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SUMMARY 

Dehydration stress is one of the major environmental factors affecting the 

survival rate and productivity of plants. The resurrection plant Craterostigma 

plantagineum as an extreme desiccation tolerant plant has been used to study the 

mechanisms of desiccation tolerance. Currently, many dehydration-induced genes and 

some dehydration-related protective mechanisms have been reported. However, the 

mechanisms involved in desiccation tolerance and the regulation of the fast recovery 

process are not fully understood. 

In CHAPTER 2, the dehydration stress memory has been analyzed in the 

desiccation tolerant resurrection plant C. plantagineum, which had been exposed to 

four dehydration/rehydration treatment cycles. Expression of four representative 

stress-related genes gradually increased during four repeated cycles of treatment. This 

reflects a transcriptional memory and suggests that the selected genes are trainable 

genes. On the contrary, the chlorophyll synthesis/degradation-related genes are 

un-trainable, because transcript abundance of these genes did not significantly change 

during four dehydration cycles and the transcript levels were retained at a similar 

level during three recovery phases as in the untreated tissues. The transcript level of 

reactive oxygen species (ROS) pathway-related genes increased during 

dehydration/rehydration treatment cycles, accompanied by increasing levels of 

superoxide dismutase (SOD) activity, proline content and sucrose content. Conversely 

the H2O2 content and electrolyte leakage (EL) decreased, which indicates a gain of 

stress tolerance and also points a stress memory. Interestingly, the analysis of four 

representative stress-related proteins showed that the activated stress memory can 

persist over several days. This phenomenon is most likely a general feature of the 

dehydration stress memory response in resurrection plants. 

In CHAPTER 3, the total mRNA and polysomal mRNA profiles were 

investigated through RNA sequencing to identify genes related to desiccation 
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tolerance and to the fast recovery process during four different stages in dehydration 

and rehydration in C. plantagineum. The polysome occupancy (the ratio between 

polysomal mRNA abundance and total mRNA abundance of a specific mRNA) 

between each stage and the next time point was monitored in this work. A significant 

polysome occupancy change of a specific transcript means that expression of this 

gene is under translational regulation. We found that genes in two phases (from partial 

dehydration to desiccation: D/M group, and from desiccation to rehydration: R/D 

group) had extensive changes of polysome occupancy. The results showed that more 

mRNAs combine with ribosomes in the desiccation stage than other stages which 

might contribute to desiccation tolerance. We also analyzed sequence features of 

genes under translational regulation, including transcript length, GC content, GC3 

content, effective number of codons and enriched motifs. In the D/M group and R/D 

group, the sequence features were significantly different from each other, which 

indicated different regulation of translation in the two phases. The results revealed by 

GO term and MapMan pathway analysis showed that genes under translational 

regulation in the D/M group and R/D group are involved in several pathways, 

including carbohydrate (CHO) metabolism, signal transduction, kinase activity, 

transcription factor activity, cell wall, lipid metabolism and hormone metabolism. 

Among these, several transcription factor families were indentified, such as zinc 

finger, WRKY, NAC and ARF, which are involved in translational regulation during 

dehydration and rehydration. 

In CHAPTER 4, we focused on the identification and characterization of 

CTP:phosphocholine cytidylyltransferase CpCCT1 in the resurrection plant C. 

plantagineum. According to the RNA-sequencing results in CHAPTER 3, CpCCT1 

is a dehydration-induced gene, which is under translational control from partial 

dehydration to desiccation. In this work, we cloned the CpCCT1 cDNA from C. 

plantagineum and compared the putative amino acid sequences with Arabidopsis 

thaliana, the animal homolog Rattus norvegicus, and the yeast homolog 

Saccharomyces cerevisiae. The results showed that CpCCT1 has a conserved catalytic 
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domain and a membrane-binding domain while the N-terminal and C-terminal 

domains were divergent. The response of CpCCT1 to different abiotic stresses 

(including dehydration stress, salt stress, cold stress, mannitol and sorbitol treatments, 

and exogenous plant hormone application) were investigated in leaf and root tissues 

of C. plantagineum. The expression of CpCCT1 was increased both on the 

transcriptional and translational level under dehydration stress, 0.5 M NaCl solution 

treatment, and exposure to 0.5 M/0.8 M mannitol/sorbitol in leaves and roots, whereas 

no changes were observed in response to cold stress, exogenous 100 μM ABA or 1 

μM IAA treatments on the translational level in both leaf and root samples. A yeast 

complementation assay was performed to elucidate the possible function of CpCCT1. 

However, no significant functional complementation was observed in all the 

treatments (including different concentration of NaCl, KCl, mannitol, and 

3-amino-1,2,4-triazole (3-AT), and different pH values). The inapparent result might 

be caused by the divergent sequence between ScCCT and CpCCT1. We also analyzed 

the promoter activity of CpCCT1 in response to dehydration both in C. plantagineum 

and A. thaliana. The relative lower CpCCT1 promoter activity, together with the 

highest transcripts level in partially dehydrated samples and the highest protein level 

in desiccated samples revealed that the expression of CpCCT1 was mainly under 

translational regulation during dehydration stress, which coincides with the initial 

RT-qPCR results (CHAPTER 3). The characteristics and functional study of 

CpCCT1 in this work can be a general feature of CCT in resurrection plants. 
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CHAPTER 1 

General introduction 

1 Introduction of desiccation tolerance 

The extreme climate and weather events are getting serious, which is effected by 

global warming (Jiang et al. 2018). The frequently changing precipitation capacity 

and uneven rainfall distribution very likely lead to more irregular and multiple abiotic 

stresses, such as heat stress, dehydration stress, cold stress or the combination of 

stresses (Wang et al. 2014; Niinemets et al. 2017). Dehydration stress as one of the 

most important environmental factors can affect the growth situation, the survival rate 

and the productivity of plants (Todaka et al. 2017). 

Many plants can survive from dehydration to different extents. Drought tolerance 

regarded as the tolerance to moderate dehydration (water loss around 20-30%) is 

different from desiccation tolerance which is used to describe the tolerance of further 

dehydration (water loss up to 90%) and the ability of successfully rehydration after 

re-watering (Gaff 1971; Hoekstra et al. 2001). It is reported that the desiccation 

tolerance trait is widely distributed in the plant kingdom, but differences exist 

between species (Bewley and Krochko 1982; Oliver and Bewley 1996). From the 

phylogenetic and ecological aspects, desiccation tolerance is considered as a very 

ancient feature of land plants, which was lost during the evolution of the vascular 

plants (Proctor et al. 2007; Farrant and Moore 2011). However, desiccation tolerance 

is still retained in plant structures such as pollen, seeds and spores, and re-established 

in the vegetative tissues of a few angiosperm plants termed as resurrection plants 

(Bartels 2005; Farrant and Moore 2011).  

The mechanisms of desiccation tolerance in seeds are correlated to their 

maturation programs regulated by seed development (Farrant and Moore 2011). 
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Furthermore, the desiccation tolerance in plant vegetative tissues is considered as a 

complex phenotype affected by multigenic and multifaceted regulatory mechanisms 

(Moore et al. 2009; Oliver et al. 2010; Gechev et al. 2012). The accumulation of 

protective proteins and specific carbohydrates, the adaptive changes of morphology, 

the remodeling of cell wall and membrane lipids contribute to acquisition of 

vegetative desiccation tolerance (Gechev et al. 2013; Giarola et al. 2017; Yobi et al. 

2017).  

2 Resurrection plants and the experimental system Craterostigma plantagineum 

2.1 Resurrection plants 

Resurrection plants, as a small group of angiosperm plants, contain around 300 

species (including herbaceous plants, shrubs and trees), which are found in desert and 

dry areas, in more temperate areas, and even in the tropical rainforests areas (Bartels 

2005; Phillips et al. 2008; Porembski 2011; Challabathula et al. 2012). Resurrection 

plants possess a remarkable ability to tolerate extreme air dryness or desiccation 

(relative leaf water content less than 5%) and survive from an inactive state after 

rehydration (Bartels 2005; Gechev et al. 2013). In contrast, most angiosperm plants 

are desiccation sensitive, especially in their vegetative tissues (Bartels 2005). 

Therefore, resurrection plants can be a potential source for improving the dehydration 

tolerance of crop plants through analyzing physiological and molecular mechanisms. 

Since most resurrection plants are polyploid and have large genomes, it is 

speculated that the genome polyploidy might be advantageous for the acquisition of 

desiccation tolerance during evolution, but up to now there is no evidence showing up 

(Otto 2007; Siljak-Yakovlev et al. 2008; Rodriguez et al. 2010). In order to 

understand the molecular basis under the desiccation tolerance, several species of 

resurrection plants have been extensively studied, including Boea hygrometrica 

(dicot), C. plantagineum (dicot), C. wilmsii (dicot), Myrothamnus flabellifolia (dicot), 

Sporobolus stapfianus (monocot), Xerophyta humilis (monocot), X. viscosa (monocot), 
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Tortula ruralis (moss), Selaginella tamariscina (clubmoss), and S. lepidophylla 

(clubmoss) (Ingram and Bartels 1996; Alpert and Oliver 2002; Moore et al. 2009; 

Cushman and Oliver 2011; Oliver et al. 2011a, b). Resurrection plants can protect 

cells from damage during desiccation through a constitutive system, which can 

perceive and respond to slowly moisture loss (Ingram and Bartels 1996; Oliver et al. 

2000). The resurrection plants are mainly separated into two groups: 

poikilochlorophyllous and homoiochlorophyllous, according to the different ability of 

chlorophyll degrading or retaining (Sherwin and Farrant 1998; Bartels and Hussain 

2011). Among them, C. plantagineum belongs to the homoiochlorophyllous group, 

because the thylakoid and chlorophyll are retained during dehydration (Sherwin and 

Farrant 1998; Rodriguez et al. 2010). 

2.2 The desiccation tolerant plant C. plantagineum 

The Southern African plant C. plantagineum is an extreme desiccation tolerant 

plant, which is an indispensable member of the Linderniaceae family and belongs to 

the tribus of the Scrophulariaceae (Bartels and Salamini 2001; Bartels 2005; Phillips 

et al. 2008). 

As we know, the large genomes owned by most resurrection plants make them 

difficult to transform and unsuitable for molecular or genetic studies (Challabathula 

and Bartels 2013). However, C. plantagineum has the advantage that it displays 

desiccation tolerance both in vegetative tissues and in undifferentiated callus which 

makes it a model resurrection plant for the analysis of molecular mechanisms 

(Rodriguez et al. 2010). The desiccation tolerance in C. plantagineum callus is not 

intrinsical. Callus needs a pretreatment with the exogenous plant hormone abscisic 

acid (ABA) to acquire the tolerance (Bartels et al. 1990). The dehydration process in 

C. plantagineum is characterized by inducing numerous dehydration-related genes 

and proteins, while during the rehydration process the amount of induced genes and 

proteins are rapidly decreased (Bernacchia et al. 1996; Bartels 2005). This response 
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process is different to other plants, such as T. ruralis, in which the majority of gene 

expression changes take place during the first hours after re-watering (Wood and 

Oliver 1999). 

3 Plant stress memory, acclimation and priming 

Due to the more frequent climatic changes and extreme conditions occurring 

recently plants are likely to be exposed to multiple abiotic stresses during their whole 

life span, instead of single stress events (Li and Liu 2016). In order to survive from 

stress and to adapt to the harsh environment, plants have to find suitable ways to 

respond to recurrent stresses. It has been observed that pre-exposure to a mild biotic 

or abiotic stress can prepare plants for subsequent severe stress exposures (Walter et al. 

2011; Ramírez et al. 2015). This phenomenon is referred to as “plant priming”, which 

is considered as a potential way to improve stress tolerance, and it is related to “plant 

stress memory” (Bruce et al. 2007). The expression “plant priming” is generally used 

in the context of biotic stresses and chemical agent application for the first exposure, 

while the similar process is termed “hardening” or “acclimation” when it comes to 

abiotic stress (Sinclair and Roberts 2005; Chen et al. 2012a; Hilker et al. 2016; 

Savvides et al. 2016). The concept of stress memory represents an intrinsic response 

to a repeated stress event (Avramova 2015). Many efforts have been made to explore 

the mechanisms of stress memory in different plant species which have encountered 

diverse stresses (Ramírez et al. 2015; Walter et al. 2011; Wang et al. 2014, 2015; 

Shukla et al. 2015; Sun et al. 2018). The results show that stress memory is involved 

in modifications at different levels, including morphological, physiological, 

transcriptional, translational, and epigenetic level (Kinoshita and Seki 2014; Sun et al. 

2018). 

3.1 The physiological perspective of the drought stress memory 

To optimize the growth and reproduction in frequently changing environments, 

plants may adjust their physiology rapidly to give rise to structural and physiological 
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adaptation (Fleta-Soriano and Munné-Bosch 2016). Previous research showed that 

many plant species display a drought stress memory on the physiological and 

biochemical level, such as ROS homeostasis, photosynthetic rate alteration, biomass 

or grain yield changes, variations of phytohormone contents etc.  

