potential for 

manipulation for further heat tolerance studies.  

Although the untargeted approach utilised in this study has generated some insights on the 

potential behaviour and changes in the plant root lipid profile when subjected to bacteria and 

high temperature, much could still be investigated following lipid identification. It is 

recommended that further annotation be conducted using MS/MS spectra analysis to fully 

characterize and determine the novelty of the lipid species upon identification. Succeeding 

studies could also use more biological replicates to increase the accuracy of the results.  

Because of their immense structural diversity, the use of discovery-based lipidomics as a 

single analytical approach for profiling and quantifying lipids is challenging. What makes it 

even more complicated is that lipids have a large concentration range, with the occurrence of 

many isomeric and isobaric species that introduce uncertainty in their detection and 

identification. Therefore, to confirm the detection and identity of lipids, targeted experiments 

must be conducted, following untargeted lipid analysis. 

It should, however, be emphasized that in plants, interpretation of data on the effects of 

high temperature on lipids may be difficult due to the variations in the experimental plant 

material (i.e., different species and different tissue types) under analysis, the different methods 

employed by different laboratories for the preparation of the plant tissues, as well as whether 

the reported results are about total lipids (untargeted approach) or particular lipid species 

(targeted approach). In any case, understanding the relationship between temperature and plant 
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root-microbe lipid responses can be beneficial in the cultivation of agricultural crops and 

protection against environmental damages.  
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CHAPTER 5  

 

General discussion and conclusion 
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5.1. Introduction 

Climate change, which is mainly driven by the rise of atmospheric CO2, is characterized by 

elevated global temperatures that are adversely affecting plant health, growth, and productivity. 

This scenario is accompanied by longer and more intense heat waves, which are weakening the 

plant’s natural defense systems against environmental challenges. Aside from directly 

impacting the plant's physiological functions and development throughout their ontogeny, 

climate change also affects other factors external to plants like availability of nutrients and 

water, and influencing the rhizomicrobiome, which in return influence the plant's well-being 

(Barnes & Tringe, 2022; Bassirirad, 2000). Amidst their global impact, elevated temperatures 

only receiving partial interest when compared with other environmental stressors such as 

drought and salinity.  

Temperature is an essential factor in plant growth (Hatfield et al., 2011), however, exposure 

to supra-optimal temperatures beyond the growth range for plants can cause severe damage 

(Wahid et al., 2007). The effect of high temperatures can be manifested outwardly through root 

and shoot morphological modifications such as changes in leaf orientation, sunburns and 

discolorations, and leaf curling (Vollenweider & Günthardt-Goerg, 2005), as well as changes 

in the root structure (Calleja-Cabrera et al., 2020). Beyond what’s perceivable from their 

physical exterior, high temperatures also elicit other responses involving changes in the plant’s 

anatomy, phenology, physiological processes, and biochemical and molecular components 

(Hasanuzzaman et al., 2013; Wahid et al., 2012). As sessile organisms that are incapable of 

moving away from environmental challenges such as heat stress, plants have developed 

specific mechanisms to protect themselves. Plants employ adaptation mechanisms that can 

either be through short-term acclimation (e.g. adjustments of gas exchange parameters (Végh 

et al., 2018)) and avoidance (e.g. early maturation of crops (Prasad et al., 2006) or long-term 

induction of heat tolerance through mechanisms such as induction of osmoprotectants, 

antioxidant defenses, signaling cascades and transcriptional controls (Rodríguez et al., 2005). 

Another mechanism proposed to be utilized by plants against heat stress though studies are still 

in their infancy, are cell membrane reorganization and changes in the lipid levels (Cassim et 

al., 2019; Török et al., 2014).  

Several strategies have been employed to address the challenges of high-temperature stress, 

either through field crop application or individual plant studies. These strategies include crop 

and resource management such as the utilization of the planting and harvest calendar, use of 

crop rotation, and variation in cropping schemes (Raza, Razzaq, et al., 2019). Other strategies 
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involve conventional breeding techniques, such as plant breeding (Blum, 2018) and genetic 

engineering and biotechnology, such as genome-wide association studies (GWAS) (Manolio, 

2010), genome selection (GS) (Kumar et al., 2018), and omics-led breeding and marker-

assisted selection (MAS) (Stinchcombe & Hoekstra, 2008). However, the still wide knowledge 

gap on the complex mechanisms behind heat stress tolerance in plants and the difficulties in 

targeting specific alleles and genetically modifying them, pose challenges to creating climate-

resilient and high-yielding genotypes (Bhatnagar-Mathur et al., 2008). Even more so, the fact 

that most transgenic plant experiments are conducted within controlled environments and are 

rarely executed in the fields, hinders the potential breakthroughs in molecular and breeding 

techniques for bringing promising results to farmers, not to mention that these techniques can 

be laborious, time-, and resource-intensive (Etesami et al., 2015). Therefore, there is a need for 

less invasive and more sustainable strategies that can bring desired results with a quick 

turnover, thus, the proposal for the use of natural, plant-inhabiting beneficial microbes, 

specifically the plant growth-promoting ones.  

Plant roots, which perform essential functions such as anchorage, water uptake, nutrient 

absorption, and storage of essential compounds (Smith, 2007), thrive in the abundance of and 

in complex interactions with their surrounding ecosystem. Plant roots are very responsive to 

environmental perturbations, such as high temperatures (Mc Michael & Burke, 2002), even 

more so than plant shoots, which are normally affected first by environmental fluctuations 

(Calleja-Cabrera et al., 2020). An important feature of the root, to cope with heterogeneously 

distributed nutrients in the soil, is its architecture. Dynamic root system architecture (RSA), 

which is also described as the topological and geometric measure of the root shape, is 

characterized by the spatial configuration of the root parts or the explicit deployment of root 

axes (Bucksch et al., 2017). The RSA is dynamic and responds to a wide range of stimuli, 

including the microbial colonization of the root tissues and increasing air/soil temperatures, 

making it a good target for trait-based breeding of resilient and high-producing crops (Tracy et 

al., 2020). However, although many studies involved measurements of root characteristics, 

only a few have conducted root-focused studies with an in-depth characterization of root 

morphological responses under different external stimuli.   

For a long time, this plant organ has received little attention due to its hidden nature and 

the challenges of sampling and preparing, phenotyping or imaging, and its characterization, 

depending on the nature of the research. Root traits, such as root depth and width, root angle, 

fine root diameter, specific root area and length, root numbers, and root length density are some 

of the considered useful traits for improving plant productivity under heat stress conditions. It 
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is important to study plants and their interactions with the environment, and root phenotyping 

provides a huge advantage in this area. Due to advancements in technologies, many tools and 

platforms have been developed for root phenotyping, gaining more interest in root studies.  

According to Wasaya et al. (2018), phenotyping the roots is one of the heat stress management 

tools due to the roots' vulnerability to elevated soil temperatures, their essential roles in plant 

nutrient and water uptake, and their part in carrying out several metabolic and molecular 

functions for the plants. Different 2-D and 3-D techniques are now available, and among all of 

these, each has advantages and drawbacks. It is imperative to assess the objectives, 

experimental design, types of biological samples, the type of cultivation system, and the desired 

parametric traits to choose the appropriate phenotyping and imaging technology.  

Finally, to understand plant responses to biotic and abiotic environments, observed physical 

and morphological responses must be linked with other omics-based studies to elucidate the 

mechanisms underlying such responses. Based on the accepted central dogma of biology, the 

focus of scientific research for a long time has been on DNA, RNA, and proteins (Stephenson 

et al., 2017). Recently, the study and characterization of metabolites have gained traction, 

mainly attributed to the progress in mass spectrometry technology. However, as primary 

metabolites with diverse functions in plant cells and the maintenance of cellular homeostasis, 

studies on lipids have been relatively fewer (Shevchenko & Simons, 2010). Lipids, which are 

a group of highly diverse and multi-function compounds, play essential roles, such as in the 

maintenance of structural integrity of the plasma and endomembranes (Quinn et al., 1989), as 

efficient energy and carbon storage (Welte & Gould, 2017), as mediators in cell signaling 

pathways (Wang, 2004), and as regulators of plant responses to soil microorganisms and 

environmental stressors (Okazaki & Saito, 2014).  The roles of lipids in plant’s various forms 

of interactions with microbes have been documented, ranging from being the chemical 

language that drives the rhizosphere interactions (Venturi & Keel, 2016), to being the elicitors 

and effectors of plant immune defenses during microbial adhesion and colonization of the root 

tissues (Siebers et al., 2016), to modulating the alterations in its structure and components upon 

the establishment of symbiosis (whether that be pathogenic or mutualistic) and in response to 

environmental conditions. The structural diversity of lipids made them so abundant in nature 

that, even with several thousand already identified species with their associated functions, there 

are still many more to be discovered, with functions yet to be elucidated in different biological 

systems under variable conditions. How plant root lipids behave during plant root–beneficial 

bacteria interactions under high temperatures is a relatively new frontier, especially when done 

in tandem with root phenotypic characterization, as was attempted in this study.     
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5.2. Relevance of the study  

This study aspires to fill some of the gaps mentioned in the earlier part of the introduction. 

First, the use of high temperature as the environmental stressor for this study makes this one of 

the relatively few that investigate this abiotic factor in conjunction with other less studied areas 

in plant biology. Temperature affects all organisms, from microbes to plants, whether 

underground or aboveground and depending on the plant’s ontogeny. It is therefore timely and 

essential to understand how increasing temperatures can impact the biotic interactions between 

plants and bacteria and their interconnectivity as components of the ecosystem. Second, as with 

the need for sustainable approaches to addressing high-temperature stress, this study made use 

of a PGPR, which has been shown to impart not only growth-promoting benefits but also heat 

tolerance capability to plants. Although there are already multitudes of studies on beneficial 

microbes spanning different omics fields, this current study investigated two uncommon 

parameters affected by bacterial application in plant roots, i.e., the morphological changes in 

the root system architecture and the lipidomic profile of the roots. Plant morphological 

responses to increased temperatures are very dynamic and can elicit prominent responses from 

roots. For example, Calleja-Cabrera et al. (2020) provided a review of the morphological 

changes in the RSA under a climate change scenario. The morphological responses of the RSA 

against combined bacterial application and high temperatures have also been recently dissected 

in an in-depth root phenotyping study by Macabuhay, Arsova, Watt, et al. (2022). Third, the 

root morphological characterization portion of this study introduced a new non-invasive high-

throughput phenotyping platform, which attempted to address the pitfalls of existing 

phenotyping platforms, although still conducted in a 2D agar-plate system that still needs 

further validation of results in soil/field experiments. Finally, the characterization and profiling 

of plant lipids, particularly of the roots, when subjected to both bacterization and high 

temperatures, is relatively new and with only a few studies in precedence. It is rare to see a 

combination of root morphology with lipidomic phenomics studies, which can reveal not only 

novel lipids and functions but also the complex nature of the tripartite interaction between plant 

roots x beneficial bacteria x high temperatures, to elucidate how plants can tolerate high-

temperature stress with the help of bacteria.   