In long term stress memory experiments, the yield of the crop plant potato was 

investigated using primed or non-primed tubers (Ramírez et al. 2015). The results 

showed that the potato tubers which were produced under drought conditions had a 

higher tuber yield than the ones produced in well watered conditions, when the 

potatoes had been grown in similar conditions of watering (Ramírez et al. 2015). The 

biomass of Arrhenatherum elatius plants which had been pre-exposed twice to 

drought stress was higher than that of these plants only encountered a single drought 

stress (Walter et al. 2011). Wheat plants were used to explore the possible effect of 

drought stress memory during plant development (Wang et al. 2014). The ascorbate 

peroxidase activity and photosynthesis rate of primed (before anthesis) wheat plants 

were higher whereas the content of malondialdehyde was lower than that of the 

non-primed wheat plants, which contributed to higher grain yield during a severe 

drought event encountered during the grain filling stage (Wang et al. 2014). 

 In A. thaliana plants, which underwent a previous drought stress treatment the 

stomata were still partially closed during the well-watered recovery period, which is 

beneficial for water conservation when exposed to a subsequent drought stress 

(Virlouvet and Fromm 2015). A repetitive dehydration/rehydration system was 

developed by Ding et al. (2012) to determine whether A. thaliana plants retain a 

drought stress memory. A significant lower water loss rate was observed in the second, 

third and fourth dehydration stress compared to the first stress (Ding et al. 2012). 

Similarly to the results from A. thaliana (Ding et al. 2012), trained (pre-exposed to 

dehydration stress) maize plants showed higher relative leaf water content (RWC) 

than the non-trained plants when exposed to a subsequent dehydration episode (Ding 

et al. 2014). A drought stress memory was also found in Aptenia cordifolia plants 
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which encountered repeated stresses (Fleta-Soriano et al. 2015). The A. cordifolia 

plants exposed twice to drought stress had increased lipid hydroperoxide levels and 

increased chlorophyll a/b ratios in comparison with the reference group (Fleta-Soriano 

et al. 2015). 

Abscisic acid (ABA) as an essential phytohormone in plants can respond to 

drought stress through a complex equilibrium of synthesis, degradation or conjugation 

(Kim 2012; Finkelstein 2013). A study of A. cordifolia plants finds that ABA levels 

increased in leaves which encountered two subsequent drought stress episodes 

compared to plants which were only exposed once (Fleta-Soriano et al. 2015). Neves 

et al. (2017) observed that citrus plants which underwent multiple dehydration stress 

exposures also had higher ABA levels compared to the single stressed plants. 

Research on spring wheat (Triticum aestivum L. cv. Vinjett) showed that the wheat 

plants pre-exposed to moderate water deficit had higher concentrations of ABA 

compared to non-primed plants, which resulted in higher grain yields at the end 

(Wang et al. 2015). 

3.2 Molecular mechanisms and epigenetics of drought stress memory 

Evidences for a drought stress memory on the transcriptional level suggest that 

the regulatory mechanisms in response to a single stress stimulation are different from 

reiterative stress stimulations (Avramova 2015; Berry and Dean 2015). Previous 

research showed that changes of gene expression patterns were usually correlated 

with changes of the chromatin status (Campos and Reinberg 2009). The molecular 

mechanisms of the plant memory have two branches: cis mechanism and trans 

mechanism, which means a memory generated on chromatin marks (including DNA 

methylation and histone modifications) and a memory maintained by feedback loops 

and cytosol partitioning, respectively (Bonasio et al. 2010; Berry and Dean 2015; de 

Freitas Guedes et al. 2019). 

Epigenetic mechanisms play an important role in the regulation of gene 
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expression through plenty of molecular mechanisms which contribute to epigenetic 

inheritance in plants, including DNA methylation, histone modifications, RNA 

molecules and chromatin structure alteration (Chinnusamy and Zhu 2009; Friedrich et 

al. 2019). It is reported that the changes on the epigenetic level is possible to inherit or 

transmit to the next generation through mitotic cell divisions (Kinoshita and Seki 

2014). The profiles of histone H3 tri-methylations of lysine 4 and lysine 27 

(H3K4me3 and H3K27me3) have been studied for five dehydration stress memory 

genes in A. thaliana plants (Liu et al. 2014). The results revealed the existence of 

distinct memory responses and showed different activities of transcription during the 

rehydration periods (Liu et al. 2014). H3K27me3 is a well-known chromatin 

repressive factor for developmentally regulated genes, while it did not block the 

transcription of dehydration stress-related genes (Liu et al. 2014). It has been reported 

that the histone modification profiles and the nucleosome occupancy of dehydration 

responsive genes (including RD20, RD29A and galactinol synthase (GOLS2)) 

changed during the transition phase from dehydration to rehydration cycle in A. 

thaliana (Kim et al. 2012). The acetylation level of lysine 9 of H3K9ac related to the 

active state of dehydration-related gene expression (Kim et al. 2012). The presence of 

RNA polymerase II was increased during dehydration and decreased during the 

rehydration period, which correlated with transcript profiles (Kim et al. 2012). 

Correlating active transcription with the alteration of H3K4me3 indicated that this 

chromatin mark participates in the transcription memory of these genes (Kim et al. 

2012). Ding et al. (2012) reported that the relatively high occupancy level of 

phosphorylation of serine 5 (Ser5P) and H3K4me3 of RNA polymerase II persisted 

while the transcripts of trainable genes fall to a basal level during rehydration, which 

suggests the correlation to drought stress memory. 

To investigate the possible role of genome-wide DNA methylation differences in 

drought stress memory, seedlings of A. thaliana had been used in a simulated-drought 

treatment (Colaneri and Jones 2013). However, the results showed no correlation 

between DNA methylation levels and gene expression patterns in A. thaliana 
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(Colaneri and Jones 2013). Even though evidence increases for epigenetic 

mechanisms of stress responses and memory in plants, more studies are needed to 

understand the role of a drought stress memory in adaption of plants to dehydration. 

3.3 Cross memory 

Due to global warming, plants are more likely to be exposed to different kind of 

stresses at the same time or at different stages of their life span instead of being 

exposed to a continuous stress with the same intensity. Thus cross stress tolerance of 

plants is extremely essential to overcome those stresses which happen during the 

whole life span. Cross stress tolerance may be obtained by establishing some 

acclimation mechanisms, such as morphological changes, specific transcription 

factors accumulation, protective metabolites accumulation, and epigenetic 

modifications (Munne-Bosch and Alegre 2013; Walter et al. 2013). Heat stress, 

freezing stress and drought stress will cause cell dehydration and induce acclimation 

mechanisms, which are partly similar to each other (Beck et al. 2007). Therefore, it is 

highly possible that the activated acclimation mechanisms in plants caused by one 

kind of stress can prevent damage from other stresses occurring later, which is termed 

as cross stress memory (Walter et al. 2013). 

All processes involved in cross stress tolerance and cross stress memory are 

regulated by a multiplex network covering the interaction of multiple external and 

internal factors, permitting plants to adapt to the changing environment 

(Munne-Bosch and Alegre 2013). More specifically, previous researches in A. 

thaliana showed that cold responsive genes (eg. C-repeat binding factor) could induce 

the expression of downstream drought responsive genes (Thomashow 1999; 

Shinozaki and Yamaguchi-Shinozaki 2000). More recently it was shown that drought 

stress played a dominant role in inducing cold tolerance in strawberry 

(Fragaria×ananassa) plants (Rajashekar and Panda 2014). The mediterranean Pinus 

nigra exposed to an extreme drought stress displayed frost tolerance to lower 
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temperatures occurring in the following years (Kreyling et al. 2012). Studies on spring 

wheat showed that a moderate drought stress during the stem elongation stage could 

alleviate yield loss caused by heat stress occurring later during the grain filling stage 

(Wang et al. 2015). Li et al. (2015) found that wheat plants pre-exposed to moderate 

drought stress at the vegetative stage had improved cold tolerance at the jointing stage 

by sustaining ROS homeostasis, reducing leaf water loss, decreasing oxidative 

injuries of the photosynthetic apparatus, and increasing ABA levels. Another type of 

cross stress memory was reported by Herms and Mattson (1992); they showed that 

previous experience of abiotic stress (eg. drought stress) could induce herbivore 

resistance through increasing of carbon-based secondary metabolites. 

3.4 Priming of seeds 

Seed priming as a low-cost and efficient approach to increase crop yield has been 

developed to produce tolerant plants against various stresses and solve food security 

problems of a growing world population (Jisha et al. 2013; Sher et al. 2019). Although 

seed priming and plant priming, both could contribute to improved stress tolerance, 

they are different from each other (Li and Liu 2016). Priming is a technique based on 

water that controls hydration of seeds in water or a solution with low osmotic 

potential to trigger the metabolic processes during the early phase of seed germination 

without radical protrusion (Paparella et al. 2015). Research related to seed priming 

has been widely reported, water, sugars, polyethylene glycol (PEG), hormones, 

beneficial microbes, solid medium, and micronutrients are used as priming agents 

(Sher et al. 2019). Therefore the methods of seed priming can be classified into 

several types, including hydropriming, biopriming, osmopriming, solid matrix 

priming, nutripriming, hormonal priming, and thermopriming (Paparella et al. 2015; 

Sher et al. 2019). 

It has been widely reported that seed priming is not only promoting seed 

germination and improving plant growth and crop yield, but it also increases tolerance 
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to abiotic stress under changing conditions (Sher et al. 2019). Here, we focus on seed 

priming involved in promoting drought tolerance of plants. In comparison to seedlings 

obtained from non-primed chickpea seeds, seedlings obtained from seeds primed 

using mannitol and water showed longer roots and shoots (Kaur et al. 2002). 

Hydropriming of maize (Zea mays L.) significantly improved germination as well as 

seedling growth under drought stress conditions (Janmohammadi et al. 2008). Primed 

(treated with H2O or different concentrations of PEG) and non-primed seeds of four 

rice cultivars were germinated under drought stress (imitated with PEG) to examine 

the effects of seed priming of physiological characteristics of rice plants (Sun et al. 

2010). The results showed that a suitable concentration of PEG could improve indices 

of germination, quality and drought tolerance of seedlings under drought stress 

conditions. The physiological changes were correlated with increased proline, soluble 

proteins, phenylalanine ammonia lyase (PAL), peroxidase (POD), superoxide 

dismutase (SOD) and catalase (CAT), and decreased total soluble sugars and 

malondialdehyde (MDA) (Sun et al. 2010). Hormonal priming was evaluated in seeds 

of tall wheatgrass (Eisvand et al. 2010). Seed priming using 50 ppm of auxin 

increased seed germination and the number of seminal roots whereas 100 ppm of 

gibberellin, 50 ppm of cytokinin, and 50 ppm of ABA improved seed performance 

under drought stress conditions, respectively (Eisvand et al. 2010). Recently, the 

effect of seed osmopriming (with CaCl2 solution) on wheat yield was evaluated in a 

field experiment (Hussain et al. 2018). The osmoprimed seeds led to increased yield 

and crop allometry and improved productivity under drought stress, due to 

establishment of early and uniform tolerance mechanisms (Hussain et al. 2018). 

Durum wheat (Triticum durum cv. Yelken) seeds primed with zinc (Zn) showed better 

seed vigor and seedling growth in water limited growth medium; possibly the addition 

of Zinc led to a higher antioxidative potential (Candan et al. 2018). Interestingly, 

Khan et al. (2019) reported that seed priming with melatonin in a cultivated rapeseed 

cultivar could detoxify ROS activities through enhancement of antioxidants, 

potentially regulate stomatal traits, and prevent chloroplast and cell wall degradation 

under drought stress. These observations could result in to develop drought tolerance 
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of crop plants. In general, the overall growth of plants is enhanced due to seed 

priming treatments under drought stress conditions, which could be a hint for future 

studies of plant priming or plant stress memory. 

4 Polysome profiling and translational regulation 

4.1 Isolation of polysome RNAs 

To gain further insight into regulation of translation, the relative amount of 

transcripts associated with polysome complexes need to be assessed. It has been 

demonstrated that polysomes can be isolated from different plant tissues, including 

organs, whole plants under different conditions, dissected tissue sections, and even 

mature pollen grains (Mustroph et al. 2009). Polysome mRNA isolation has routinely 

been accomplished by using an extraction buffer containing magnesium chloride 

(stabilizing the two subunit ribosome complex), cycloheximide and chloramphenicol 

(blocking further translocation of the ribosomes to the cytosol and organelles) 

(Mustroph et al. 2009). After precipitating the cell debris, the supernatant is loaded 

and separated on continuous sucrose gradients (15-56% (w/v)). The separated 

fractions are then used for RNA extractions (Mustroph et al. 2009; Juszczak and 

Bartels 2017). 

A critical point during the polysome RNA isolation process is to identify the 

sucrose gradient fractions which contain the polysome mRNAs. To solve this problem, 

the antibiotic puromycin is used in the reference fractions during the polysome RNA 

isolation experiment. Puromycin can cause dissociation of ribosomes during the 

elongation phase of the translation process (Azzam and Algranati 1973). 

Simultaneously, the ethylenediaminetetraacetic acid (EDTA) is also used as a 

disrupter during the polysome purification. EDTA dissociates the subunits of the 

ribosomes (Chassé et al. 2016). However, EDTA has additional effects on disrupting 

the gradient profile and leads to high losses of RNA integrity (Chassé et al. 2016). 

Using puromycin after the lysate preparation does not affect RNA quality (Chassé et 
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al. 2016). Therefore puromycin has become a common chemical reagent used in 

controls to isolate polysome mRNAs, and avail the mRNAs translational status 

analysis (Chassé et al. 2016). 

4.2 Polysome profiling 

A polysome or polyribosome is a complex of an mRNA molecule and ribosomes 

which functions to translate mRNAs into polypeptides. Based on the number of 

associated ribosomes, translated mRNAs can be separated and collected by using 

sucrose gradients (Smit et al. 2018). The separated polysome RNA is subjected to 

RNA sequencing to investigate translational alterations, while the unseparated total 

RNA is used to detect the transcriptional changes (Smit et al. 2018). 

Polysome profiling analyzed by polysome fractionation is a powerful method in 

molecular biology used to assess the association between ribosomes and a given 

mRNA (Panda et al. 2017). Polysome profiling and ribosome profiling are used in the 

translatome analysis, but these two techniques are different from each other, 

generating data at different levels of specificity (Piccirillo et al. 2014). Polysome 

profiling has been developed and used to infer the translational status of a specific 

mRNA in a specific tissue during the past decade (Chassé et al. 2016). It was reported 

that large polysomes formed by mRNAs associated with more ribosomes are more 

likely to be actively translated compared to mRNAs associated with a few ribosomes 

(Panda et al. 2016). Polysome profiling provides a direct way to detect the translation 

efficiency of the whole transcriptome or an individual mRNA (Panda et al. 2017). 

Furthermore, it is very suitable for analyzing genomic data of organisms with limited 

genetic resources (Chassé et al. 2016). 

4.3 Polysome occupancy 

Measuring the relative transcript amount of an individual mRNA or a population 

of mRNAs in polysome complexes and comparing it with the total amount of 
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transcripts allow to evaluate the translational regulation of a specific gene or all genes 

in a specific tissue (Mustroph et al. 2009). The ratio between polysomal mRNA 

abundance and total mRNA abundance of a specific mRNA is described as polysome 

occupancy, which partly represents the meaning of translational efficiency (Bai et al. 

2017). The changes of polysome occupancy of a specific mRNA has been used to 

estimate the translational status of an mRNA in different growth conditions and 

different species (Arava et al. 2003; Ingolia et al. 2009; Liu et al. 2012, 2013; 

Krishnan et al. 2014; Juntawong et al. 2014; Basbouss-Serhal et al. 2015; Bai et al. 

2017, 2018).  

4.4 Translational regulation 

Gene expression is regulated on several levels, such as transcriptional level, 

translational level, post-translational level and epigenetic level (Hershey et al. 2012). 

Among these, translational regulation is a cellular response mechanism which 

controls protein production in response to various physiological and pathological 

situations (Pradet-Balade et al. 2001; Chassé et al. 2016). Since total mRNAs can be 

poorly correlated to proteins in their abundance in various species, the amount of 

polysomal mRNAs may better reflect protein abundances (Wang et al. 2013). The 

study of translational regulation contributes to explain the differences between 

transcriptome analysis and proteome analysis and gives rise to a better understanding 

of regulation of gene expression (Vogel and Marcotte 2012; Chassé et al. 2016). 

Various techniques have emerged for studying translated mRNAs, including 

polysome profiling, ribosome profiling and affinity purification of ribosomes engaged 

in translation. Polysome profiling is the most commonly used approach (Chassé et al. 

2016). Recently, the genome-wide profiling of polysome-associated mRNA and total 

mRNA was determined during A. thaliana seed germination (Bai et al. 2017). The 

changes of polysome occupancy of thousands of individual mRNAs were limited to 

two temporal phases (seed hydration and germination), which revealed extensive 
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translational regulation during seed germination (Bai et al. 2017). Polysome profiling 

was also performed in dormant and after-ripened A. thaliana seeds after imbibition for 

6 h and 24 h in the transcription inhibitor cordycepin and in water (Bai et al. 2018). 

The translational status of the A. thaliana samples during photomorphogenesis was 

examined by polysome profiling, which showed that genes encoding ribosomal 

proteins are more likely under translational regulation and revealed that mRNAs 

under translational control have longer half-lives and shorter length (Liu et al. 2012). 

The dynamics of mRNA association with polysomes were analyzed using polysome 

profiling in dormant and non-dormant seeds of A. thaliana during the imbibition at 

25°C in darkness (Basbouss-Serhal et al. 2015). The results showed that the 

recruitment of mRNAs to polysomes was a selective and dynamic process in both 

dormant and non-dormant seeds, and revealed that the GC content of 5′ untranslated 

region had a role in the selective translation occurring during seed germination 

(Basbouss-Serhal et al. 2015). Kawaguchi et al. (2003) reported that the effect of 

water deficit on mRNA translation occurred in basal and apical leaves of the tobacco 

(Nicotiana tabacum) plants. A progressive reduction of the amount of polysomes per 

mRNA caused by water deficit in both old and young leaves, while under well 

watered conditions the level of polysomes was significantly higher in apical leaves 

compared to basal leaves (Kawaguchi et al. 2003). The data by Kawaguchi et al. 

(2003) revealed that translational regulation is an important component of the drought 

stress response and the translation level of an individual mRNA is distinctly different 

in leaves of different growth stages. 

To sum up, previous research using polysome profiling analysis suggests that 

polysome profiling plays an essential role in the analysis of genes under translational 

regulation during different biological processes. 
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5 The changes of cellular membrane under dehydration stress 

5.1 Cell membranes affected by dehydration stress 

Research showed that dehydration tolerance of plants depends on the ability to 

maintain the integrity of cell membranes during dehydration (Bewley 1979). Recent 

reports showed that desiccation tolerance in plants needs the presence of specific 

carbohydrates and protective proteins, the activation of mechanisms regulating the 

expression of relevant genes, the restructuring of membrane lipids and membrane 

integrity (Giarola et al. 2017). During desiccation, most of the water in plants is lost 

and the plant size is diminished, which leads to membrane folding and formation of 

small vesicle (Cruz de Carvalho et al. 2017). Regulating membrane integrity during 

desiccation is important to avoid leakage during the rehydration stage when the cell 

volume increases again (Crowe et al. 1992; Cruz de Carvalho et al. 2017). It has been 

reported that plant membranes could change from a liquid crystalline to a gel phase 

during dehydration. This might result in membrane fusion and loss of cell 

compartmentation which causes leakage of cytoplasmic solutes (Crowe et al. 1992; 

Koster et al. 2010; Cruz de Carvalho et al. 2011). 

The integrity of cell membranes as one of the factors most strongly affected by 

various stresses has often been used as a guidance to moniter the tolerance of plants to 

various stresses, such as drought, heat or cold (Levitt 1980; Blum and Ebercon 1981; 

Willing and Leopold 1983). Therefore, the measurements of cell membrane damage 

have become very useful physiological indices to measure the damage caused by 

dehydration stress and to evaluate the dehydration tolerance (Sullivan 1972; Blum and 

Ebercon 1981; Sun et al. 2020). Bajji et al. (2002) reported that the measurement of 

electrolyte leakage could be used to estimate the extent of cell membrane damage 

caused by dehydration stress. 
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5.2 Phosphatidylcholine involved in membrane integrity 

Phosphatidylcholine (PC) is a main structural component of cell membranes as 

well as one of the most abundant phospholipids in plant cells, which is important in 

keeping the integrity and functionality of cell membranes (Sun et al. 2020). PC also 

plays a role in multiple physiological functions, such as cell recognition, cell signaling, 

cellular metabolism and maintaining normal physiological activity, growth and 

development, and stress defense (Chen et al. 2018). In addition, PC as a precursor is 

involved in the biosynthesis of various signaling molecules, including phosphatidic 

acid (PA), lysoPC, arachidonic acid, and diacylglycerol (DAG) (Cui and Houweling 

2002). Exton (1994) reported that PC is a main source of secondary lipid messengers 

and thus plays a vital role in signal transduction. Due to these structural and 

functional roles of PC, the biosynthesis and catabolism pathways of PC are extremely 

important for maintaining the homeostasis of PC as well as other lipids (Robinson et 

al. 1989; Exton 1994; Sun et al. 2020). 

Recently, the function of exogenous PC application has been studied. Research 

on peach seedlings subjected to drought stress showed that exogenous application of 

PC enhanced the integrity of cell membranes, thereby increasing cell viability, protect 

leaf cell tissues, and reduce electrolyte leakage (Sun et al. 2020). 

5.3 Enzymes involved in phosphatidylcholine synthesis 

PC is a ubiquitous phospholipid in most eukaryotic algae and plants (Sato et al. 

2016). Due to the important role of PC, it is necessary to study PC synthesis-related 

enzymes. 

In eukaryotes, PC is synthesized through three known pathways, including the 

Kennedy pathway, the methylation pathway, and base-exchange pathway (Liu et al. 

2015). In the Kennedy pathway, there are two branches referred to as 

CDP-ethanolamine (for the synthesis of phosphatidylethanolamine: PE) and 
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CDP-choline pathway (for the synthesis of PC) (Gibellini and Smith 2010). For the 

methylation pathway, PC is produced from PE through three methylation steps: the 

initial methylation step is catalyzed by PE methyltransferase (PEMT) while the 

second and third methylation steps are catalyzed by phospholipid methyltransferase 

(PLMT) (Sato et al. 2016). In the base-exchange pathway, PC is synthesized from 

other phospholipids (eg. phosphatidylserine: PS) by exchanging the head group with 

free choline (Liu et al. 2015).  

The CDP-choline pathway consists of three enzymatic steps in eukaryotes (Fig. 

1). Initially, choline is catalyzed by choline kinase (CK), which is an ATP-dependent 

phosphorylation step, forming phosphocholine. Secondly, the CTP:phosphocholine 

cytidylyltransferase (CCT) catalyzes CTP and phosphocholine to form CDP-choline 

and pyrophosphate (PP), which is considered to be a rate-limiting step in CDP-choline 

pathway of PC synthesis (Gibellini and Smith 2010; Cornell and Ridgway 2015). In 

this step, the activity of CCT is regulated by signals from the membrane which can 

sense the relative PC abundance (Cornell and Ridgway 2015). The final reaction of 

the pathway is catalyzed by CDP-choline 1,2-diacylglycerol 

cholinephosphotransferase (CPT), using CDP-choline and alkyl-acylglycerol (AAG) 

or diacylglycerol (DAG) to synthesis PC and the byproducts CMP (Sundler and 

Akesson 1975; Gibellini and Smith 2010; Cornell and Ridgway 2015).  
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Fig. 1 The CDP-choline pathway for PC synthesis in eukaryotes (Gibellini and Smith 2010; 

Cornell and Ridgway 2015). The activity of CCT is regulated by signals from the membrane 

(dotted arrow) related to the relative PC abundance. 

 

Fig. 2 An updated metabolic pathway for the PC biosynthesis in A. thaliana (Liu et al. 2019). 

SDC1: Serine decarboxylase 1; PMT: S-adenosylmethionine: phospho-base N-methyltransferase; 

CEK: choline/ethanolamine kinase; CCT: phosphorylcholine cytidylyltransferase; AAPT: 

aminoalcohol aminophosphotransferase; PECP1: phosphoethanolamine/phosphocholine 

phosphatase 1; PS2: phosphate starvationinduced gene 2. 

Recently, an updated metabolic map of PC biosynthesis in A. thaliana was drawn 

by Liu et al. (2019b) (Fig. 2). In detail, the reaction step is started from the alteration 
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of serine to ethanolamine using serine decarboxylase 1 (SDC1) (Yunus et al. 2016; 

Liu et al. 2018). The choline/ethanolamine kinase 4 (CEK4) then phosphorylates 

ethanolamine to phosphoethanolamine (Lin et al. 2015). The phosphoethanolamine 

has two different metabolic fates: to synthesize PE or to synthesize PC (Liu et al. 

2019b). For the PC synthesis, phospho-base N-methyltransferase (PMT) catalyzes 

phosphoethanolamine to form phosphocholine (PCho), in which PMT1, PMT2, and 

PMT3 are redundant in A. thaliana (Liu et al. 2019b). Then PCho is converted to 

CDP-choline in the reaction triggered by CCT1 and CCT2 (Inatsugi et al. 2002, 2009), 

then CDP-choline is used to form PC through the catalysis of 

aminoalcoholaminophosphotransferase 1 (AAPT1) and AAPT2 in A. thaliana (Liu et 

al. 2015). Rhodes and Hanson (1993) reported that ethanolamine can be used to 

produce PCho through PMT activity in angiosperm plants. More recently research 

showed that knocking out the putative choline /ethanolamine kinases CEK 1, CEK 2, 

and CEK 3 did not affect PC contents in A. thaliana (Lin et al. 2015). In addition, the 

PC content was not affected by the null mutants of two PCho phosphatases: 

phosphoethanolamine/phosphocholine phosphatase 1 (PECP1) and phosphate 

starvationinduced gene 2 (PS2) in A. thaliana (Hanchi et al. 2018). Therefore, it can 

be speculated that the choline phosphorylation pathway might not be the major 

pathway for PC biosynthesis in A. thaliana plants (Liu et al. 2019b). 

6 Objectives of this study 

This study is comprised of three main projects and focused on the mechanisms 

related to desiccation tolerance in the desiccation tolerant resurrection plant C. 

plantagineum. 