 

5.3. Thesis outline and main insights 

The first sections (sections 1.1 – 1.4) of Chapter 1 of this study attempted to enlighten the 

topic of climate change, which is a global environmental issue that threatens the agricultural 
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sector, in particular, the global crop production. This section describes the drivers as well as 

the implications of the changes in climate, mainly characterized by elevated global atmospheric 

temperatures, to crop production and plants in general. Described here as well are the plant and 

microbe-specific responses to high temperatures, the various mechanisms they employ to adapt 

in times of environmental stress, as well as the different strategies already utilized to address 

the problem of heat stress or heat waves in the field, including the use of soil microbe 

inoculants. Next, this section shed light on the nature of the hidden underground interactions 

between plant roots and the rhizomicrobiome. This provided a justification for harnessing the 

soil microbes, especially the plant growth-promoting microbes, not just in imparting growth 

benefits to plants under normal conditions, but more importantly, in imparting tolerance to 

high-temperature stress. The second section (sections 1.5 – 1.5.6) of this chapter, which has 

been published as a compressed review in Trends in Plants Science with the title “Modulators 

or facilitators? Roles of lipids in plant root-microbe interactions” (Macabuhay, Arsova, Watt, 

et al., 2022) described the biochemical nature of the plant root-microbe interactions. This 

mentioned the intrinsic roles of lipids in the plasma membrane as the interface for interaction, 

and the diverse lipid roles in the various stages of the rhizosphere interactions: from 

rhizodeposition, to signal perception and responses, and the establishment of either mutualistic 

or pathogenic interactions. The remaining sections depicted the advances in mass spectrometry 

for lipid visualization and characterization, as well as the steps in the lipidomics workflow. The 

significance and objectives of the study, including the biological samples used, were then 

explained. Finally, a synopsis of each thesis chapter was provided at the end of this chapter.  

 

Chapter 2 explained the development of the methods employed in growing the Arabidopsis 

plants and the bacteria P. phytofirmans PsJN individually as well as their co-cultivation, in an 

atypical methods format. This also described the optimization of the two contrasting plant 

cultivation systems depending on the availability of the imaging and phenotyping platform in 

the current research groups involved in the joint PhD program, at the University of Melbourne 

or the Forschungszentrum Juelich in Germany. The two systems utilized in this study were the 

“closed-plate” or closed-agar plate system, where both the shoots and the roots are grown inside 

the plate and are illuminated throughout the plant growth, and the “open-top” system, which, 

as the name implies has an open top portion of the plate that allows for the unobstructed growth 

of the shoots in open air and light, while maintaining the roots in the dark environment.  

This chapter addressed the first objective of the research which was to develop an optimized 

system for the co-cultivation of plants and microbes that is conducive to periodic imaging and 
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non-invasive plant phenotyping. Described here was the rationale behind the experimental 

design and the different considerations for selecting the appropriate type of growth system 

(after the selection of biological samples from the previous chapter). In concurrence with the 

location where the experiments were conducted, this chapter was divided into three sections: 

1) Establishment of protocols for optimized plant and bacterial growth and co-cultivation using 

the traditional “closed-plate” system at the University of Melbourne, 2) Optimization methods 

for the “open-top” system using the phenotyping platform GrowScreen-Agar II at the 

Forschungszentrum Juelich (FZJ), and 3) Optimization methods to replicate the “open-top” 

system at the FZJ but using conventional agar-plate approaches. It is to be noted that the third 

optimization at UoM only happened due to the COVID-19 virus pandemic leading to the urgent 

return to Australia with unfinished final experiments at the FZJ.  

 

Chapter 3 focused on the experiments conducted at the FZJ which also addressed the second 

objective of the study, i.e., to characterize and quantify the dynamics of microbe-imparted 

growth promotion in plants under ambient and high-temperature conditions through 

measurement of root and shoot morphological responses. Arabidopsis seeds sown on the top 

holes of the closed, customized plates (for the GrowScreen-Agar II platform) were inoculated 

with either mock inoculants or with the PsJN bacterial inoculum, after which, the plates were 

transferred to two growth chambers with either ambient temperature (22°C/18°C) or high-

temperature (30°C/24°C) conditions. At several time points (5, 7, 9, 12, 14, 16, 19, and 21), 

the plates were imaged and the plants were subjected to phenotyping. Generated data by 

associated software GrowScreen-Root was then subjected to analysis generating results for 

several roots and shoot trait parameters.  

The results indicated that the bacteria PsJN strongly influences Arabidopsis plants whether 

in a traditional “closed-plate” or an “open-top” cultivation system, with the latter allowing 

natural plant growth and more efficient shoot and, even more so, root phenotypic 

characterization (Fig. S5, Fig. 1). Testing for colonization of the rhizoplane and root tissues 

showed the presence of the bacteria in inoculated Arabidopsis roots and its absence in non-

inoculated ones (Fig. S4); while colony PCR and 16s rRNA genomic sequencing confirmed 

the identity of the strain P. phytofirmans PsJN. The intensity of the bacteria-imparted growth 

promotion on the root system architecture varied depending on the specific root type and was 

influenced by temperature. That is, the effect of the bacterial inoculation was significant under 

ambient conditions; however, this growth stimulation was greater under high temperatures as 

was observed from the root lengths, growth rates, and the number of lateral roots (Fig. 2). The 
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overall root system traits particularly highlighted the strong deleterious effect of high 

temperature on the roots (Fig. 3). Our study was also able to shed light on the distribution of 

the roots across different depths from the top agar surface during their gravitropic growth. The 

development and increase in the total root lengths across a specific depth and time were 

affected by the bacteria PsJN and temperature; however, these changes affecting the density of 

the roots were resolved by scrutinizing the emergence and contribution of the 1st and 2nd order 

lateral roots (Fig. 4). Contrary to the bacterial effects on root traits, where growth promotion 

was stronger under high temperature, bacterial effects in shoots were prominently observed 

under ambient condition during the later stages of plant development (Fig. 5a). Shoot dry 

weights indicated the deleterious effect of high temperature and how bacterial inoculation 

ameliorated this effect, particularly under ambient condition (Fig. 5b). Finally, all manifested 

root and shoot growth promotion, as well as bacteria-imparted thermotolerance effects, were 

time- and tissue-specific. In roots, the stimulation effects of the bacteria were found during the 

early growth stage but declined from certain points in time depending on the root type. In 

shoots, the effect of the bacteria was only significantly detected towards the end of the growing 

period (Fig. 2 and 5). 

 

Chapter 4 of the thesis hinted at the biochemical nature of the plant root-microbe interactions, 

by revealing the behaviour of plant lipids, during plant root-microbe interactions subjected to 

high-temperature conditions. This chapter addressed the last objectives of the study, which 

were to generate the lipidomics profiles of both control and PsJN-inoculated roots under 

ambient and high temperatures and to determine specific lipid species particularly affected by 

this tripartite interaction. The analysis for lipids also provided an additional factor, time, which 

revealed some time-dependent alterations in the lipid classes and species.    

This study was able to annotate several hundreds of lipid species although further data 

processing is required to fully identify novel lipid species. Lipids were annotated based on their 

mass accuracy and the retention time patterns provided through the MS-Dial lipid database, 

which uses libraries from MassBank (Horai et al., 2010) and LipidBlast (Kind et al., 2013). 

The retention time pattern was taken into consideration to diminish false annotations due to 

interferences that arise from in-source fragmentation and isobaric/isomeric compounds (Yu et 

al., 2018). To validate the annotated lipids, their corresponding MS/MS spectra identified by 

the MS-Dial software, should be examined individually for characteristic fragmentation 

patterns. Currently, several lipid species covering multiple lipid classes were annotated from 

the 13,886 detected mass spectrometric peaks in roots (Figure 4.1). 
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Because of the challenges involved in quantifying a large number of lipids using a single 

statistical method (Khoury et al., 2018), most of the conducted untargeted LC-MS-based 

analyses rely on the comparison of mass spectrometric responses and fold change analyses 

(Breitkopf et al., 2017; Millner et al., 2020; Zhang et al., 2020). This method of data 

assessment, when performed with substantial statistical analysis, can provide meaningful and 

comprehensive comparisons between biological tissues or samples (Wang 2017) and various 

treatment comparisons with external factors. In this study, we used ANOVA to determine 

statistical differences among the four treatments, but mainly used fold change analyses paired 

with Student’s t-test and volcano plots to compare and quantify the peak areas of lipid classes 

and individual lipid species between control and PsJN-inoculated roots under different 

conditions. Whilst further analysis can deliver additional information, this generated data 

already provided useful insights on the behavior of lipids when subjected to external 

perturbations as with the addition of a beneficial plant growth-promoting bacteria and the stress 

induced by elevated temperatures. Both annotated lipids and unknown features were analyzed; 

and based on univariate and multivariate statistical analyses, indications of specific behaviors 

in Arabidopsis roots against temperature, bacterization, and time were elucidated.  