In plants, repeated exposure to dehydration stress or other biotic or abiotic 

stresses may generate stronger reactions during a subsequent stress event. This 

phenomenon is referred to as plant stress memory, which has been studied mainly in 

desiccation sensitive plants. For resurrection plants, C. plantagineum as a desiccation 
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tolerant plant has become an experimental model system to study desiccation 

tolerance. These conditions stimulated us to address the question whether the 

desiccation tolerant resurrection plant C. plantagineum has a stress memory after 

exposed to repeated dehydration/rehydration treatment cycles. Therefore, we designed 

the following experiments: 12 week-old C. plantagineum plants were air-dried for 6 h, 

and then recovered for 18 h. After the same treatments (dehydration and rehydration) 

were repeated 4 times, the plants were re-watered for 2, 4 or 6 days. Whether the 

putative memory responses exist in C. plantagineum under repeated dehydration 

treatments was analyzed on the physiological level (including leaf water content, 

electrolyte leakage, chlorophyll content, proline content, H2O2 content, superoxide 

dismutase activity, sucrose and octulose content analysis, and lipid peroxidation assay) 

and on the molecular level (including transcript abundance analysis of stress-induced 

genes, chlorophyll synthesis and degradation-related genes, ROS pathway-related 

genes; and protein expression of four stress-induced genes). Representative genes 

were selected from different pathways and it was investigated whether they are 

trainable genes and may be involved in dehydration stress memory. It was also studied 

how long the memory can persist after the dehydration had stopped. Understanding 

the response of desiccation tolerant plants to dehydration stress which occurred 

repeatedly within short intervals may guide us to find beneficial ways for increasing 

the yield of crop plants (CHAPTER 2). 

Strategies for desiccation tolerance and recovery in C. plantagineum have been 

extensively studied, such as changes in morphology and photosynthetic activity, 

synthesis of protective protein, mRNA binding to polysomes, and sucrose 

accumulation. However, the basis of such mechanisms is mainly unknown. Currently, 

RNA-sequencing represents the best method to identify changes in expression of 

dehydration-induced genes in resurrection plants on a genome-wide level. To obtain 

genes affected by dehydration and rehydration in C. plantagineum, polysomal mRNA 

was isolated from leaves using sucrose gradient-based fractionation and quantification 

by RNA sequencing. Combined with total mRNA profiling, we planned to undertake a 
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comprehensive study of gene expression profiles and of genes under translational 

control in C. plantagineum at four crucial stages (untreated, partially dehydrated, 

desiccated, and rehydrated). Therefore we analyzed the dynamic profiling and 

sequence features of genes under translational control. The genes and their interaction 

networks, and related metabolic pathways may provide a more complete picture of 

genes and pathways involved in the acquisition of desiccation tolerance and the ability 

of rapid recovery (CHAPTER 3). 

The work in CHAPTER 3 has identified a dehydration induced gene 

CTP:phosphocholine cytidylyltransferase (CCT), which is under translational control 

during dehydration stress. CCT is a rate limiting enzyme in the CDP-choline pathway 

for de novo phosphatidylcholine (PC) synthesis in plants. In order to analyze the 

function and characteristics of CCT in C. plantagineum, we cloned CpCCT1 cDNA 

from C. plantagineum and compared the putative amino acid sequence with the 

desiccation sensitive plant (A. thaliana), the animal homolog (Rattus norvegicus) and 

the yeast homolog (Saccharomyces cerevisiae). The subcellular localization assay and 

the tissue specific expression analysis were designed to monitor the localization and 

tissue specific expression characteristics of CpCCT1. The responses of CpCCT1 to 

dehydration, salt stress, cold stress, mannitol and sorbitol treatments, as well as 

abscisic acid (ABA) and indole-3-acetic acid (IAA) treatments was studied on the 

transcript and protein level in the leaf and root samples. A yeast complementation 

assay with CpCCT1 was preformed to verify the enzyme activity of CpCCT1. The 

CpCCT1 gene promoter region contains several putative DRE and ABRE cis-elements, 

therefore, the promoter activity of CpCCT1 was analyzed in response to dehydration 

both in C. plantagineum and A. thaliana (CHAPTER 4). 
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Abstract 

Main conclusion Mutiple dehydration/rehydration treatments improve the 

adaptation of Craterostigma plantagineum to desiccation by accumulating stress 

inducible transcripts, proteins and metabolites. These molecules serve as stress 

imprints or memory and can lead to increased stress tolerance. 

It has been reported that repeated exposure to dehydration may generate stronger 

reactions during a subsequent dehydration treatment in plants. This stimulated us to 

address the question whether the desiccation tolerant resurrection plant Craterostigma 

plantagineum has a stress memory. The expression of four representative 

stress-related genes gradually increased during four repeated dehydration/rehydration 

treatments in C. plantagineum. These genes reflect a transcriptional memory and are 

trainable genes. In contrast, abundance of chlorophyll synthesis/degradation-related 

transcripts did not change during dehydration and remained at a similar level as in the 

untreated tissues during the recovery phase. During the four dehydration/rehydration 

treatments the level of reactive oxygen species (ROS) pathway-related transcripts, the 

superoxide dismutase (SOD) activity, proline, and sucrose increased whereas H2O2 

content and electrolyte leakage decreased. Malondialdehyde (MDA) content did not 

change during the treatments, which indicates a gain of stress tolerance. At the protein 

level increased expression of four representative stress-related proteins showed that 

the activated stress memory can persist over several days. The phenomenon described 

here could be a general feature of dehydration stress memory responses in 

resurrection plants. 
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1 Introduction 

Due to global warming air temperature, precipitation capacity and rainfall 

distribution change more frequently, which possibly lead to more irregular and 

multiple abiotic stresses, such as drought, heat and cold stress (Wang et al. 2014; 

Niinemets et al. 2017). Drought is one of the major factors, which can affect growth, 

survival and productivity of plants throughout their life cycle repeatedly (Avramova 

2015; Todaka et al. 2017). It has been observed that tolerance to biotic and/or abiotic 

stress can be increased when plants are initially exposed to a mild stress (Ramírez et 

al. 2015). This phenomenon is termed “priming” and it is used in the context of 

application of chemical agents and biotic stress, and “acclimation” or “hardening” in 

the context of abiotic stress (Sinclair and Roberts 2005; Hilker et al. 2016; Savvides et 

al. 2016). Information may be stored from the initial first stress until the subsequent 

stress; this stored information influences the response to the subsequent stress so that 

plants can respond more quickly and efficiently and thus tolerance can be enhanced 

(Bruce et al. 2007; Ding et al. 2012; Li et al. 2014; Ramírez et al. 2015; Liu et al. 

2016). A modulated response to a subsequent second stress represents the concept of a 

stress memory or imprint, which is responsible for providing mechanisms for 

acclimation and adaptation (Avramova 2015). Since „plant memory‟ has been 

described as „an ability to access past experience so that new responses incorporate 

relevant information from the past‟ (Pintó-Marijuan et al. 2017), we therefore use 

„memory‟ in this work. A plant stress memory is associated with changes in 

physiology and biochemical parameters. Walter et al. (2011) reported that the relative 

leaf water content does not change significantly between two recurrent drought 

stresses, but the maximum quantum efficiency (Fv/Fm) and maximum fluorescence 

(Fm) are reduced. Studies demonstrated that a pre-exposition to cold stress can 

activate the sub-cellular antioxidant systems by increasing activities of SOD, APX 

and CAT which depress the oxidative burst in the photosynthetic apparatus, and thus 

the tolerance to a subsequent cold stress is enhanced (Li et al. 2014). It was observed 

that the photosynthetic rate and the sugar content increase, the stomata aperture 
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decreases, the ROS homeostasis sustains and the grain yield increases when plants 

were exposed to a second abiotic stress (Wang et al. 2014, 2015; Li et al. 2015; 

Virlouvet and Fromm 2015; Hu et al. 2016). Plant stress memory is mediated by 

proteins, transcription factors and modifications on the epigenetic level such as DNA 

methylation and demethylation, histone modifications and small RNAs (Chinnusamy 

and Zhu 2009). Besides increasing stress tolerance priming for a stress memory has 

also sometimes negative impacts as it may compromise growth of plants and biomass 

production (Chen and Arora 2012). The transcriptional changes induced by the 

pre-treatment may contribute to cope with the subsequent stress treatments by 

involving stress memory effects (Hu et al. 2016). Previous experiments demonstrated 

that different genes (RD29A, RD29B, COR15A, RAB18, WRKY70, jasmonic 

acid-associated genes and „revised-response‟ memory genes) behave differently 

during repeated exposures to dehydration and memory and non-memory genes can be 

distinguished (Liu et al. 2016). Memory genes (or trainable genes) alter 

transcriptional responses to a subsequent stress, while „non-memory‟ genes (or 

non-trainable genes) respond in the same way to each stress (Alvarez-Venegas et al. 

2007; Ding et al. 2012; Liu et al. 2014, 2016; Avramova 2015). However, the process 

is so far not well studied and a more detailed analysis is required of the physiology 

and the molecular basis in plants. 

Understanding the response of plants to stresses which occur repeatedly within 

short intervals may lead to beneficial treatments also in crop plants. Memory 

responses have been identified in several angiosperm plants (such as potato, 

Arabidopsis or perennial ryegrass) (Ramírez et al. 2015; Hu et al. 2016; Liu et al. 

2016). 

C. plantagineum is a desiccation tolerant plant which looses nearly all cellular 

water and goes to a quiescent state during desiccation. Upon water availability the 

plant rehydrates and restores full metabolic activity (Bartels et al. 1990). This is a 

good experimental system to study the dehydration stress-induced memory responses 
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in resurrection plants. We were interested to know how the desiccation tolerant 

resurrection plant C. plantagineum responds to repeated dehydration treatments with 

short time intervals and whether this plant has the capacity to recover from repeated 

stress treatments. Therefore, we analyzed whether memory responses exist in C. 

plantagineum under repeated dehydration treatments on the physiological and 

molecular levels and how long the memory persists after the stress relief. 

Representative genes from different pathways were selected and it was investigated 

whether they are trainable genes and could be involved in dehydration stress memory. 
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2 Materials and methods 

2.1 Plant growth and stress treatments 

C. plantagineum was propagated vegetatively and grown in artificial clay 

pebbles (Lanstedt Ton, Gebr. Lenz GmbH, Bergneustadt, Germany) in individual pots 

with nutrient solutions according to Bartels et al. (1990). The artificial clay pebbles 

are porous small granules (8-12mm). Dehydration stress was applied to 12 week-old 

plants by removing the plants from the artificial clay pebbles. The roots were gently 

washed to remove any remaining pebbles. Then plants were air-dried for 6 h in light 

conditions. This exposure was recorded as stress 1 (S1) and resulted in the decrease of 

the fresh tissue weight to 65% of the untreated state (F). It was established in 

preliminary experiments that if the fresh tissue weight decreased to 65% of the F state, 

plants could recover fully after rehydration, indicating that this level of water loss is 

reversible and non-lethal. After dehydration plants were placed in a controlled growth 

chamber (120-150 μmol m
-2

 s
-1

 light, 22 °C and 30% humidity) with their roots in 

water for 18 h (including a dark period of 6 h) to recover (R1). The same treatments 

(dehydration and rehydration) were repeated 4 times until stress 4 (S4). After S4 

plants were re-watered for 2, 4 or 6 days and these samples are termed R2d, R4d and 

R6d. Samples were harvested at each time point for further analysis. The treatments 

are depicted in the scheme in Fig 1a. In each experiment at least 30 plants were used, 

of which 6 plants were used as control. The control plants were kept under the same 

light and temperature conditions as the treated plants. At least three independent 

biological replications were done for each experiment and three to five technical 

repetitions in each biological experiment. 

2.2 Relative water content measurement 

To check the water status of the plants at the dehydration and rehydraion stages, 

the relative water content was measured, according to the formula: RWC(%) =
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 [(FW − DW)/(TW − DW)] × 100%  where FW is the fresh weight of leaves, TW 

is turgid weight of the same leaves after submerged in water for 24 h and DW is the 

dry weight of the same leaves after 24 h incubation at 80 °C (Ding et al. 2012; Quan 

et al. 2016a). 

2.3 Assay of electrolyte leakage 

For electrolyte leakage assays at least 4 leaves were used in one repetition, and 5 

technical repetitions and 3 biological repetitions were done. Leaves were cut into 

squares of about 1 cm side length and shaken at 160 rpm (Innova 4000 incubator 

shaker, New Brunswick Scientific, USA) in Milli-Q water for 4 h at room temperature 

before measuring the initial conductivity using a conductivity meter (Qcond 2400, 

VWR International, USA). Then samples were boiled for 30 min. The conductivity of 

the samples was measured after they had been cooled down to room temperature. 

Electrolyte leakage was calculated as the ratio of initial conductivity and the 

conductivity of the boiled samples (Quan et al. 2016b). 

2.4 Determination of chlorophyll content 

Plant leaves (dry weight: 20-60 mg) were ground under liquid nitrogen and 

homogenized in 2 ml of 80% (v/v) acetone. The mixtures were incubated for 30 min 

in the dark with shaking and centrifuged for 5 min at 12000 g at room temperature. 

The chlorophyll content was measured at 663 nm (OD 663) and 645 nm (OD 645) 

and calculated using the formula: 

C (mg/g DW)  =  0.002 × (20.2 × OD 645 + 8.02 ×  OD 663) / g DW 

, where C corresponds to the total chlorophyll content (Missihoun 2011). 

2.5 Quantification of proline content 

Proline levels were determined from leaves of treated plants according to Liu and 
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Chan (2015). Proline was extracted from 0.5 g leaf tissue by adding 5 ml of 3% (w/v) 

sulfosalicylic acid and subsequently boiled for 10 min. Two ml supernatant was 

transferred to a mixture of 2 ml of 100% (v/v) glacial acetic acid and 2 ml of 

ninhydrin acid (1.25 g ninhydrin dissolved in 30 ml of 100% (v/v) glacial acetic acid 

and 20 ml of 6 mol/L phosphoric acid). Then the compounds were boiled for 30 min. 

After cooling to room temperature, 4 ml of toluene was added. The upper phase was 

transferred to a new tube after vortexing for 30 s. After centrifugation for 5 min at 

3000 g, the upper organic phase was collected and the OD was measured at 520 nm. 

In parallel, L-proline was used for preparing a standard curve (Liu and Chan 2015). 

The proline content was calculated based on the standard curve as follows: 

proline (μg/g DW)  

=  (concentration derived from a standard curve 

×  volume of the extract) / g DW 

2.6 Assay of H2O2 content 

The H2O2 content was measured according to Velikova et al. (2000). Leaf 

material (20-60 mg) was ground with liquid nitrogen and homogenized in 2 ml of 0.1% 

(w/v) trichloroacetic acid. The mixture was incubated on ice for 5 min and centrifuged 

for 10 min at 13000 g at 4°C. After centrifugation 0.5 ml of the supernatant was 

transferred into a mixture of 0.5 ml of 10 mM potassium phosphate buffer (pH 7.0) 

and 1 ml of 1 M potassium iodide to start the reaction. After keeping the compounds 

in the dark for 20 min at room temperature, the absorbance was read at 390 nm. In 

parallel, H2O2 standards (5, 10, 25, 50 μM) were prepared for a standard curve. The 

H2O2 content was calculated based on the standard curve as follows: 

C (μmol/g DW)  =

 (concentration derived from a standard curve ×  volume of the extract) / g DW , 

where C corresponds to the H2O2 content. 
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2.7 Lipid peroxidation assay 

The MDA was measured as the end product of the lipid peroxidation process 

according to Hodges et al. (1999) and Kotchoni et al. (2006). Briefly, 1 ml pre-chilled 

0.1% (w/v) TCA solution was used to homogenize the leaf tissue (20-60 mg) which 

was ground with liquid nitrogen. The homogenate was centrifuged at 13000 rpm at 

4ºC for 5 min. One volume of 20% (w/v) TCA, 0.01% (w/v) butylated 

hydroxytoluene (BHT) and 0.65% (w/v) thiobarbituric acid (TBA) mixture was added 

to 500-600 μl supernatant for the last step. The compound was incubated at 95°C in a 

water bath for 25 min. Absorbances were read at 440 nm (OD 440), 532 nm (OD 532) 

and 600 nm (OD 600), respectively. The MDA content was determined by the 

following formula:  

MDA equivalents (nmol/g DW)

= [(A– B)/157 000] ×  1000000 

×  total volume of the extracts ((ml))/ g DW, where A 

=  [(OD 532 –  OD 600)]and B =  [(OD 440 –  OD 600) × 0.0571] 

2.8 Determination of superoxide dismutase activity 

Superoxide dismutase activity was measured by the 4-nitro-blue tetrazolium 

chloride (NBT) illumination method as described by Liu and Chan (2015). 

2.9 Sugar extraction and analysis 

Sugars were extracted from leaf tissues of C. plantagineum as described by 

Zhang et al. (2016). Leaf material (1 g) was ground to a fine powder in liquid nitrogen 

and extracted twice with 80% (v/v) methanol at 4 °C. After centrifugation for 5 min at 

5000 g at 4 °C, the supernatant was transferred to a new tube. A dry sediment was 

obtained after evaporation at 25 °C under reduced pressure for about 3 h, The 

sediment was dissolved in water and extracted three times with chloroform. The 



CHAPTER 2 Transcriptional and metabolic changes during repeated dehydration 

36 

 

aqueous phase was centrifuged at 10 000 g, 4 °C for 30 min. The exchange resin 

(Dowex 50 WX8 and Dowex IX8) was added to the aqueous phase (5 g/100 ml) to 

remove charged molecules. Then the aqueous phase containing the sugar fraction was 

stirred for 1 h before the gas chromatography/mass spectrometry (GC/MS) analysis. 

The extracted sugars were first analysed by thin layer chromatography according 

to Zhang et al. (2016) 

For the sucrose and octulose content measurement, 10 μg xylitol was used as 

internal standard. The following steps were done according to Zhang et al. (2016). 

Data analysis was performed with GC ChemStation [Rev.B.03.02 (341), Agilent 

Technologies, Böblingen, Germany]. 

2.10 RNA isolation and reverse transcription-PCR 

Total RNA was extracted according to Valenzuela-Avendaño et al. (2005). 

Reverse transcription (RT)-PCR was performed as described by Zhao et al. (2017). 

Gene-specific primers are listed in Table S1. The transcript of the EF1α gene was 

used as the internal reference for C. plantagineum (Giarola et al. 2015). The relative 

gene expression level was determined by Image-J (https://imagej.nih.gov/ij/). Fold 

changes of each gene at different time points were analyzed by setting F phase as 1. 

2.11 Protein analysis 

Crude protein extracts were prepared according to Laemmli (1970) by using 

Laemmli-sample buffer (62.5 mM Tris-HCl, pH 6.8, 10% (v/v) glycerol, 2% (w/v) 

SDS, 0.1 M DTT, 0.005% (w/v) bromophenol blue). Pre-chilled transfer buffer was 

used to transfer proteins separated on a 10% polyacrylamide SDS gel onto a 

nitrocellulose Protran BA-85 membrane (Towbin et al. 1979). The transferred proteins 

were visualized by staining the membrane with 0.2 % (w/v) Ponceau S-red solution 

for 30 min. After destaining, the membrane was incubated in blocking solution (1× 

https://imagej.nih.gov/ij/
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TBS, 4% (w/v) skimmed milk powder and 0.1% (v/v) Tween-20) at room temperature 

for 60 min. Polyclonal antibodies were used for protein detection. The presence of the 

target protein was detected on the membrane by chemiluminescence under a CCD 

camera (Intelligent Dark Box II, Fujifilm Corp.). The relative protein expression level 

was determined by Image-J (https://imagej.nih.gov/ij/). Fold changes of each protein 

at different time points were analyzed by setting F phase as 1. 

2.12 Cluster and correlation analysis 

Hierarchical cluster analyses were performed using the Cluster 3.0 

(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm) by the uncentered 

correlation and average linkage method and the resulting tree figures were displayed 

using Java Treeview (http://jtreeview.sourceforge.net/) (Shi et al. 2014). 

Correlation analysis was done in Excel (Microsoft 2010). Electrolyte leakage is 

given on the x-axis and the measurements for the other parameters are given on the 

y-axis (Shi et al. 2012). 

2.13 Statistical analysis 

SPSS 20.0 software (IBM, USA) was used in this study for statistical analyses. 

The differences were performed by one way ANOVA, and at least 3 independent 

biological replicates and 3-5 technical replicates within each biological experiment were 

done for each parameter. The results shown are means ± SE. The vertical bars with 

different lower-case letters are significantly different from each other at P < 0.05. 

 

 

 

https://imagej.nih.gov/ij/
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3 Results 

3.1 Dehydration stress-trained C. plantagineum plants 

The phenotype of C. plantagineum plants subjected to four cycles of 6 h 

air-drying and 18 h rehydration is shown in figure 1b. During the four consecutive 

cycles of stress (S1-S4) and recovery (R1-R3) the plants lost water faster and wilted 

faster in the S1 phase than plants in the S2, S3, and S4 phases (Fig. 1c). The RWC in 

the R1, R2 and R3 phases were always similar to the RWC of untreated leaves (F) 

(Fig. 1d). This shows that the plants had fully recovered after each rehydration (R1, 

R2 and R3), although they had lost water during each air-drying treatment. 

 

Fig. 1 The assessment of dehydration tolerance and water status during 4 cycles of dehydration. (a) 
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The experimental design of dehydration/rehydration applications (see details in Materials and 

methods). (b) Appearance of C. plantagineum plants during four consecutive cycles of stress 

(S1-S4) and subsequent recovery (R1-R3) treatments. (c) Fresh weight of plants after experiencing 

the first dehydration (blue line), second (red line), third (light green line) and fourth (purple line) 

stress cycle. (d) Relative water content of plant leaves in untreated plants before the start of the 

dehydration (F) state and after recovery (R1-R3) phases. Values in (c) and (d) were calculated 

from 3 independent biological repetitions and 5 technical repetitions within each biological 

experiment (means ± SE). The vertical bars with different lower-case letters are significantly 

different from each other at P < 0.05 (one-way ANOVA). Other details are given in Materials and 

methods. 

3.2 Changes in physiological parameters during repeated dehydration and 

rehydration in leaves of C. plantagineum 

After repetitive dehydration-stress/recovery electrolyte leakage and H2O2 content 

decreased from the S1 phase to the S4 phase. The H2O2 content at the S4 phase did 

not differ from the untreated state. Electrolyte leakage and H2O2 content stayed at the 

same level as in the untreated state during all phases of recovery (Fig. 2a, b). MDA 

levels, SOD activity and proline content gradually increased during the four 

dehydration treatments and remained at a relatively low level in F and R1-R3 phases 

(Fig. 2c, d, e). The increase of the MDA and SOD activity were similar during the 

four dehydration phases, respectively (Fig. 2c, d). The total chlorophyll content did 

not change significantly throughout the treatments (Fig. 2f). 

Changes in sucrose and octulose are major metabolic alterations in C. 

plantagineum during dehydration/rehydration (Bianchi et al.1991). Therefore sugars 

were analysed during the recurrent stress experiment according to Zhang et al. (2016). 

The sucrose content gradually increased during the dehydration stages, even though 

the content declined at each recovery stage, while the octulose content stayed at a 

high level during the whole process (Fig. 2g, h, Fig. S1, Fig. S2). 
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Fig. 2 Quantitative comparison of physiological parameters in C. plantagineum during multiple 

exposures to dehydration. Changes in electrolyte leakage and H
2
O

2
content during 4 consecutive 

cycles of stress (S1-S4) and recovery (R1-R3) treatments (a, b). Changes in MDA content and 

SOD activity during 4 dehydration and recovery treatments (c, d). Changes in proline and total 

chlorophyll content during 4 stress/recovery treatments (e, f). Changes of sucrose and octulose 

content were analyzed during 4 dehydration and recovery treatments (g, h). Values in (a-f) were 

calculated from 3 independent biological repetitions and 5 technical repetitions within each 

biological experiment (means ± SE) and Values in (g, h) were calculated from 3 independent 

biological repetitions and 3 technical repetitions within each biological experiment (means ± SE). 

The vertical bars with different lower-case letters are significantly different from each other at P < 

0.05 (one-way ANOVA). Other details are given in Materials and methods. 
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3.3 Correlation of electrolyte leakage with other physiological parameters under 

the repetitive dehydration and rehydration conditions 

The correlation was analyzed between electrolyte leakage and other 

physiological parameters during four cycles of dehydration. The leaf RWC and 

chlorophyll content showed a negative linear correlation with the electrolyte leakage 

during the dehydration process (R
2
 = 0.99, 0.89, respectively) (Fig. 3a, b) which 

means an association with dehydration-induced cell injury in C. plantagineum during 

the S1-S4 phases. However, there was no linear correlation between electrolyte 

leakage and the accumulation of SOD activity and osmolytes (proline, sucrose and 

octulose) (R
2
 = 0.47, 0.26, 0.27, and 0.02, respectively) (Fig. 3c-f). A positive 

correlation was observed for the MDA and H2O2 content with electrolyte leakage (R
2
 

= 0.92, 0.66, respectively) (Fig. 3g, h). 

3.4 Transcript accumulation during recurrent stress treatments 

Transcript levels of four selected stress-induced genes were determined during 

the repeated dehydration/rehydration treatments (Fig. 4). Figure 4a shows the 

transcript abundance of late embryogenesis abundant (LEA) genes (LEA-like 11-24, 

LEA2 6-19 and LEA 13-62), and early dehydration responsive 1 (EDR1). The results 

show that after S1 the later dehydration treatments induced higher expression levels of 

the four selected genes than during the first dehydration. The LEA-like 11-24, LEA2 

6-19 and EDR1 gene reached the highest expression level at the S2 stage, whereas the 

LEA 13-62 gene had a transcription peak at the S3 stage during the four cycles of 

dehydration. The four stress-induced transcripts accumulated during the repeated 

dehydration treatments in the S1, S2, S3 and S4 phases (Fig. 4b-e). 
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Fig. 3 Correlation between electrolyte leakage and other physiological parameters during multiple 

exposures to dehydration stress. Correlation of electrolyte leakage with RWC (a), total chlorophyll 

(b), SOD activity (c), proline content (d), sucrose content (e), octulose (f), MDA content (g), and 

H
2
O

2
 content (h) during 4 consecutive cycles of dehydration and rehydration treatments. Values in 

(a-h) were calculated from 3 independent biological repetitions and 3-5 technical repetitions 

within each biological experiment (means ± SE). 
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Fig. 4 (a) Transcript levels of stress-induced genes in C. plantagineum during multiple exposures 

to dehydration stress. Transcript abundance of LEA-like 11-24 (b), LEA2 6-19 (c), EDR1 (d) and 

LEA 13-62 (e) genes measured by semi-quantitative PCR. Fold changes of each gene at different 

time points were analyzed by setting the level at F phase as 1 using the Image-J software (b-e). 