The bacteria PsJN has induced significant changes in the annotated lipid profile of 

Arabidopsis roots, under both temperatures, although with a stronger and more consistent effect 

under high temperatures. This trend was also observed in the unknown features, with a higher 

quantity of potentially hiding novel lipid species. The effect of high temperature on the lipid 

profile was significantly evident and affected almost all of the lipid classes throughout the plant 

development. The high number of increased TG species under high temperatures supports 

existing studies on the inherent response of plant root membranes to temperature stress, 

including the responses of other lipid classes such as GP, GL, and SP, which are the 

components of the cell membrane. However, contrary to previous findings, which indicated a 

similar increase of DG and TG (due to the former’s conversion to TG), a high number of DG 

species was decreased in this study. Bacterial inoculation effects also showed changes in SP 

(Cer and HexCer), lysophospholipids (LPC and LPE), and ST lipids. It also highlighted the 

alterations in the extracted root lipids which are abundant components of bacterial membranes 

such as GPs, CL, PC, and PE. Being an abundant component of the bacterial membrane may 

potentially explain the highest number of increased PE species and the highest fold change 

increase in CL that was observed throughout the plant development (except at 14 DAI 

ambient). Surprisingly, TG under bacterial inoculation has decreased which is in contrast to 

the previously accounted plant response to high temperature (which is to increase TG) and the 
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bacteria’s tendency of storing TG as an endogenous carbon source. Further analysis needs to 

be performed to confirm this result, but otherwise, the fact that most of the existing literature 

on plant lipids and high-temperature studies are conducted in above-ground plant parts may 

potentially account for the differences in results. 

 

5.4. Synthesis 

Since the experiments were conducted separately three times at different locations and with 

different technological resources, optimization of the utilized systems has therefore also been 

conducted thrice. All growth protocols and methods, including the objectives behind every 

development, were discussed in Chapter 2.  

From the first experiment at UoM with the “closed-plate” system, the bacterial inoculation 

effect, though non-significant at the time (potentially due to the low number of plant samples), 

already indicated the growth promotion effects of bacteria through some root trait parameters 

such as total, primary, and branched root length, and also shoot dry weight (Chapter 3, Figure 

S1). In agreement with these, the calculation of the growth rates parameter also showed similar 

trends, with the percentage difference between control and PsJN-inoculated roots increasing as 

time progressed (max at 21 DAI). It could be that after this period, the bacterial stimulation 

effect would have been high enough to be significantly different from the control counterparts. 

This showed that for this particular system, the effect of bacterial application manifested at a 

later stage of plant development, and factors such as light (since both roots and shoots were 

illuminated), airflow within, and the material of the plate may have influenced the root and 

shoot morphological response. The particular skewing behavior of Arabidopsis roots grown in 

conventional agar Petri plates (Oliva & Dunand, 2007) that has been puzzling researchers was 

also observed, which indicated other factors (e.g. gravity and growth media surface) that could 

have influenced the bacterial effects. Nonetheless, the growth stimulation trend was indicated 

and this served as the basis for the larger scale, high throughput phenotyping at the FZJ using 

the “open-top” system. 

 

Chapter 3 of the thesis is firstly an outcome of an optimized co-cultivation system for both 

Arabidopsis plants and PsJN bacteria, which was detailed also detailed in Chapter 2. The use 

of the GrowScreen-Agar II significantly increased the capability for root characterization for 

the following reasons: 1) The associated open-air and light-exposed growing of the shoot, with 

the darkened undisturbed root condition, allowed for a more “natural” plant growth as 
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compared to the traditional enclosed growing of the whole plants within a plate. 2) The manual 

tracing of the individual root type, though laborious at this time (may have the potential for 

automation and machine learning) especially at the later stages when the roots are extensively 

branched and covering the entire plate, has allowed for closer inspection of the root growth. 

This manual tracing, however, is compensated by the capacity of the software to superimpose 

older traced roots with new root images, which saved a considerable amount of time and 

maintained the accuracy of tracing. 3) The feature of this software allowed for the identification 

of the root types, therefore their associated traits, and the division of the analyzed root area into 

several sections to look at root length distribution per section. The full automation of this 

platform is something to look forward to. This will provide further advantages to its different 

pipelines – the plant cultivation system, the imaging capability, and the root and shoot trait 

characterization.  

Because of this system, many conclusions were drawn, though restricted to 2D artificial 

environmental conditions. We are already aware of the plasticity of roots as regulated by their 

inherent properties such as cell division and differentiation, which affect the post-embryonic 

root development of primary roots as well as the development of other root types. However, 

this intrinsic plasticity was hijacked and manipulated by the tissue colonizer, bacteria PsJN to 

impart different root behaviors, which were mostly leading to the enhancement of growth. This 

was observed in the enhanced root lengths, growth rates, number of the 1st and 2nd lateral roots, 

as well as root length distribution. This alteration of the RSA could be attributed to a multitude 

of mechanisms such as the production of phytohormones (e.g. jasmonic acid, salicylic acid, 

gibberellins, indole-3-acetic acid (IAA), exopolysaccharides, and 1-aminocyclopropane 1-

carboxylic acid (ACC) deaminase)), production of cell wall degrading enzymes, antibiotics, 

hydrogen cyanide, siderophores, and induction of quorum quenching. In other root parameters 

such as the root system depth, width, convex hull, and branching angle, the absence of the 

effect of bacterial inoculation could be because of the homogeneity of the agar media, where 

nutrients were well distributed, therefore the branching roots did not need to expand and the 

primary root did not need to elongate, more than what their growth required, even with the 

bacteria’s growth promoting presence.  

The effect of high temperatures was detrimental in all aspects of root and shoot 

morphological development – significantly inhibiting the root lengths (total, primary, and 1st 

and 2nd order laterals) and growth rates, reducing the number of both lateral roots, and 

prominently affecting the root system spread and distribution. The decrease in the number and 

length of lateral roots may have caused the likewise decreased distribution of the root system. 
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The heat-stressed roots appeared adversely affected, with values far below all the three other 

treatments in both root and shoot traits. On a good note, the bacterial treatment under high-

temperature conditions has shown promising results of amelioration of the latter’s otherwise 

negative effects. In almost all trait parameters, the difference between control and inoculated 

plants under high temperatures is almost double that of ambient. This indicates that, although 

bacteria have significant growth-promotion effects at ambient or normal conditions, their 

stimulatory benefits increase when applied at stressful temperatures.  

Both the effects of high temperatures alone and bacterial inoculation at high temperatures 

on the root lipid profile described in Chapter 4 follow the morphologic phenotype observed 

in the RSA. Clearly, high temperature has detrimental effects on the root lipids, as shown by a 

large number of down-regulated or decreased peak intensities of lipid species. This also 

coincides with the consistent lower values of HTC, which are control plants under high 

temperatures. As the initial perception of temperature fluctuations happens in the plasma 

membrane, and the succeeding responses involve changes in the structure and components of 

the membrane lipids, most of the affected lipids also belonged to the GP category, which is 

mainly comprised of membrane lipids such as PC, PE, PI, PG, and PS, with also some 

components from the GLs, and SPs. Almost all lipid classes were increased under high 

temperatures, however, specific lipid classes have shown some notable modifications as well, 

as with TG and DG, both connected and part of the synthesis and production of TGs. Bacterial 

inoculation under high temperatures has also shown some notable trends and behavior of lipid 

classes. There was a relatively lower number of total changed species, however, there were 

distinct outcomes deduced from the analysis showing specific lipids with highlighted 

involvement. This shows the consistent appearance of PE as an increased lipid class with the 

highest number of lipid species. Contrary to this is the result on TG, which was the opposite of 

high-temperature effects, showing decreases instead, showing both the highest number of 

changed lipid species with the highest fold change decrease as well. Finally, the lipid class CL 

appeared to be highly upregulated by bacterial inoculation as it has the highest fold change 

increases. 

 

5.4. Concluding remarks and future perspectives 

This study validated the plant growth-promoting and heat tolerance effects of 

Paraburkholderia phytofirmans PsJN on Arabidopsis plants subjected to ambient and a 

constant high temperature of 30℃, which is beyond the optimum growth range for the wildtype 
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Arabidopsis. Successful co-cultivation of the bacteria and the plants entailed optimal growth 

protocols for both species and an optimized microcosm system that also catered for the other 

requirements of the study, i.e., periodic, non-invasive imaging and phenotyping and time-

specific root tissue harvest for lipidomics analyses.  

The phenotyping platform GrowScreen-Agar II utilized in this study has proven that high-

resolution phenotyping and root-and-shoot trait characterization can elucidate not just the 

morphological changes in these parts, but also the dynamics of changes in the bacteria-induced 

growth stimulation under ambient and high temperatures. The pipelines of this platform were 

efficient, in that, firstly, the plant growth system allowed for a more simulated growth of plants, 

i.e., shoots outside, in open air and light, with roots undisturbed in the dark. Secondly, the high 

throughput and resolution of the imaging system captured all the features of the roots, allowing 

for the efficient tracing of the different root types of Arabidopsis. Thirdly, the root and shoot 

associated analysis software GrowScreen-Root and Colour segmentation, respectively, have 

been powerful tools in the dissection of the different traits of both tissues, particularly the roots; 

allowing for in-depth, tissue- and time-specific characterization in a single analysis. It is highly 

recommended that future experiments utilize the shoot growth orientation (for potential 

physiological measurements) and imaging component (the use of side imaging especially for 

blade-leaf plants like Brachypodium and other cereals) to maximize the use of this technology. 

Many different measured root traits allowed for the intensive characterization and 

quantification of the dynamics of bacteria-imparted growth promotion as was seen from the 

enhancement of root length and growth rates, and the increase in branching and number of 

lateral roots, which are useful for plant uptake and scavenging of nutrients. This analysis also 

quantified the magnitude of bacterial stimulation between the two temperature conditions and 

confirmed the excellent benefit of the PsJN bacteria in ameliorating the detrimental heat stress 

effects on plants. Although these generated results concretized the mechanisms of 

morphological growth-promotion induced by the bacteria PsJN in roots, it is still an artificial 

system; therefore, the results need to be validated in soil and field conditions. This type of 

experimentation would potentially require separate optimization and growth protocols for both 

plants and bacteria, as soil media is characteristically different from agar, and would require a 

larger space that will be more prone for contamination. Soil and pot studies would also require 

a different imaging system, potentially 3D tomographic imaging (e.g. X-ray CT and MRI) due 

to the opaque nature of the soil, in as much as a different root and shoot analysis software. 