EF1α was used as an internal control. Values in (b-e) were calculated from 3 

independentbiological repetitions (means ± SE). The vertical bars with different lower-case letters 

are significantly different from each other at P < 0.05 (one-way ANOVA). 

A decline of photosynthesis during dehydration and its recovery during 

rehydration is characteristic for the homiochlorophyllous resurrection plant C. 

plantagineum. Therefore chlorophyll synthesis and degradation-related genes were 

analyzed during the dehydration/rehydration cycles. Transcript abundance of 

chlorophyll synthsis-related genes is shown in Fig. 5a. During dehydration the 

transcript levels of Mg-protoporphyrin IX methyltransferase (CHLM), 

porphobilinogen deaminase (PBGD), glutamate-1-semialdehyde (GSA), 

5-aminolaevulinic acid dehydratase (ALAD), coprogen oxidase (CPO) and 
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chlorophyll synthase (CHLG) decreased and during rehydration the transcripts of all 

six genes remained at a similar level as in the untreated state, except for PBGD, GSA 

and CPO which were reduced in R1, R3, R1 and R2, respectively (Fig. 5b-g). 

 

Fig. 5 (a) Transcript levels of chlorophyll synthesis-related genes in C. plantagineum during 

multiple exposures to dehydration stress. Transcript abundance of CHLM (b), PBGD (c), GSA (d), 

ALAD (e), CPO (f) and CHLG (g) genes were measured by semi-quantitative PCR. Fold changes 

of each gene at different time points were analyzed by setting the level at F phase as 1 using 

Image-J software (b-g). EF1α was used as an internal control. Values in (b-g) were calculated 

from 3 independent biological repetitions (means ± SE). The vertical bars with different 

lower-case letters are significantly different from each other at P < 0.05 (one-way ANOVA). 
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The changes in transcript abundance of the chlorophyll degradation-related genes 

red chlorophyll catabolite reductase (RCCR), pheophorbide a oxygenase (PaO), 

pheophytinase (PPH) and non-yellowing 1 (NYE1) showed an opposite trend to the 

chlorophyll synthesis-related genes during four cycles of dehydration. During the 

dehydration treatments the transcript levels of the four genes (RCCR, PaO, PPH and 

NYE1) increased at each time point, except for PaO in the S4 phase which was not 

significantly different from the untreated state (Fig. 6). 

 

Fig. 6 (a) Transcript levels of chlorophyll degradation-related genes in C. plantagineum during 

multiple exposures to dehydration stress. Transcript abundance of RCCR (b), PaO (c), PPH (d) 

and NYE1 (e) genes were measured by semi-quantitative PCR. Fold changes of each gene at 

different time points were analyzed by setting the level at F phase as 1 (b-e). EF1α was used as an 

internal control. Values in (b-e) were calculated from 3 independent biological repetitions (means 

± SE). The vertical bars with different lower-case letters are significantly different from each other 

at P < 0.05 (one-way ANOVA). 
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As markers for stress defense four ROS pathway-related genes manganese 

superoxide dismutase (Mn-SOD), copper/zinc superoxide dismutase (Cu/Zn-SOD), 

catalase (CAT) and ascorbate peroxidase (APX) were analyzed. The transcript patterns 

of the four genes changed at each time point (Fig. 7a). At the S4 stage, the transcript 

levels of Mn-SOD, Cu/Zn SOD and CAT were reduced compared to the untreated state 

whereas the APX transcript did not change between the S4 and F phases (Fig. 7b-e). 

 

Fig. 7 (a) Transcript levels of ROS pathway-related genes in C. plantagineum during multiple 

exposures to dehydration stress. Transcript abundance of Mn-SOD (b), Cu/Zn-SOD (c), CAT (d) 

and APX (e) genes were measured by semi-quantitative PCR. Fold changes of each gene at 

different time points were analyzed by setting the level at F phase as 1 (b-e). EF1α was used as an 

internal control. Values in (b-e) were calculated from 3 independent biological repetitions (means 

± SE). The vertical bars with different lower-case letters are significantly different from each other 

at P < 0.05 (one-way ANOVA). 



CHAPTER 2 Transcriptional and metabolic changes during repeated dehydration 

47 

 

To compare the transcripts of the different pathways a hierarchical cluster 

analysis was done. The graph shows that the transcript levels of the four stress-related 

genes (LEA-like 11-24, LEA2 6-19, EDR1 and LEA 13-62) accumulated throughout 

dehydration treatments. However, the genes (CHLM, PBGD, GSA, ALAD, CPO, 

CHLG, RCCR, PaO, PPH, NYE1, Mn SOD, Cu/Zn SOD, CAT and APX) stayed at 

similar levels or were even reduced by the end of the treatment compared with the 

untreated state (Fig. 8a). 

 

Fig. 8 (a) Hierarchical cluster analyses of different kinds of genes/proteins responding to 4 cycles 

of dehydration stress. (b) The relative data of transcript levels of all tested genes were chosen for 

cluster analysis. The relative expression abundance of 4 stress-induced proteins was chosen for 

cluster analysis. All these data were quantified as fold change relative to the untreated state (F) 

which was set as 1. The tree figure was obtained by using Cluster 3.0 software and Java Treeview. 

The cluster colour bar was shown as log
2 
fold change. 
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3.5 Expression patterns of stress-induced proteins 

    The abundance of four stress-induced proteins (LEA-like 11-24, LEA2 6-19, 

EDR1 and LEA 13-62) was analyzed by immunoblots (Fig. 9). Equal loading of 

proteins was monitored by staining the membrane with Ponceau S (red bands) (Fig. 

9a). The relative fold change of each protein was measured by setting the untreated 

state as 1. The results showed that the abundance of the four stress-induced proteins 

gradually increased during four cycles of dehydration. The abundance of LEA-like 

11-24, LEA2 6-19 and EDR1 proteins increased and reached the highest level at S4. 

The expression level of LEA 13-62 had a peak at the S2 phase, then gradually 

decreased in the following treatments, but the expression level in S4 was still higher 

than that at the untreated state (Fig. 9b-e). A hierarchical cluster analysis of the four 

stress-induced proteins showed that the abundance of LEA-like 11-24, LEA2 6-19 

and EDR1 proteins increased during the repeated dehydration treatments except for 

LEA13-62, which slightly decreased after the R2 phase, but was still higher than that 

at the untreated state (Fig. 8b). These results demonstrate that the stress-related 

proteins increased during the treatment and the protein changes correlate directly with 

the transcript levels. 

3.6 Dehydration-stress memory 

The question was raised as how long the stress memory can persist in the 

absence of stress stimulation. The protein abundance of four stress-induced genes is 

shown in Fig. 10a. The LEA-like 11-24 and LEA 13-62 proteins were retained for 2 

and 4 days, and the relative protein levels at R2d and R4d were both significantly 

higher than at the untreated state but at R6d the expression level of the two proteins 

did not differ from the untreated state (Fig. 10b, e). The EDR1 protein persisted for 3 

days, and the protein disappeared after 4 days of re-watering (Fig. 10d). The LEA2 

6-19 protein gradually decreased from R2d to R6d, but was significantly higher 

during re-watering conditions than in the untreated state (Fig. 10c). 
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Fig. 9 (a) Expression abundance of stress-induced proteins in C. plantagineum during multiple 

exposures to dehydration stress. (b) Expression levels of LEA-like 11-24, (c) LEA2 6-19, (d) 

EDR1 and (e) LEA 13-62 proteins were measured by Western blot. Equal loading of proteins was 

monitored by staining the membrane with Ponceau S (red bands). Fold changes of each protein at 

different time points were analyzed by setting the level at the F phase as 1 (b-e). Values in (b-e) 

were calculated from 3 independent biological repetitions (means ± SE). The vertical bars with 

different lower-case letters are significantly different from each other at P < 0.05 (one-way 

ANOVA). 
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Fig. 10 Dehydration stress memory. (a) Expression levels of LEA-like 11-24 (b), LEA2 6-19 (c), 

EDR1 (d) and LEA 13-62 (e) proteins were analyzed by Western blot after 2d, 4d or 6d recovery. 

Equal loading of proteins was monitored by staining the membrane with Ponceau S (red bands). 

Fold changes of each protein at different time points were analyzed by setting the level at the F 

phase as 1 (b-e). Values in (b-e) were calculated from 3 independent biological repetitions (means 

± SE). The vertical bars with different lower-case letters are significantly different from each other 

at P < 0.05 (one-way ANOVA). 
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4 Discussion 

In nature plants are usually exposed to repeated cycles of dehydration that differ 

in duration and intensity. Responses of plants to reiterated dehydration are different 

from those to a single exposure to dehydration (Fleta-Soriano and Munné-Bosch 

2016). Previous stress encounters are remembered through the accumulation of 

transcripts and some metabolites (involved in carbon and energy metabolism as well 

as amino acid or fatty acid biosynthesis and others) after pre-exposure to stress 

conditions (Bruce et al. 2007; Hu et al. 2016; Sun et al. 2018). 

4.1 Metabolites during dehydration/rehydration 

Minimizing water loss is a key factor for survival of plants experiencing 

dehydrations, and plants can acclimate to dehydration by reducing the water loss rate 

(Yoo et al. 2010; Hu et al. 2012; Shi et al. 2012). During the four repetitive 

dehydration/rehydration treatments in this study the water loss rate in C. 

plantagineum leaves decreased from S1 to S4, and the RWC reached the same level as 

in the untreated state after each recovery (R1, R2 and R3) (Fig. 1c, d). A similar trend 

was also observed in desiccation sensitive A. thaliana plants during mild dehydration 

and rehydration conditions (Ding et al. 2012). 

During dehydration the electrolyte leakage is increased due to disturbance of cell 

membranes (Zhao et al. 2011). Oxidative stress is caused by excessive production of 

ROS which can lead to damage of nucleic acids and proteins as well as lipid 

peroxidation. The SOD activity increases to scavenge the over-production of ROS and 

protects plants from oxidative damage, functioning as the first stage of antioxidant 

defense (Mittler 2002; Apel and Hirt 2004; Mittler et al. 2004; Liu and Chan 2015). In 

the study presented here the SOD activity gradually increased during S1-S4, the levels 

of electrolyte leakage and H2O2 content decreased and no significant changes of MDA 

content was observed during the four cycles of dehydration treatments (Fig. 2a, b, c, 
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d). Repeated dehydration did not lead to increased accumulation of stress metabolites, 

but the opposite behavior was observed which implies that repeated stress treatments 

make the C. plantagineum plants more robust to dehydration. 

Osmotic adjustment and cellular compatible solute accumulation are widely 

recognized as plant adaptation to dehydration (Blum 2017). According to previous 

studies, high proline content provides an advantage for plants under dehydration stress 

(Lu et al. 2009; Zhao et al. 2011). An increase of proline and sucrose was observed in 

C. plantagineum leaves during the four cycles of dehydration and rehydration (Fig. 2e, 

g). Electrolyte leakage as an indicator of cell membrane stability has been used to 

evaluate the extent of cell injury (Hu et al. 2010; Shi et al. 2012). The analysis of the 

H2O2 and MDA values as well as RWC and total chlorophyll content showed the 

highest positive and negative correlation with electrolyte leakage, respectively (Fig. 

3). 

4.2 Gene expression patterns 

Multiple consecutive stress/recovery treatments can alter transcriptional 

responses to a subsequent stress (Goh et al. 2003; Ding et al. 2012; Liu et al. 2014, 

2016; Hu et al. 2016). Genes involved in ABA/abiotic stress responses are signatures 

for memory genes in which trainable LEA genes represent a major component (Ding 

et al. 2013). The LEA 2 6-19 and LEA-like 11-24 genes are involved in ABA 

signalling pathways (Michel et al. 1994; Van den Dries et al. 2011). The increasing 

accumulation of transcripts and proteins of stress-related genes and an altered 

accumulation of dehydration-responsive metabolites during repetitive exposures to 

dehydration suggest that an earlier stress exposure is memorized by C. plantagineum 

(Fig. 2, 4, 9). The hierarchical cluster analysis of the accumulation of stress-related 

genes/proteins during repetitive dehydration and rehydration indicates the formation 

of a stress memory during the accumulation process (Fig. 8). It has been suggested 

that the stress memory improves tolerance to subsequent stress exposures. This 
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includes tolerance to dehydration-related stresses but it may also be beneficial for the 

desiccation tolerant plants to cope with other stresses than dehydration. 

4.3 Photosynthesis-related processes 

Photosynthesis is very sensitive to dehydration stress in both desiccation tolerant 

and sensitive species (Challabathula et al. 2018). The photosynthetic apparatus is 

susceptible to injury during dehydration but can quickly be repaired upon rehydration 

and photosynthetic activity is restored in C. plantagineum in contrast to most 

angiosperm plants (Challabathula et al. 2012). Changes in chlorophyll content can be 

considered as an indicator for plant dehydration tolerance (Li et al. 2006). In our 

consecutive dehydration/rehydration treatment system the total chlorophyll content in 

C. plantagineum leaves was at a similar level as the untreated state during the 

recovery (R1, R2 and R3), indicating that the plants had fully recovered after each 

treatment which is consistent with phenotypic observations and relative water content 

measurements (Fig. 1b, d, Fig. 2f). Consistently, the transcript levels of chlorophyll 

synthesis-related genes decreased during dehydration and increased during recovery 

whereas degradation-related transcripts and proteins increased at each dehydration 

stage and declined during recovery (Fig. 5, 6). 