Finally, the untargeted lipidomics analysis employed in this study corresponded with the 

morphological effects of high temperature alone, and the bacterial effect under both ambient 
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and high-temperature conditions. The decreased or inhibited growth of the different root types 

and traits related to the downregulation of several lipid classes under high temperature, 

whereas, the enhanced characteristics of the roots under bacterial application were also shown 

in the upregulation of several lipid classes, under ambient, and even more so under high 

temperatures. The annotated data may have shown considerable trends in the changes of the 

plant root lipid profile under the influence of bacteria, temperature, and time. However, these 

results can be enhanced further by focussing efforts to annotate the unknown features generated 

by MS-Dial to determine any more underlying lipid species that may verify the results and 

trends from the annotated lipids.  

The structural characterization of lipids is essential for the thorough analysis of their 

biological functions within plant cells and tissues, as both bioactivity and functions of lipids 

depend significantly on their chemical structures (Claes et al., 2021). The development of a 

comprehensive and widely accessible workflow that will allow isomer resolution and 

determine double bond locations and sn-positions, is a key challenge still faced in lipidomics 

analysis (Claes et al., 2021).    

It is recommended that lipids be considered as part of an integrated system with enzymes 

and metabolites, within the context of plant function, in order to identify and investigate new 

lipids necessary for plant growth and survival (Kehelpannala et al., 2021). Lipidomics studies 

should also be linked and integrated with other “omics” studies such as metabolomics, 

proteomics, transcriptomics, and genomics to explain genetic mechanisms underlying the 

modifications in lipid responses to environmental cues (Cheong et al., 2021). This would 

require the development of web-accessible databases collating “omics” acquired data that 

would be particularly useful for lipid studies, which still lag behind other omics studies. 

We are facing current challenges due to a changing climate, with elevated temperatures that 

are bound to increase further by the middle of this century. This poses serious threats that are 

already felt in all economic sectors. Added to the challenges of the warming climate is the 

increasing demand to enhance crop production, amid decreasing availability of fertile 

agricultural lands, to feed the increasing human population, which is projected to reach about 

9 Billion by 2050. Given all these conditions, there is a need to address global food security 

while maintaining environmental sustainability. Plant growth-promoting rhizobacteria (PGPR) 

are potential solutions to assisting plants against environmental stressors while boosting 

productivity. This study explored this potential by investigating the mechanisms of bacteria-

imparted growth promotion and heat tolerance in plants through morphological and 

biochemical phenotyping. Knowledge gained from this study can inform research agenda of 
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future directions for microbial studies as likely agricultural and biotechnological solutions in 

the endeavor to address global food security under climate change. 
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Figure S 1  WinRhizo analysed root lengths and root and shoot biomass. Root lengths 

quantified using WinRhizo analysis in a closed-plate experiment: (a) Total root lengths, (b) 

primary root length, and (c) branched root lengths. Temperature - black and circle symbol 

(ambient), red and triangle symbol (high temperature); bacterial application – empty symbol 

(control), filled symbol (PsJN-inoculated). Plant biomass taken at harvest: (d) shoot dry weight 

and (e) root dry weight. (f) Sample images of 16-day old seedlings from each of the four 

treatments. Treatments: Amb-Ctl (control plants under ambient), Amb-PsJN (PsJN-inoculated 

plants under ambient), HT-Ctl (control plants under high temperature), and HT-PsJN (PsJN-

inoculated plants under high temperature). All points are the mean ± standard error of n= 6 

samples within each treatment. Asterisks: Black – significant difference between mean of 

PsJN-inoculated and control plants under ambient condition, red - significant difference 
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between mean of PsJN-inoculated and control plants under high temperature condition, based 

on the Student’s t-test with p<0.05.  
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Figure S 2  Root sampling and bacterial colonization confirmation. (a) Brief procedure for 

sampling of root tissues for the determination of bacterial colonization. (A) Cutting about 1-2 

cm of the root tip, placing into pre-prepared Eppendorf tube with LB (no NaCl) media, and 

washing/agitating the root using a vortex to get the root surface bacteria. (B-2) Aliquoting from 

the LB surface washing fraction. (C) Performing serial dilution of the bacterial inoculum, 

aliquoting from each dilution, and plating. (B-1) Removal of the washed root and transfer into 

a separate clean tube for maceration. (D) Adding LB media (no NaCl) to the macerated root 

and mixing using a vortex to extract the bacteria inside the root tissue. (E) Aliquoting from the 

washing to transfer to tubes for serial dilution and then plating each of the dilutions (F). (C) 

corresponds to rhizoplane colonization while (F) yields endophytic colonization of bacteria 

(image created with BioRender.com). (b) Sample plated dilutions at 21 DAI. Left two columns 

show rhizoplane colonization and right two columns show endophytic colonization of the 

bacteria. 1st and 3rd columns are from non-inoculated roots showing no growth, indicating 

sterility of system; while 2nd and 4th are from inoculated roots, showing growth from the 

bacterial strain PsJN. (c) PCR of single bacterial colonies from macerated root tips which have 

been plated out on LB media. The PCR products were sequenced, and the ones identified as 

Parabulkoholderia sp. are indicated with a green asterix “*”. Minimum of 3 plants of each 
treatment were sampled.  Note that the three high temperature control roots and one ambient 

temperature control root showed no colonies at all on the plate - thus no PCR products, whereas 

the products in the 2 ambient temperature controls was identified as a Paenibacillus sp. “+”- 

positive control for the universal bacterial primers, “-“ – negative control for the PCR reaction, 

Ctl- control, PsJN- Roots inoculated with PsJN bacteria. 
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Figure S 3  Sample root images generated by the GrowScreen-Agar II. Images of plant 

roots from the four treatments at 16 DAI taken by the root camera of the GrowScreen-Agar II 

imaging system. Treatments (from left to right): Amb-Ctl (control or non-inoculated plants 

under ambient), Amb-PsJN (PsJN-inoculated plants under ambient), HT-Ctl (control or non-

inoculated plants under high temperature), and HT-PsJN (PsJN-inoculated plants under high 

temperature). 
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Figure S 4  Agar plates for GrowScreen-Agar II. Technical drawings of three components 

of the agar plate: 1) an opaque cover with an anti-fog agent which prevents water droplets, 2) 

a transparent back plate with holes on top which allows root imaging and the shoot to grow 

outside of the plate, and 3) a black top part (“collar”) also with three holes as background for 
shoot imaging, keeping light out of the root zone and mechanical support for leaves. The 

technical drawings show the assembly of the three components (a), different side views (b, c), 

top view (d), while figure e) shows an original photo of the assembled plate. The dimensions 

are given in mm (b-d). ‘Agar: 11,5’ represents the filling height of the agar (c) and ‘R’ the 
radius of the holes (d). 
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Figure S 5  Magazines for GrowScreen-Agar II. The plates are positioned vertically and 

maintained for plant cultivation in fabricated metal magazines accommodating up to 10 plates. 

The design of the magazines allows the roots to grow in the dark. The technical drawings show 

a side view (a), top view (b), and front view (c) of the magazine, while figure (d) shows an 

original photo of the magazine, each loaded with 9 plates and 1 open slot. In figure (a) the side 

wall of the magazine is partly removed to show the plates inside the magazine and one plate is 

lifted in (a) and (b). The dimensions are given in mm. 
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Figure S 6  Imaging station of GrowScreen-Agar II. For imaging roots and shoots, the plates 

are placed in the imaging station of the phenotyping platform GrowScreen-Agar II. The 

imaging system features a metal housing equipped with one root and two shoot cameras aiming 

at a slot for inserting the plate. The root camera takes images of the whole agar area (20 x 10 

cm) while the shoot cameras take a side view and a top view image of the shoots. The technical 

drawings show a side view (a), top view (b), and front view (c) of the imaging station, while 

the original photo shows nearly a side view (d). The black background (c, d) provides a good 

contrast for shoot image analysis. Root illumination is achieved from the back while leaves are 

illuminated for imaging by using LED rings placed around the objective lenses of the shoot 

camera (a-d 
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Figure S 7  Published section of Chapter 1 (section 1.5 to 1.5.6) in the journal Trends in 

Plant Science with the title “Modulators or facilitators? Roles of lipids in plant root–microbe 

interactions. (Macabuhay, A., Arsova, B., Walker, R., Johnson, A., Watt, M., & Roessner, U. 

(2022, 2022/02/01/). Modulators or facilitators? Roles of lipids in plant root–microbe 

interactions. Trends in Plant Science, 27(2), 180-190. 

https://doi.org/https://doi.org/10.1016/j.tplants.2021.08.004).                            

    (Next sections) 
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Highlights
Lipids have diverse functions across the
different stages in the formation of plant
root–microbe interactions, commencing
from the shaping of the rhizomicrobiome
to the establishment of symbiosis.

Plant rhizodeposition and microbe-
generated signals involve lipid sub-
stances, which act as chemical signals
that are exchanged for successful
microbe recruitment or phytopathogen
defense.

The plasma membrane, as the interface
Lipids have diverse functions in regulating the plasma membrane’s cellular p
cesses and signaling mediation. Plasma membrane lipids are also involved in
plant’s complex interactions with the surrounding microorganisms, with wh
plants are in various forms of symbiosis. The roles of lipids influence the wh
microbial colonization process, thus shaping the rhizomicrobiome. As chemi
signals, lipids facilitate the stages of rhizospheric interactions – from plant root
microbe, microbe tomicrobe, andmicrobe to plant root – andmodulate the plan
defense responses upon perception or contact with either beneficial or phytopa
ogenicmicroorganisms. Although studies have come a longway, further investig
tion is needed to discover more lipid species and elucidate novel lipid functio
and profiles under various stages of plant root–microbe interactions.
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for plant roots and microbes, is where
lipids’ intrinsic functions modulate and
facilitate interactions.
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How lipids are involved in rhizosphere interactions
Lipids (see Glossary), a ubiquitous class of biomolecules and major constituents of eukary
and prokaryotic cell membranes, are essential for a complete study of cell biology and functio
Lipids serve as structural components of plasma and intracellular membranes, provide ene
and carbon storage, mediate cell signaling pathways, and regulate stress responses [1–
Because of their diverse roles, lipid homeostasis and lipid metabolism have systemic effe
that can influence plant development and performance [4].

Numerous studies on aboveground plant–microbe interactions have already been document
however, investigations of the rhizosphere have been restricted due to limitations in the appl
tion of ‘omics’ techniques [5] and difficulties in simulating a natural underground ecosystem
These interactions have been investigated mostly at metabolic and transcriptomic levels,
there are still many questions on the biochemical exchange and communication between the
volved organisms. Rhizosphere-related phenomena such as rhizodeposition and plant–micro
signaling are critical underground processes that still need to be further explored [7] and in wh
lipids are highly involved [8,9]. In the rhizosphere, whenever plant roots communicate with or c
tact microbes, molecular information is exchanged. Microbe recognition occurs at the plas
membrane (PM), which acts as the interface, either allowing advantageous resource exchan
or inhibiting interaction through downstream signaling cascades [10,11]. Although the cell w
is the outermost border of the plant body that provides general resistance uponmicrobe pene
tion [12], the PM serves as the critical player in signaling responses to external stimuli, initial
crobe recognition, and multiple downstream responses, which the microbes attempt
manipulate to suppress plant defense responses to colonize and procure nutrients [10,11,1
As major components of the PM, lipids establish the physical barriers on the living cell surfac
influence the communication between the host and microbe, and serve as signaling molecu
or providers of elicitors for recognition, thereby influencing the establishment or prevention
microbial colonization [8,14–16].
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efense response induced by
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es such as plant growth–
ting rhizobacteria and fungi
foliar pathogens and leaf-feeding
, which initiate JA and SA
g pathways.
mics: the science that analyzes
plete set of lipid species in a cell,
or biological system (called the
e’) through the application of
al chemistry principles and
ues such as chromatography,
scopy, and mass spectrometry.
various organic compounds
insoluble in water but soluble in

ar solvents such as ether and
orm. They are one of the
iomolecules (carbohydrate,
, nucleic acid, containing
arbons), which are the principal
ral components of living cells.
eroxidation: the oxidative
review highlights the various roles of lipids in planta and at the different stages of plant root–
obe interactions, from (i) signaling and resource exchange; to (ii) pattern recognition, signal
duction, and downstream defense mechanisms during perception and contact; and to
e establishment of symbiosis that can either impart plant growth promotion and stress tol-
ce or cause death. For reference to specific lipid species mentioned throughout the review,
llow the LIPID MAPS comprehensive classification system for lipids. This classification orga-
lipids, covering eukaryotic and prokaryotic sources, into eight well-defined categories (Box

d Figure 1) [17] and hereafter is referred to in italicized square brackets (‘[ ]’) with abbreviated
es to classify uncommonly known lipids.

t root PM and the lipids regulating its functions
PM is a highly ordered fundamental biological structure that separates the interior of a
cell from the extracellular environment. It functions like a sensor that regulates cellular
ities with an intricate pathway that orchestrates reception, signal transduction, and ap-
riate response mechanisms against a continuously changing environment [18].

s, which compose and maintain the structural integrity of the PM, largely contribute to
taining its essential processes and facilitating abiotic stress adaptation, intra- and inter-
lar communication, and nutrient exchange during an interaction [18]. The main lipid
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1. Lipid categories and description (refer to structure in Figure 1)

acyls [FA] represent the primary building blocks of complex lipids and therefore are one of the most fundamental
gories of biological lipids. They are characterized by a series of methylene groups imparting their hydrophobic charac-
tic and are subdivided depending on double bonds in their hydrocarbon chains. Common examples include fatty acid
rs such as wax monoesters and diesters and lactones.

erolipids [GL] are mainly composed of mono-, di-, and trisubstituted glycerols, the most well known of which are the
acid esters of glycerol or acylglycerols. They comprise the bulk of oil storage in plant tissues.

erophospholipids [GP], also known as ‘phospholipids’, are amphipathic molecules with a polar head consisting
lycerol and a phosphate group and a nonpolar tail made of hydrocarbon chains. As critical components of the
bilayer, they act as binding sites for intra- and intercellular proteins and are involved in cell metabolism and
aling.

ingolipids [SP] are a family of compounds sharing a common structural feature – a sphingoid base backbone synthesized
ovo from serine and a long-chain fatty acyl–coenzyme A then converted into products such as ceramides,
phosphingolipids, glycosphingolipids, and other derivative species. They have protective functions and play important
in cellular signaling.

ol lipids [ST] are important components of the cell membrane, participating in signal transduction. The most well-
n examples are phytosterol in plants and cholesterol and derivatives, such as steroids with specific roles as hor-
es and signaling molecules.

ol lipids [PR] are synthesized from the 5-carbon precursors, isopentenyl diphosphate and dimethyl diphosphate,
h are mainly produced via the mevalonic acid pathway. They are essential for immune response and some regulatory
tions, such as carotenoids that function as antioxidants and precursors of vitamins A and E.

harolipids [SL] are composed of a fatty acid linked to a sugar backbone, forming structures that are compatible with
brane lipid bilayers. They can be found in the lipid A component of lipopolysaccharides in gram-negative bacteria as
ted glucosamine precursors.

ketides [PK] have great structural diversity and compose many secondary metabolites. They are often cyclic mole-
s whose backbones are further modified by glycosylation, methylation, hydroxylation, oxidation, and other processes.
are found in many antimicrobial, antiparasitic, and anticancer agents, including PK derivatives such as erythromycins,
cyclines, and avermectins [17,84,85].
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Figure 1. Representative structure for each lipid category. The LIPID MAPS consortium has subdivided lip to
eight principal categories based on their functions, chemical characteristics, and specificities. A more consisten at
for representing lipid structures has been proposed by Fahy et al. [84], in which, in the simplest case of the fa id
derivatives, the acid group (or equivalent) is drawn on the right hand and the hydrophobic hydrocarbon cha on
the left, with some notable exceptions. Fatty acyls [FA] have an aliphatic chain of methylene groups and be
subdivided into saturated or unsaturated. Glycerolipids [GL] are characterized by the number of glycerol g s.
Glycerophospholipids [GP] are amphipathic with a polar glycerol and phosphate group and nonpolar hydroc n.
Sphingolipids [SP] have a sphingoid backbone. Sterol lipids [ST] have a sterol nucleus composed of four tight ed
carbon rings and a hydroxyl group attached to the first ring. Prenol lipids [PR] are synthesized from the five- on
precursors (isopentyl diphosphate and dimethylallyl diphosphate). Saccharolipids [SL] have fatty acid and ar
backbone. Polyketides [PK] have various structural forms, often as cyclic molecules with modifications s as
methyl group or hydroxyl groups. Descriptions of each lipid category are provided in Box 1. Image creat ith
BioRender.com.
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roots, which can have various origins: at
root apices, from sloughed-off root cells,
border cells, and tissues; mucilage
released from the root caps and root
hairs; root exudates; volatile organic
compounds; lysates released by
senescing epidermal and cortical cells;
and altered root-derived C by microbes
or symbionts.
Rhizosphere: soil influenced by roots
in terms of the microorganisms, caused
by chemical changes in the soil due to
the presence of the root and its secre-
tions, including primary metabolites
(e.g., carbohydrates, organic and amino
acids) and secondary metabolites
(e.g., alkaloids, terpenoids, and
phenolics).
Symbiosis: any type of close and long-
term ecological interaction between
organisms from two different species,
which usually benefits one or both
organisms involved, be it mutualistic,
commensalism, parasitic, or pathogenic.
Systemic acquired resistance
(SAR): a ‘whole-plant’ resistance
response that is activated by exposure
to elicitors of virulent, avirulent, or
nonpathogenic microbes or artificial
chemical stimuli such as chitosan that
triggers SA signaling.
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omponents found in the PM are glycerophospholipids [GP], glycerolipids [GL], sphingolipids
SP], and sterol lipids [ST] [14]. GP, which have different head groups, make up its principal
onstituent, with phosphatidylcholine (PC) and phosphatidylethanolamine (PE) as major
omponents and phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidic acid (PA),
nd phosphatidylserine (PS) as minor components [14]. Phosphatidylinositol phosphates
PIPs), composed of a PI backbone with up to three phosphorylations on the inositol moiety,
epresent a minor fraction of GP. They are involved in many regulatory processes such as
ell signaling and intracellular trafficking. GP are characterized by different lengths and the de-
ree of unsaturation of their fatty acyl chains [14]. GL neutral lipids such as diacylglycerols
DAGs) have been found to be present at the PM of root epidermal cells in the transition zone
nd the apex of growing root hairs [19], whereas digalactosyldiacylglycerols (DGDGs) in the
M are found particularly as a phosphate deprivation response [20]. SP in plants are grouped
to four classes: glycosyl inositolphosphoceramides (GIPCs), glucosylceramides, ceramides,
nd free long-chain bases, representing 64%, 34%, 2%, and 5% of total sphingolipids in
rabidopsis, respectively [21]. Just recently, GIPC SP have been shown to have essential
oles in PM organization as necrosis and ethylene-inducing peptide 1-like (NLP) toxin receptors
22]. Over 250 different phytosterols have been identified in plants, with sitosterol being the
ominant form in most of them, followed by isofucosterol (delta-5 avenasterol) also found in
any plant species, and a few notable examples such as stigmasterol in tobacco and
pinasterol in Medicago [23].