4.4 Stress memory 

The results presented here are in agreement with a dehydration stress memory as 

already observed in Arabidopsis or as observed for drought hardening in horticultural 

plants (Kozlowski and Pallardy 2002; Ding et al. 2012).Stress memory will fade off, 

if the signals of stress stimulation disappear. The duration of the transcriptional 

memory for stress-related genes RD29B, RAB18, ACO1, JAZ9 and TRAF1 in 

desiccation sensitive Arabidopsis plants persisted for five days under dehydration 

conditions (Ding et al. 2012; Liu et al. 2016). In another study, the transcriptional 

memory in trained perennial ryegrass plants sustained for up to four days after cycles 

of salt stress (Hu et al. 2016). In C. plantagineum dehydration stress-induced memory 
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responses could persist up to six days after the stress stimulation disappeared under 

the conditions applied here (Fig. 10). 

The present study supports the notion that pre-exposure to multiple dehydration 

treatments could improve the stress-response to the subsequent encounter at 

physiological and molecular levels. Upon the first dehydration signal plants respond 

by expressing stress-related transcripts/proteins (Fig.11). Upon subsequent exposures 

to stress dehydration responsive transcripts/proteins accumulate further which 

suggests that plants memorize the first stress and are able to prepare for the 

subsequent stress. This shows that memory responses exist in C. plantagineum for 

stress responsive transcripts/proteins and that it takes at least six days for the memory 

to fade off, if the stress is not re-imposed. This phenomenon is most likely a general 

feature of the dehydration stress memory response in resurrection plants and may 

induce cross-protection to other environmental cues besides dehydration. 

 

Fig. 11 A model for dehydration stress memory in C. plantagineum. 
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Fig. S1 Thin layer chromatography of sugars extracted from C. plantagineum leaves. 
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Fig. S2 (a) The chromatogram of sucrose (peak 3) and octulose (peak 2) extracted from C. 

plantagineum leaves, and the internal standard xylitol (peak 1). The fragmentation patterns of 

xylitol (b), octulose (c) and sucrose (d). 
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Table S1 List of primer sequences used for gene expression analysis. 

Category Gene Primer sequence 

Reference 
EF1α Forward: AGTCAAGTCCGTCGAAATGC 

 
Reverse: CACTTGGCACCCTTCTTAGC 

Stress 

responsive 

genes 

LEA-like 11-24 Forward: TCGGAAGACGAGCCTAAGAA 

 

Reverse: ACAGCGCCTTGTCTTCATCT 

LEA2 6-19 Forward: ACACCGACGAGTACGGAAACC 

 

Reverse: CGCCGGGAAGCTTCTCTTTG 

EDR1 Forward: TTGAACCGAGGGACGATG 

 

Reverse: GTTTAACGTTGCAAGGATTGTCTC 

LEA 13-62 Forward: CCTGGCATCATGAGAAGGAT 

 

Reverse: GAACTCTGAATCGCCCTGAC 

Chlorophyll 

sythesis related 

genes 

CHLM Forward: GAGAAACAGGCCAAAGAAGAGC 

 

Reverse: CCAGAGAAGCTAAGTGGGCTATC 

PBGD Forward: GAAGGCGTAGTACAAGCGACA 

 

Reverse: GTCTACATCCACGACGATTTCC 

GSA Forward: CGGAGCACTTCTCATATTCGAC 

 

Reverse: CTAGTAAATCCCGCCTCGAACT 

ALAD Forward: GTAGTCTCTTTGAGGCCCACTTC 

 

Reverse: CGTATTGTCCGAGGCACTAATC 

CPO Forward: GAATCCCTCTCAGGTCAATGG 

 

Reverse: ACTCTCGATCCTACCTCCTGTCT 

CHLG Forward: GAATGCCAGTGCTTTGAACC 

 

Reverse: ACAAGTGGAGGCCATGTAACTG 

ROS 

detoxification 

Mn SOD Forward: CCTGCCCTTTTCCACAGATA 

 

Reverse: ATGCTCCCAGACATCAATGC 

Cu/Zn SOD Forward: GCAAGGTTTACATCGGTGCT 

 

Reverse: AAATCGACCTCCTCCAATCC 

CAT Forward: GGTGGAGAACCGGACAATAA 

 

Reverse: GTACCGTCCATCGAGTGCTT 

APX Forward: GCATCCTCATCAGCAGCATA 

 

Reverse: GATGCTACCAAGGGGTCTGA 

Chlorophyll 

degradation 

related genes 

RCCR Forward: GTTCAACACTTCGGCGATTT 

 

Reverse: GTGCCTGTCGAGGTTTGAGT 

PaO Forward: ATCCCGAGGAACGACCAT 

 

Reverse: ATCAATCGATGTCTGCGTGT 

PPH Forward: CTTCCTCCAACAAGCCTCTG 

 

Reverse: GCAGAAAAGAAAGGGCTGTG 

NYE1 Forward: GTGGCCATTTTCTGCTTGAT 

 

Reverse: TCGAGACATGGCTGAGGAAT 
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Abstract 

The genome-wide total mRNA and polysome associated mRNA profiling 

revealed the polysome occupancy of each gene during four stages of dehydration and 

rehydration cycle in C. plantagineum. By comparing the polysome occupancy 

between each stage and the next time point, there were two phases with extensive 

changes under the translational control: from partial dehydration to desiccation 

(termed D/M group) and from desiccation to rehydration (termed R/D group). 

mRNAs had a positive trend to associate with ribosomes during desiccation which 

might contribute to RNA stability in C. plantagineum. The different dynamic patterns 

between up-regulated or down-regulated gene sets in the D/M group and R/D group 

indicated different regulatory mechanisms at different stages of dehydration and 

rehydration cycle in C. plantagineum. Sequence features, including transcript length, 

GC content, GC3 content, effective number of codons and enriched motifs correlated 

with the translational regulation occurring in the D/M group and R/D group. The 

significant different features in the two groups indicated different regulatory 

mechanisms of translation during dehydration and rehydration. GO term and MapMan 

pathway analysis revealed that genes under translational regulation in the D/M group 

and R/D group involved in several pathways including major carbohydrate (CHO) 

metabolism, signal transduction, kinase activity, transcription factor activity, cell wall, 

lipid metabolism and hormone metabolism. Our data showed that several transcription 

factor families, such as zinc finger, WRKY, NAC and ARF, involved in the 

translational regulation during dehydration and rehydration. This work here uncovers 

an important layer of regulation of gene expression related to plants desiccation 

tolerance and recovery process in resurrection plants. 
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1 Introduction 

Dehydration stress is one of the most important environmental factors, which can 

affect growth, survival and productivity of plants (Todaka et al. 2017). Most 

angiosperm plants are desiccation sensitive, especially in the vegetative stage, and 

cannot survive when the relative cellular water content is lower than 60% (Giarola et 

al. 2017). One exception are the resurrection plants which have a unique characteristic: 

they recover from extreme dehydration (water loss up to 90%) and renew active 

metabolism after re-watering (Gaff 1971). Among them, C. plantagineum is such an 

extreme desiccation tolerant plant, which belongs to the Linderniaceae family 

(Bartels and Salamini 2001; Phillips et al. 2008). According to the previous studies, C. 

plantagineum mainly acquires tolerance through protection mechanisms during 

dehydration stress, such as changes in morphology, increase of protective proteins, 

decrease of photosynthetic activity, mRNA binding to polysomes and sucrose 

accumulation etc. (Bianchi et al. 1991; Challabathula et al. 2012; Giarola et al. 2015; 

Giarola and Bartels 2015; Juszczak and Bartels 2017). Comparative analysis of in 

vitro translated mRNA samples from C. plantagineum suggests that events taking 

place during rehydration only contribute to a full metabolic recovery and most 

molecules essential for desiccation tolerance accumulate during dehydration 

(Bernacchia et al. 1996). However, research in Craterostigma wilmsii suggests that 

additionally repair mechanisms during rehydration have the ability to repair 

inadequate protection or incurred damage (Cooper and Farrant 2002). Strategies for 

desiccation tolerance and recovery have been extensively discovered, whereas the 

basis of these mechanisms is often unknown. To obtain a more complete picture of 

genes and pathways involved in the acquisition of desiccation tolerance and the ability 

of rapid recovery, we undertook a comprehensive study of gene expression profiles 

and genes under translational control in C. plantagineum at four crucial stages during 

dehydration and rehydration. 

The association of mRNAs with polysomes implies an active translation status 
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which is under tight regulatory control (Liu et al. 2013). Based on the different 

numbers of polysomes associated with mRNA, polysomal profiling can be separated 

by using sucrose gradient-based fractionation (Jackson and Larkins 1976; Barkan 

1993, 1998). Then the polysomal mRNA and total mRNA profiles can be quantified 

by using RNA sequencing (Layat et al. 2014; Lin et al. 2014; Bai et al. 2017, 2018). 

The ratio between the polysomal mRNA abundance and the total mRNA abundance of 

a specific mRNA is termed polysome occupancy (Bai et al. 2017). The polysome 

occupancy reflects translational efficiency and significant changes of polysome 

occupancy for a specific gene indicate that this gene is under translational regulation 

(Arava et al. 2003; Ingolia et al. 2009; Bai et al. 2017, 2018). Previous research on 

Arabidopsis thaliana, Saccharomyces cerevisiae and Aspergillus fumigatus, 

demonstrate that the translational status of each mRNA can be estimated by changes 

of polysome occupancy (Arava et al. 2003; Ingolia et al. 2009; Liu et al. 2012, 2013; 

Krishnan et al. 2014; Juntawong et al. 2014; Basbouss-Serhal et al. 2015; Bai et al. 

2017, 2018). 

A goal of this study is to identify genes under translational regulation during four 

stages of dehydration and rehydration in C. plantagineum. Therefore we investigated 

the changes of total mRNA abundance and polysomal mRNA abundance through 

RNA sequencing. During the four different hydrated stages in dehydration and 

rehydration, genes were identified with different polysome occupancy in different 

groups. In the dehydration process, fewer genes with changed polysome occupancy 

emerged during early dehydration (water loss less than 30%) compared to desiccation 

(relative water content lower than 5%). Intriguingly, changes of polysome occupancy 

were caused by different reasons in a specific group (with increased or decreased 

polysome occupancy). Thus, this study identified several different sets of genes under 

translational control. The expression profiles of these genes were analyzed and the 

genes were related to specific pathways. This contributes to understanding the 

regulation of gene expression related to desiccation and recovery. 
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2 Materials and methods 

2.1 Plant material and growth conditions 

C. plantagineum was propagated vegetatively and grown in individual pots with 

nutrient solutions in a climate-controlled growth chamber (Model AR-75L, Percival 

Scientific, CLF, Emersacher, Germany) at a day/night temperature of 22/18 ℃ with 8 

h light and 16 h dark photoperiod according to Bartels et al. (1990). For 

dehydration/rehydration treatments, 12 week-old fully developed plants were 

dehydrated in individual pots in a controlled growth room with 16 h light and 8 h dark 

photoperiod (120-150 μE m
-2

 s
-1

 light, 22 °C and humidity 30%) for 0 d (untreated, C), 

3 d (partial dehydration, M) or 10 d (desiccation, D) and rehydrated for 2 d 

(rehydration, R) under the same conditions. The treatments are depicted in the scheme 

in Fig. 1a. The plant leaves were harvested at each time point (with three independent 

biological replications), frozen and ground in liquid nitrogen. After being freeze-dried 

samples were stored at -80 ℃ for further analysis. 

2.2 Relative water content measurement 

The relative water content (RWC) in leaves was calculated following the formula: 

RWC (%) = [(FW - DW) / (TW - DW)] × 100%. FW means the fresh weight, TW 

means the turgid weight (after submerged in water for 24 h) and DW means the dry 

weight (after 24 h incubation at 80 °C) (Ding et al. 2012; Quan et al. 2016a). 

2.3 Total mRNA and polysomal mRNA isolation 

Total mRNAs were extracted from untreated, partial dehydrated, desiccated and 

rehydrated leaves of C. plantagineum according to Valenzuela-Avendaño et al. (2005). 

Polysomal mRNAs were isolated from the same leaf materials mentioned above 

according to Juszczak and Bartels (2017). In detail, 150 mg (DW) of freeze-dried 



CHAPTER 3 Translational regulation revealed by polysomal profiling 

64 

 

sample was extracted with 1 mL freshly prepared extraction buffer. After 

centrifugation for 5 min at 13000 g at 4 °C, the supernatant was transferred to a new 2 

mL tube and added 10% (w/v) sodium deoxycholate (1/20 volume). The compound 

was loaded on the well-prepared continuous sucrose gradients (15-56% (w/v)) and 

separated by ultracentrifugation for 80 min at 45 000g at 4 ℃. Ten fractions (410 μL 

each) were fractionated from the gradient after centrifugation. RNAs were extracted 

from each fraction and purified by using 2.5 M LiCl. Optical density at 260 nm 

(OD260) was measured for the RNA exctracted from each fraction. The gradients 

supplemented with 20 mM puromycin (as a control) were used to identify fractions 

containing polysomes. The fractions corresponding to polysomes were pooled for 

further analysis followed by purification with RNA binding columns from Gene 

Matrix Universal RNA Purification Kit (EURx, Gdansk, Poland). All procedures were 

performed using at least three independent biological replicates. 