ipids are vital components in the plant PM’s physiological functions, such as regulating
ormone signaling and transport, abiotic stress responses, plasmodesmata functions, and
lant–microbe interactions [14]. For example, sterols are involved in endocytosis
nd recycling at the PM of PIN-FORMED (PIN) auxin carriers. This subcellular localization
f sterol-mediated auxin carriers impacts the auxin distribution at the tissue level, affecting
lant development such as the response of roots to gravity [24]. The length of the SP
cyl chains (very-long-chain fatty acids) is also involved in the secretory sorting of the
fflux phytohormone auxin carrier PIN2 and auxin redistribution during root gravitropism
25]. During abiotic stress responses, certain lipids function as secondary messengers.
hospholipase-derived PA, oxylipins, PIPs, SP, fatty acids, lysophospholipids, N-
cylethanolamines, and galactolipids have been found to function in this manner [26,27].
study on plasmodesmata by Grison [28] identified the role of sterols in modulating

ell-to-cell connectivity by potentially establishing the positional specificity of callose-
odifying glycosylphosphatidylinositol-anchored proteins at the PD, which also brought
ttention to the potential roles of GIPC and GL. Plants detect microbes by sensing non-
elf and modified-self molecules via cell surface and intracellular localized immune recep-
ors [29]. Plant PM lipids and lipid-derived metabolites have been shown to facilitate the
lant immune signaling response. For example, after sensing a pathogen, phospholipid-
ydrolyzing enzymes are mobilized to trigger signaling cascades vital for cellular responses. As
uch, crucial messenger molecules, such as oxylipins, jasmonates, and notably PA, that regulate
he activity of defense-associated proteins are generated by phospholipases [30]. Other PM lipid
ompounds involved in plant defense are phosphoinositides and lysophospholipids, which include
sophosphatidic acid (LPA), lysophosphatidylcholine, sphingosylphosphorylcholine, and
phingosine-1-phosphate. Several factors control the signaling activity or specificity of these com-
ounds, such as the length and position of the acyl chain, the degree of saturation, and the pres-
nce of the phosphate head group [31]. As core components of membranes accumulating in the
M, plant sterols serve as conserved regulators of its organization, such as an increase in mem-
rane stability and a decrease in membrane permeability, both associated with defense induction
gainst phytopathogenic fungi [32].
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Lipids in action
Rhizospheric interactions and signaling: Lipids as chemical language
Plant roots are contained within and highly influenced by the rhizosphere [33]. Because of
organotrophic nature, microorganisms such as bacteria, fungi, and protists populate this area –
tentially extending the plant’s performance and capacity to adapt to the environmen
using nutrients at the plant’s expense through niche colonization [8]. The behavior and impa
these microbes are believed to rely heavily on soil compounds in a process known in gen
terms as ‘signaling or communication highways’, ‘underground interactions’, ‘rhizosp
chemical language’, or ‘complex plant–microbe interactions’ [7,9]. The rhizospheric interac
can be grouped into three signaling categories: signaling from plant roots to microbes, micr
intra- and interspecies signaling, and signaling from microbes to plants [16] (Figure 2A, Key fig

Plant root to microbe signaling through rhizodeposition
The first stage in a rhizospheric interaction is the recruitment of the rhizobiome into the plant v
ity, which is mediated by rhizodeposits. The release of rhizodeposits comes with a wide va
of substances, such as sugars, amino acids, organic acids, enzymes, growth factors and
mins, flavanones and purines/nucleotides, and miscellaneous substances [34]. Lipids in va
forms, such as fatty acids and sterols, are also among these compounds that enrich the rh
sphere chemistry [34]. Plants initiate an interaction by secreting these chemical signals into
rhizosphere. Some examples are plant-produced flavonoids [PK] such as 2-phenyl-
benzopyrone derivatives involved in root nodule formation [35]; inhibitory flavonoids such as
toalexin, medicarpin, and glyceollin [36]; and the volatile organic compound (VOC) (E
caryophyllene [PR] that functions as a plant bioprotectant against herbivores and pathog
and as an attractant for organisms preying on root-feeding herbivores from maize r
[37,38]. These chemotactic attractors can facilitate the recruitment, nutrition, shaping, and tu
of the microbial communities from a reservoir of microorganisms present in the soil by encou
ing, limiting, or inhibiting microbial activity and proliferation [8,9,36] (Figure 2A-1).

Microbe perception of plant root–released compounds and other microbial signals
The second stage of the rhizosphere interaction is the perception or detection of low-molec
weight compounds, such as lipid molecules, released by the plant roots (or other microbe
microbes, resulting in catabolism, transformation, or rejection of the perceived compound
Perception of these compounds then leads to the stimulation of regulatory or signaling casc
that cause various responses in the microbes. Root-secreted substances have been thoug
influence the gene expression of different microorganisms in the rhizosphere, which are n
proximity to and associated with plants [36]. Chemical communication (cell–cell signaling)
signal molecules called ‘autoinducers’ that increase in concentration as a function of cell den
found in bacteria [39] and recently in fungi [40], coordinate a wide range of activities within
between different species as a function of population density. The regulation of gene expres
in response to fluctuations in microbial cell population density is done via quorum sensing
[41]. QS is a widespread process using autoinducing chemical signals that coordinate diverse
operative functions [39]. This governing mechanism is instrumental in regulating a wide arr
physiological activities and microbial phenotypes such as biofilm formation, pathogenicity, co
gation, secretion of hydrolytic enzymes, and production of antibiotic and secondary metabo
increasing rhizosphere competence that leads to successful colonization [42]. Common ex
ples of lipids that act as QS signals are N-acyl homoserine lactones (AHL) [FA] [39], diffusible
nal factor (DSF) family [FA], and the more recently discovered pyrones and dialkylresorcinols
from gram-negative bacteria [43–46]. There are also antimicrobial lipids released at low con
trations, as well as alcohols from fungal species (mostly Ascomycetes), which are associated
developmental processes [34,47]. Some VOCs, such as aldehyde and ketone [FA] and terp

184 Trends in Plant Science, February 2022, Vol. 27, No. 2

CellPress logo
CellPress logo
CellPress logo
CellPress logo
CellPress logo
CellPress logo
CellPress logo
CellPress logo


Key Figure

Lipid roles in the microbial colonization of roots
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Figure 2. (A) During the different stages in rhizosphere interactions (plant root to microbe, microbe to microbe, microbe to plant
root), lipids act as chemical signals that facilitate signaling: from the release of rhizodeposits from the roots that comes with a
variety of substances (through rhizodeposition), to the perception of these substances by microbes to regulate intra- and
interspecies behavior, and to the release of microbial substances back to the plants that can influence plant gene expression,
hormonal balance, development, metabolism, and stress responses. Some of the known lipid molecules involved in rhizosphere
signaling belong to the categories of fatty acyls [FA], sterol lipids [ST], prenol lipids [PR], saccharolipids [SL], and polyketides [PK].
(B) Successful attachment and colonization of microbes lead to the formation of microbial biofilms on root surfaces. (C) Different
lipid species perform various functions during the signal reception at the PM, transduction, and downstream defense mechanism
of plants in response to microbial attack or beneficial symbiosis, which can be induced systemic resistance (ISR), systemic

(Figure legend continued at the bottom of the next page.)
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[PR], which are released by a wide range of bacterial and fungal species, can play crucial rol
long-distance rhizosphere interactions [48]. Some can act like ‘chemical weapons’ that inhib
crobial activity or interfere with other QS systems (interspecies). Moreover, they can coord
gene expression and influence intraspecies behaviors such as biofilm formation, virulence,
stress tolerance [49]. All these QS signals and VOCs released by microorganisms can also
as interkingdom signals, influencing plant gene expression and immunity and affecting p
root architecture, growth, and development [16,48] (Figure 2A2).

Signaling response from microbes back to the plant
The third stage in the rhizosphere interaction involves the release of diverse signaling molec
from microorganisms to their plant host as a response to signals perceived from among th
selves (intraspecies), other microorganisms (interspecies), or plants. Conserved micr
specific molecules known as pathogen- or microbe-associated molecular patterns (PA
MAMP), such as lipopolysaccharides (which have the active lipid A), peptidoglycans, flag
and chitin, are detected by dedicated pattern recognition receptors (PRR) from plants
These signals trigger a local basal systemic defense response controlled by regulatory netw
that involve signaling pathways via plant hormones, including salicylic acid (SA), jasmonic
(JA), and ethylene [51,52]. The defense response of plants can be induced syste
resistance (ISR) [52], systemic acquired resistance (SAR) [51], or priming [53]. Altho
these mechanisms are designed to prevent potential attacks, beneficial rhizosp
microbes have developed countermeasures for immune recognition, leading to succe
plant colonization [50]. Molecules such as QS signals and VOCs used for intra- and interspe
signaling also act as interkingdom signals, influencing plants [16,48]. Examples ofmicroorganism
leased QS molecules are AHL from plant growth–promoting rhizobacteria (PGPR)
DSF from Xanthomonas. Certain antimicrobials at sub‐inhibitory concentrations, s
as 2,4-diacetylphloroglucinol [PK] from rhizosphere pseudomonads, can induce ISR respo
(via SA and ethylene signaling) against fungal and bacterial leaf pathogens [54] and affect roo
velopment via an auxin-dependent signaling pathway [55,56]. They can change the gene exp
sion and protein profiles of plant roots and shoots; influence root development, plant defense,
stress responses; and regulate metabolic activity and hormonal balance [57,58]. Other micr
signaling molecules belong to VOCs, which can act as plant growth promoters or inhibitors
as priming agents or elicitors of plant defense and stress tolerance (Figure 2A3).

Plant root lipids during pathogenic and symbiotic interactions with
microorganisms
Apart from acting as chemical signals in rhizosphere signaling, lipids are also involved in div
functions during pathogen attack or infection and mutualistic interactions with beneficial micr
ganisms. Specific lipids in the PM have particular functions, such as in host-specific patho
recognition, signaling in the cells from the site of infection or interaction, and transfer of infe
signals to distal organs of the plants during defense responses [2,31,59,60]. Signal-indu
compounds from microbes or elicitors are recognized by the plant’s innate immune sys
which results in the induction of defense responses [59] or invasion of host tissues [13].
acquired resistance (SAR), and priming. Lipids that are particularly involved belong to the categories of glycerophospholipids [GP],
glycerolipids [GL], sphingolipids [SP], fatty acyls [FA], and polyketides [PK]. Abbreviations: AzA, azelaic acid; Ep, epidermis; ETI,
effector-triggered immunity; Ex, exodermis; Gro3P, glycerol-3-phosphate; JA, jasmonic acid; MeSA, methylsalicylic acid; NO,
nitric oxide; PA, phosphatidic acid; PAMP/MAMP, pathogen-/microbe-associated molecular pattern; PLA, phospholipase A;
PLC, phospholipase C; PLD, phospholipase D; PM, plasma membrane; PRR, pattern recognition receptor; RH, root hair; SA,
salicylic acid. Image created with BioRender.com.

186 Trends in Plant Science, February 2022, Vol. 27, No. 2

https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
https://BioRender.com
CellPress logo
CellPress logo
CellPress logo
CellPress logo
CellPress logo
CellPress logo
CellPress logo
CellPress logo


Trends in Plant Science
OPEN ACCESS

February 2022, Vol. 27, No. 2 187
Lipids in the PM play essential roles in plant cell responses to microbial attack and interactions
with beneficial microbes. These lipids are synthesized, modified, or reallocated upon the upreg-
ulation of genes encoding enzymes of lipid metabolism. Lipid-modifying enzymes regulate the
spatial and temporal production of lipid metabolites involved in signaling and membrane prolifer-
ation to establish intracellular compartments or compositional changes of the bilayer [59]. During
plant–pathogen interaction, phospholipid-hydrolyzing enzymes induce the production of
defense-signaling molecules such as oxylipins, including JA and the potent second messenger
PA [61]. For example, phospholipase D (PLD), which forms PA, is involved in lipid metabolism
and hormone signaling in plant defense responses [62]. Plant-derived PA regulate a range of dif-
ferent physiological processes, such as activities of kinases, phosphatases, phospholipases, and
proteins involved in membrane trafficking, Ca2+ signaling, or the oxidative burst [62]. They also act
as precursors for lipid intermediates LPA, DAG, and free fatty acids, which are involved in plant
defense signaling [63]. Activation of phospholipase C (PLC) or the DAG kinase pathway is trig-
gered by PAMP recognition, also leading to the accumulation of PA [64]. Phospholipase A
(PLA), which yields FA and lysophospholipids, the latter of which are involved in systemic re-
sponses after wounding, is involved in growth regulation, root and pollen development, stress re-
sponses, defense signaling, and plant immunity because of its roles in oxylipin and JA
biosynthesis [65]. Phosphoinositides have also been implicated in the modulation of mutualistic
interactions between plants and beneficial microorganisms and is known to involve ionic and cy-
toskeletal changes [26,66,67]. Lipid kinases in plants, particularly the phosphatidylinositol 3-
kinase (PI3K) family, regulate various physiological functions, such as the innate immune re-
sponse, intracellular trafficking, autophagy, and senescence, including symbiosis of leguminous
plants with rhizobia and arbuscular mycorrhizal fungi [68–70].

At the site of infection during pathogen attack, small molecules that serve as initial signals of the
effector-triggered immunity (ETI) response, such as methylsalicylic acid (MeSA), are produced and
thenmoved to the distal plant organs, where they are hydrolyzed into SA that trigger SAR. Other sig-
nal molecules, such as glycerol-3-phosphate (Gro3P), azelaic acid (AzA), and nitric oxide (NO), func-
tion as inducers of SAR [42]. However, mutualistic or symbiotic interactions with beneficial plant
growth–promoting microorganisms can stimulate the plant immune system, which results in ISR,
mainly based on the activities of JA [52] that mediate resistance to a wide array of diseases. Galac-
tolipids also have essential roles in signal transduction, cell communication, and pathogen response.
For example, galactolipids have different functions in SAR, with monogalactosyldiacylglycerol
(MGDG) regulating the biosynthesis of AzA and Gro3P and with DGDG affecting the biosynthesis
of NO and SA [71]. In roots specifically, the accumulation of DGDG in the peribacteroid membrane
of nodules helps to save phosphate because of reduced requirements for phospholipids during
root–nodule symbiosis [72]. During arbuscular mycorrhizal formation (AMF), genes encoding en-
zymes for fatty acids from plastid and GL synthesis are upregulated, indicating the increased pro-
duction of lipids during root mycorrhization [73]. This lipid demand might be explained by the
requirements of phospholipids to establish a large surface of the periarbuscular membrane and by
the accumulation of triacylglycerol in the fungus [59]. Lipid-derived signals by reduced arbuscular
mycorrhiza 2 (RAM2) such as Gro3P acyltransferase (GPAT), involved in the synthesis of fatty
acids associated with suberin and cutin, were also found to be involved in AMF formation [74,75].

A process that plays an important role in signal transduction and programmed cell death (PCD),
which can be induced by both biotic and abiotic stresses, is lipid peroxidation. Lipids that can
be subjected to peroxidation are galactolipids, free fatty acids, or acyl groups bound to triacyl-
glycerol (TAG), leading to the generation of JA during defense response [76]. JA is mainly pro-
duced during wounding, such as after herbivore attack and microbe infection, and is vital for
defense response to different fungal and bacterial pathogens [77]. Because some fungi, such as
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Outstanding questions
Are specific interactions between plants
and microbes common occurrences in
the rhizosphere, or are they limited to a
few organisms?

How do environmental abiotic stressors
such as high or cold temperature,
drought or flooding, metal toxicity, and
salinity affect the underground, lipid-
mediated plant–microbe interactions?

To what extent will lipidomics and other
omic technologies contribute to
discovering novel lipid molecules
involved with in planta and ex planta
functions and understanding the
molecular mechanisms involved in
signaling and rhizosphere interactions?

How conserved are lipid signaling
mechanisms between various plant
and microbial species?

How transferable will knowledge
gained from the relatively few
investigated cases of lipids in the
rhizosphere be to application to
improve plant performance in field
conditions?
Aspergillus spp., produce a set of oxylipins related to that of plants, it is speculated that p
and fungi ‘communicate’ via the oxylipin language [78]. AMF colonization leading to the a
mulation of JA in barley roots also showed upregulation of the expression of JA biosynth
genes (allene oxide cyclase, AOC; allene oxide synthase, AOS) [79]. SP have also been im
cated in PCD, which is a defense reaction against pathogen attack [80]. For example, the
pression of ceramide synthases in Arabidopsis (longevity assurance gene one homo
LOH1, LOH2, and LOH3) showed that although overexpression of LOH1 and LOH3 incre
plant growth, overexpression of LOH2 results in dwarfing and the constitutive expression o
persensitive response (HR) genes and PCD [81]. Moreover, an aspect in many studies is
accumulation of SA in SP mutants, which led to the proposal of a putative interaction betw
SP metabolism and SA signaling during PCD and HR [82].

The many essential functions of lipids can be assigned to distinct lipid categories (Figure 2)
unique chemical characteristics that allow a wide range of performances. This ability for spec
could be the reason that lipids evolved as signal molecules for communication between
plants andmicroorganisms in pathogenic andmutualistic interactions. Comprehensive lipid s
ies are necessary to further identify additional lipid chemistry that may be involved in plant r
microbe interactions. With substantial room for improvement in analytical techniques, m
can still be done in plant lipid research, which can further our understanding of plant lipid me
olism and its interaction with the biotic environment.

Concluding remarks and future perspectives
Several research studies have shown the complex underground interactions that occur betw
plant roots and soil microorganisms through lipids. It has become apparent that plant lipids
tively shape the microbiome inhabiting the rhizosphere and the subsequent colonization of
root tissues. We have presented lipid exchange in plant root–microbe interactions in three
stages: plant root to microbe, microbe to microbe, and microbe to plant root. On all acco
of these interactions, lipids have been shown to play essential roles as the ‘chemical langu
that facilitates the exchange of resources and modulates the cell responses by inhibiting pa
gen attack or enhancing microbial symbiosis. There are many more currently unknown l
with their corresponding signaling functions that are likely to exist which play a pivotal ro
determining or shaping the rhizomicrobiome. Our understanding will become clearer thro
detecting, identifying, and quantifying the plant and microbial lipids in situ and while in interac
This will shed light on their vital functions and how they behave, react, and transform in resp
to various stimuli. This knowledge will be greatly enhanced by continuous developmen
analytical techniques, which will allow an effective qualitative and quantitative approach
can further our insights into lipid diversity and functions. Lipidomics, which is largely attrib
to advances in its enabling technology, mass spectrometry (MS), has been a powerful to
the characterization of the structures of lipid species; quantification of the level of individual
species in biological samples; and determination of interactions of individual species with o
lipids, metabolites, and proteins in vivo [83]. The large-scale analysis of the lipid compou
can then be combined with transcriptomic and genomic studies to begin to uncover the g
involved in the signaling and various stages of the interactions. These integrated ‘omics’ stu
will be useful in the holistic interpretation of biological systems such as plants and how
respond to environmental biotic and abiotic stressors.

As part of rhizospheric signaling and interaction studies, research on lipids will therefore o
new avenues to increase crop productivity and tolerance to environmental stres
Harnessing the use of beneficial microorganisms and understanding the mechanism
pathogenicity and symbiosis could reduce the use of agrochemicals. Microbial solutions
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then be used for more sustainable agriculture to enrich the rhizomicrobiome for beneficial
microbes, thereby improving plant performance and resistance to biotic and abiotic stresses.
From a broader perspective, lipid research on plant–microbe interactions can also provide
biotechnological solutions, as with the broad spectrum of antimicrobial lipids isolated from
plants, which can be used as promising alternatives to control microbial infections. This can
be applied in various economic sectors aside from agriculture, such as the pharmaceutical,
cosmetic, and food industries (see Outstanding questions).
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      Table S 1  Mean values and standard error of different root type morphological traits 

1. Length - Total 5 2.23 ± 0.20 4.29 ± 0.34 1.43 ± 0.07 3.31 ± 0.46

7 3.50 ± 0.29 7.08 ± 0.45 1.96 ± 0.11 4.39 ± 0.44

9 8.65 ± 0.84 18.47 ± 1.31 3.93 ± 0.36 11.35 ± 0.87

12 32.41 ± 3.14 65.92 ± 4.37 14.06 ± 1.65 42.46 ± 4.13

14 87.21 ± 11.73 130.38 ± 6.84 31.05 ± 3.74 80.96 ± 5.10

16 212.74 ± 20.75 249.04 ± 11.06 61.35 ± 7.62 139.61 ± 9.89

19 458.45 ± 31.98 486.62 ± 22.99 150.48 ± 17.88 264.15 ± 25.57

21 647.27 ± 40.54 798.84 ± 38.75 242.07 ± 27.04 366.98 ± 36.10

2. Length - Primary 5 1.11 ± 0.10 2.15 ± 0.17 0.60 ± 0.09 1.66 ± 0.23

7 1.65 ± 0.12 3.53 ± 0.23 0.90 ± 0.10 2.20 ± 0.22

9 2.90 ± 0.17 6.41 ± 0.55 1.82 ± 0.15 4.68 ± 0.32

12 5.26 ± 0.25 10.79 ± 0.64 3.64 ± 0.24 10.17 ± 1.11

14 8.82 ± 1.02 13.85 ± 0.66 5.01 ± 0.27 14.17 ± 1.41

16 12.26 ± 1.20 16.70 ± 0.75 6.38 ± 0.27 16.44 ± 1.49

19 13.94 ± 1.11 18.36 ± 0.70 8.33 ± 0.25 18.71 ± 1.57

21 14.02 ± 1.09 18.36 ± 0.70 9.45 ± 0.24 19.58 ± 1.56

3. Length - 1st Lateral 5 0.06 ± 0.00

7 0.30 ± 0.06 0.29 ± 0.00

9 3.11 ± 0.50 5.65 ± 0.68 0.43 ± 0.07 1.98 ± 0.58

12 21.78 ± 2.68 44.25 ± 3.73 7.40 ± 1.12 22.13 ± 3.59

14 66.01 ± 10.14 99.05 ± 5.95 20.85 ± 3.22 51.06 ± 3.83

16 165.73 ± 16.26 190.65 ± 9.02 47.12 ± 6.87 97.05 ± 7.33

19 316.12 ± 20.13 327.71 ± 14.01 119.29 ± 14.80 181.66 ± 15.16

21 416.80 ± 24.49 451.21 ± 16.32 180.06 ± 19.35 236.24 ± 17.69

4. Length - 2nd Lateral 5

7

9

12 0.23 ± 0.06 0.43 ± 0.07

14 4.27 ± 1.07 3.64 ± 0.43 0.45 ± 0.09 1.78 ± 0.89

16 22.49 ± 4.57 24.99 ± 2.01 1.97 ± 0.74 9.67 ± 4.24

19 114.46 ± 13.24 122.19 ± 9.76 14.53 ± 4.64 45.07 ± 13.51

21 202.42 ± 17.82 310.90 ± 24.86 43.11 ± 10.63 91.57 ± 23.91

5. Growth rate - Total 5 0.45 ± 0.04 0.86 ± 0.07 0.29 ± 0.01 0.66 ± 0.09

7 0.63 ± 0.05 1.39 ± 0.16 0.33 ± 0.04 0.54 ± 0.36

9 2.57 ± 0.29 5.69 ± 0.56 1.06 ± 0.09 3.48 ± 0.40

12 7.92 ± 0.83 15.82 ± 1.26 3.38 ± 0.44 10.37 ± 1.24

14 27.40 ± 4.75 32.23 ± 1.71 8.49 ± 1.09 19.25 ± 0.86

16 62.76 ± 4.97 59.33 ± 2.50 15.15 ± 1.96 29.32 ± 3.03

19 81.90 ± 4.67 118.79 ± 7.39 29.71 ± 3.45 41.51 ± 5.71

21 94.41 ± 6.34 156.11 ± 9.41 45.79 ± 4.62 51.41 ± 6.29

6. Growth rate - Primary 5 0.45 ± 0.04 0.86 ± 0.07 0.29 ± 0.01 0.66 ± 0.09

7 0.54 ± 0.02 1.38 ± 0.16 0.33 ± 0.04 0.54 ± 0.36

9 1.25 ± 0.04 2.88 ± 0.43 0.92 ± 0.07 2.49 ± 0.28

12 1.58 ± 0.12 2.92 ± 0.26 1.21 ± 0.07 3.65 ± 0.64

14 3.56 ± 0.98 3.05 ± 0.28 1.37 ± 0.03 4.00 ± 0.74

16 3.44 ± 0.45 2.86 ± 0.28 1.37 ± 0.02 2.27 ± 0.27

19 1.12 ± 0.20 1.66 ± 0.12 1.30 ± 0.03 1.52 ± 0.17

21 1.01 ± 0.00 0.04 ± 0.00 1.11 ± 0.03 0.87 ± 0.08

7. Growth rate - 1st Lateral 5 0.01 ± 0.00

7 0.14 ± 0.03 0.15 ± 0.00

9 1.45 ± 0.23 2.81 ± 0.34 0.22 ± 0.03 0.99 ± 0.29

12 6.31 ± 0.75 12.87 ± 1.11 2.36 ± 0.35 6.72 ± 1.03

14 22.11 ± 4.02 27.40 ± 1.51 7.04 ± 1.04 14.47 ± 0.71

16 49.86 ± 3.33 45.80 ± 1.94 13.14 ± 1.84 23.00 ± 2.45

19 50.13 ± 2.31 68.53 ± 3.97 24.05 ± 2.69 28.20 ± 3.12

21 50.34 ± 3.38 61.75 ± 1.85 30.39 ± 2.43 27.29 ± 1.40

8. Growth rate - 2nd Lateral 5

7

9

12 0.08 ± 0.02 0.14 ± 0.02

14 2.08 ± 0.53 1.78 ± 0.21 0.22 ± 0.04 0.89 ± 0.44

16 9.47 ± 1.85 10.67 ± 0.84 0.86 ± 0.33 4.06 ± 1.76

19 30.66 ± 3.04 48.60 ± 4.28 4.35 ± 1.34 11.80 ± 3.38

21 43.98 ± 3.73 94.36 ± 8.68 14.29 ± 3.06 23.25 ± 5.68

9. Number of 1st lateral roots 5 1.00 ± 0.00

7 2.25 ± 0.34 1.00 ± 0.00

9 11.27 ± 1.13 13.60 ± 1.19 2.75 ± 0.34 6.88 ± 1.83

12 32.25 ± 2.94 50.20 ± 3.78 17.82 ± 1.83 44.25 ± 6.27

14 63.58 ± 6.35 99.87 ± 6.55 45.00 ± 5.82 77.00 ± 7.08

16 121.42 ± 9.81 159.67 ± 7.95 65.08 ± 7.62 119.38 ± 8.57

19 199.08 ± 11.67 234.67 ± 9.77 118.83 ± 12.45 181.25 ± 13.64

21 238.83 ± 13.23 297.07 ± 10.18 152.25 ± 13.89 214.88 ± 14.29

10. Number of 2nd lateral roots 5

7

9

12 1.20 ± 0.13 2.00 ± 0.45

14 13.80 ± 2.62 14.87 ± 1.48 4.00 ± 0.68 4.43 ± 1.06

16 46.33 ± 8.09 65.07 ± 4.66 10.78 ± 2.81 19.63 ± 5.83

19 187.58 ± 21.49 238.93 ± 17.60 61.83 ± 13.96 85.38 ± 16.51

21 324.67 ± 29.34 605.27 ± 44.47 160.75 ± 29.07 181.38 ± 29.63

Root trait DAI
Amb-Ctl Amb-PsJN HT-Ctl HT-PsJN

Mean values ± standard error
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Table S 2  Mean values and standard error of different root system traits describing distribution 

and spread 

 

 

 

 

 

 

 

 

 

 

 

1. Root system depth 5 2.25 ± 0.20 2.32 ± 0.06 1.43 ± 0.07 1.59 ± 0.08

7 3.32 ± 0.25 3.35 ± 0.08 1.97 ± 0.10 2.28 ± 0.10

9 5.83 ± 0.34 5.66 ± 0.12 3.55 ± 0.29 4.30 ± 0.14

12 10.28 ± 0.42 9.83 ± 0.18 7.00 ± 0.46 8.16 ± 0.16

14 13.52 ± 0.46 13.08 ± 0.20 9.66 ± 0.52 10.96 ± 0.16

16 16.59 ± 0.43 16.27 ± 0.19 12.33 ± 0.54 13.65 ± 0.18

19 19.02 ± 0.18 19.27 ± 0.02 16.10 ± 0.50 17.28 ± 0.24

21 19.19 ± 0.07 19.27 ± 0.02 18.28 ± 0.47 19.00 ± 0.12

2. Root system width 5 0.11 ± 0.02 0.12 ± 0.01 0.08 ± 0.01 0.08 ± 0.01

7 0.20 ± 0.04 0.14 ± 0.01 0.09 ± 0.01 0.10 ± 0.01

9 0.96 ± 0.13 1.25 ± 0.12 0.22 ± 0.04 0.37 ± 0.04

12 2.97 ± 0.28 3.05 ± 0.15 1.15 ± 0.16 1.27 ± 0.09

14 4.21 ± 0.31 4.08 ± 0.18 1.87 ± 0.24 2.08 ± 0.15

16 5.70 ± 0.30 5.38 ± 0.26 2.49 ± 0.28 2.62 ± 0.13

19 7.31 ± 0.26 7.00 ± 0.37 3.18 ± 0.28 3.45 ± 0.20

21 7.96 ± 0.27 7.61 ± 0.35 3.62 ± 0.28 3.64 ± 0.20

3. Convex hull area 5 28.47 ± 3.80 28.56 ± 2.20 14.00 ± 1.30 18.01 ± 1.96

7 102.31 ± 20.31 60.68 ± 5.29 22.47 ± 2.08 30.46 ± 3.68

9 904.58 ± 137.17 1081.86 ± 116.43 123.61 ± 20.17 245.27 ± 31.25

12 4911.60 ± 561.84 4832.34 ± 278.58 1326.81 ± 197.74 1644.98 ± 140.32

14 9749.58 ± 837.04 8928.15 ± 470.15 3050.44 ± 409.82 3741.92 ± 298.15

16 16172.80 ± 1097 15340.91 ± 752.41 5362.50 ± 613.27 6117.01 ± 376.52

19 26699.98 ± 1041 26073.98 ± 1177 9411.44 ± 905.49 11132.84 ± 914.97

21 32662.63 ± 954.99 32044.74 ± 1336 12529.62 ± 1099 13249.36 ± 741.05

4. Branching angle of lateral roots 5

7 74.63 ± 4.01 26.69 ± 0.00

9 62.88 ± 3.08 55.01 ± 4.92 37.54 ± 3.30 60.39 ± 9.08

12 59.10 ± 2.11 59.95 ± 2.03 56.13 ± 3.74 55.75 ± 3.84

14 61.09 ± 1.16 57.10 ± 1.62 52.38 ± 3.97 56.09 ± 3.37

16 61.84 ± 2.94 55.05 ± 1.23 55.09 ± 2.70 56.69 ± 2.28

19 61.78 ± 3.11 55.70 ± 1.40 52.68 ± 1.81 52.66 ± 0.86

21 60.54 ± 2.81 54.95 ± 1.38 51.73 ± 1.55 50.57 ± 1.09

Root trait DAI
Mean values ± standard error

Amb-Ctl Amb-PsJN HT-Ctl HT-PsJN
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