2.4 RNA sequencing analysis 

Total mRNAs and polysomal mRNAs from untreated, partial dehydrated, 

desiccated and rehydrated leaves of C. plantagineum were used for RNA sequencing 

analysis. The purity and integrity of mRNAs were checked by GATC Biotech 

(Konstanz, Germany). RNA sequencing analysis was performed by GATC Biotech 

(Konstanz, Germany). Briefly, 3 μg RNA of each sample were used to generate 

sequencing libraries. The libraries were sequenced on an Illumina Hiseq platform and 

50 bp paired-end reads were generated. After removing low quality reads and adapter 

sequences, clean reads were generated. The cleaned reads were mapped to the 

assembled sequences, then the mapped reads were calculated and the gene expression 

abundance was estimated to obtain RPKM (reads per kilo base per million mapped 

reads) (Li and Dewey 2011). 

2.5 cDNA synthesis and quantitative RT-PCR (RT-qPCR) 

2 μg of RNA per each sample were used for cDNA synthesis according to Zhao 
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et al. (2017). Each cDNA sample was diluted 15 times before preparing the RT-qPCR 

reaction. 5 μL of the diluted sample was added for a 20 μL RT-qPCR reaction (Giarola 

et al. 2015). 

Gene specific primers were designed in the 3‟ region of the transcript to amplify 

a 70-118 bp amplicon using Primer 3 software (version 0.4.0) (Untergasser et al. 2012; 

Koressaar and Remm 2007). The secondary structures of target sequences were 

monitored by using the M-fold web server 

(http://mfold.rit.albany.edu/?q=mfold/DNA-Folding-Form) with settings as 50 mM 

Na
+
 and 25 mM Mg

2+
 ionic conditions (Zuker 2003). To confirm the specificity of the 

PCR products, target amplicons were sequenced. The primer specificities were 

confirmed by RT-qPCR with the analysis of melting-curve (Giarola et al. 2015). The 

primer pairs and amplicon characters of eight candidate genes and reference genes are 

listed in Table S1. 

The RT-qPCR was performed in a PCR plate with Maxima SYBR Green qPCR 

Master Mix (Thermo Fisher Scientific, St Leon-Rot,Germany) in the Mastercycler
®

 

ep realplex
2
 (Eppendorf AG, Hamburg, Germany) PCR machine as described by 

Giarola et al. (2015). Detailed fold change of each gene was analyzed by using the 

2
−ΔΔCT

 method (Livak and Schmittgen 2001). The elongation factor 1-alpha (EF1a) 

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as internal 

controls (Giarola et al. 2015). The RT-qPCR for each candidate gene and reference 

gene was performed with three independent different biological repetitions and three 

technical repetitions within each biological repeat. 

2.6 Data analysis 

The genes did not exceed the noise threshold (log2Exprs ≤ 4 in all samples) were 

removed. The differential expression between two different samples was identified 

using the DESeq2 package (Love et al. 2014). Genes (for both polysomal mRNA and 

total mRNA) are regarded as differentially expressed when log2 fold change > 1 and P 

http://mfold.rit.albany.edu/?q=mfold/DNA-Folding-Form
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< 0.05 after controlling FDR (Benjamini and Hochberg 1995). Polysome occupancy 

of each mRNA was analyzed by comparing the normalized levels of the polysomal 

mRNA and total mRNA (Basbouss-Serhal et al. 2015). 

The annotated TAIR IDs of C. plantagineum genes with significant change were 

used for GO term and pathway enrichment analyses with Classification SuperViewer 

program (http://bar.utoronto.ca/ntools/cgi-bin/ntools_classification_superviewer.cgi) 

(Alam et al. 2018). The normalized frequency (NF) was calculated according to 

Provart and Zhu (2003). Hierarchical cluster analyses were carried out in the Cluster 

3.0 software (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm) using the 

average linkage and uncentered correlation method, and revealed by Java Treeview 

software (http://jtreeview.sourceforge.net/) (Shi et al. 2014). The overview of genes 

under translational regulation was generated using MapMAN software (Version 3. 

6.0RC1) (http://mapman.gabipd.org/home). The dynamics of genes under 

translational control were highlighted in correlation plots using GraphPad Prism 7 

software. 

2.7 Analysis of interaction networks 

The interaction networks of up-regulated transcription factors in the D/M and 

R/D group were constructed using STRING database (https://string-db.org/) with high 

confidence (combined score>0.7) (Szklarczyk et al. 2017). The interaction data 

collected from STRING database were then analyzed with Cytoscape software 

(Version 3.7.1) (http://www.cytoscape.org/). 

2.8 RNA sequence feature analysis 

The full length coding DNA sequence (CDS) of genes under translational control 

in the D/M group and R/D group were obtained from the whole genome database of C. 

plantagineum (unpublished). Since there is no 5‟ untranslated region (5‟UTR) and 

3‟UTR sequence of C. plantagineum available at present, upstream sequences (50 nt, 

http://bar.utoronto.ca/ntools/cgi-bin/ntools_classification_superviewer.cgi
http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm
http://jtreeview.sourceforge.net/
http://mapman.gabipd.org/home
https://string-db.org/
http://www.cytoscape.org/
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100 nt and 200 nt) from the ATG start codon and downstream sequences (50 nt, 100 nt 

and 200 nt) from the stop codon were taken from the genome database (unpublished) 

and treated as 5‟UTR and 3‟UTR sequences, separately. 

The GC contents were analyzed separately for CDS, 5‟UTR and 3‟UTR. The GC 

levels in the third position of codons (GC3) were also evaluated for the coding 

sequences. After removing coding sequences shorter than 300 nt (100 codons), the 

codon bias were analyzed by using the effective codon number (Nc) index (Bai et al. 

2017). 

2.9 Motif analysis 

DNA motif analyses for CDS, 5‟UTR and 3‟UTR were performed on MEME 

suite (Bailey et al. 2009). The width of motif was set to 6-10 nucleotides. Obtained 

motifs with a P-value ≤ 0.001were considered as significant outcomes. 
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3 Results 

3.1 RNA profiling reveals translational activation during four stages of 

dehydration and rehydration cycle in C. plantagineum 

Four samples (untreated, partial dehydrated, desiccated and rehydrated) 

representing critical physiological conditions during the dehydration/rehydration 

cycle of C. plantagineum were prepared for RNA sequencing. The relative water 

content of leaves for the four time points (C, M, D and R) were around 93%, 67%, 5% 

and 80%, respectively (Fig. 1b). The phenotypes of C. plantagineum plants subjected 

to the dehydration and rehydration cycle are shown in Fig. 1c. RNA profiles were 

determined by measuring the absorbance at 260 nm of RNAs extracted from the 

sucrose gradient fractions. The RNA absorbance profiles were determined based on 

both equal DW (Fig. 1d) and equal RNA level (Fig. 1e) in the samples. The RNA 

profiles changed significantly during the dehydration and rehydration cycle. In Fig. 1d, 

the RNA abundance in the desiccated stage was higher than in other stages based on 

the same dry weight of leaves. The desiccated sample had a higher amount of 

polysomal mRNA (RNA extracted from fractions 6-10) when equal RNA levels were 

considered. This reveals that mRNAs actively bind to polysomes in desiccated 

samples (Fig. 1e). 

3.2 Polysomal profiling of C. plantagineum during the dehydration and 

rehydration cycle 

To investigate the relations of transcription and the translation during the four 

stages of dehydration and rehydration in C. plantagineum, total mRNA (T) and 

polysomal mRNA (P) expression levels were analyzed by RNA sequencing. In total, 

281,825,230 raw reads were generated. After removing low quality reads from raw 

data, 276,733,392 clean reads were generated for the samples used in this study. The 

data normalization had been done by using RPKM. The 11403 genes that passed the 
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noise filter (log2Exprs > 4) during the dehydration and rehydration cycle were used 

for further analysis. To confirm the RNA sequencing data, RT-qPCR had been 

performed with eight selected genes. The expression ratios measured by RT-qPCR 

correlated very well with the data from RNA sequencing (Fig. S1). The dissociation 

curves of eight selected genes showed the specificity of the RT-qPCR by amplifying a 

single amplicon (Fig. S2). 

 

Fig.1 Polysome profiling during four stages of dehydration and rehydration. (a) The four samples 

used and time they have been treated (see details in Materials and methods). (b) Relative water 

content of C. plantagineum leaves in untreated (C), partial dehydration (M), desiccation (D) and 

rehydration (R) stages. Values in (b) were calculated from three independent biological replicates 

and five technical repetitions within each biological experiment (means ± SE). (c) Phenotypes of 

C. plantagineum plants during four stages of dehydration and rehydration cycle. (d) Absorbance 
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profiles of fractionated RNAs (with 15-56% (w/v) continuous sucrose gradients) for the four time 

points during the dehydration and rehydration cycle according to equal dry weight. (e) 

Representative absorbance profiles of fractionated RNAs (with 15-56% (w/v) continuous sucrose 

gradients) for four stages of dehydration and rehydration cycle based on identical RNA loading. 

Values in (d) and (e) were calculated from five independent repetitions (means ± SE). 

 

Fig. 2 Number of genes under translational control during four stages of dehydration and 

rehydration in C. plantagineum. The number of genes with changed polysome occupancy (means 

the ratio of polysomal mRNA level/total mRNA level) in different stages of dehydration and 

rehydration cycle in C. plantagineum. The M/C, D/M and R/D represent partially dehydrated 

samples (M) compared to untreated samples (C), desiccated samples (D) compared to partially 

dehydrated samples (M), and rehydrated samples (R) compared to dehydration samples, 

respectively. 

By comparing the polysome occupancy between two consecutive time points, we 

found that there are two phases with extensive changes of translational control: from 

partial dehydration to desiccation (D/M group), and from desiccation to rehydration 

(R/D group) (Fig. 2). The polysome occupancy changes between every two samples 

with P-value < 0.05 and fold change > 2 were considered to be significant. In total 

510 genes in the D/M group and 564 genes in the R/D group are under translational 

regulation. In the D/M group 383 genes were up-regulated and 127 genes were 
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down-regulated, while for the R/D group 131 genes were up-regulated and 433 genes 

were down-regulated (Fig. 2). 

3.3 Dynamics of genes under translational regulation 

The total mRNA abundance and polysomal mRNA abundance of the four time 

points are highlighted in correlation plots to show the transcriptional and translational 

dynamics of genes under translational regulation in the D/M and R/D group in C. 

plantagineum (Fig. 3). The correlation plots showed that the up-regulated genes under 

translational control in D/M group are weakly associated with polysomal of the 

untreated stage. From the M to the D phase, the polysomal association increased. The 

opposite pattern was observed for the down-regulated genes. The translationally 

up-regulated genes in the R/D group were less associated with polysomes in 

desiccated stage than other stages, but the level of polysome association was higher in 

the rehydrated stage compared to the desiccated stage. The down-regulated genes in 

the R/D group had a completely opposite trend. 

In general, differential transcription, translation efficiency or the combination of 

both can cause the change of polysome occupancy. In Fig. 4, we compared these 

effects separately, thus different regulatory mechanisms emerged. In total, there are 22 

subgroups with nine categories in the D/M group and R/D group which have been 

identified with their different regulation during dehydration and rehydration. The D/M 

up-regulated group primarily severely declines on the transcription level, while the 

D/M down-regulated group is mostly affected by a dramatic decrease on the 

polysomal level (Fig. 4). The sharp increase on the translation level influenced genes 

in the R/D up-regulated group. The opposite pattern was observed in the R/D 

down-regulated group (Fig. 4). 
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Fig. 3 Dynamics of genes under translational control in the D/M group and R/D group. The 

abundance of total mRNAs (x-axis) and polysomal mRNAs (y-axis) following the dehydration 

and rehydration cycle (C, M, D, R) are plotted as black dots. Genes with increased polysome 

occupancy are plotted as red dots and genes with decreased polysome occupancy are plotted as 

green dots in both the D/M group and the R/D group. 
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Fig. 4 The profiles of total mRNAs and polysomal mRNAs of genes under translational regulation 

during four stages of dehydration and rehydration in C. plantagineum. Based on the changes of 

total mRNA and polysomal mRNA abundance, genes in the D/M group and R/D group are divided 
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into different subgroups. In total, there are 22 subgroups in nine categories in the D/M group and 

R/D group which have been identified according to their expression profiles during dehydration 

and rehydration. T+ indicates significant increase in the total RNA abundance (unchanged 

polysomal RNA abundance). P+ refers to enhanced translation level (unchanged transcription 

level). T+/P+ represents increase of total RNA and polysomal RNA, and T+/P- represents increase 

of total RNA but decrease of polysomal RNA. The increase of polysome occupancy caused by the 

additive effect of the no significant change on either transcription level or translation level is 

termed additive effect. The subtractive effect represents the opposite effect. T-, P-, T-/P- represent 

decrease of total RNA, polysomal RNA or decrease of both total and polysomal RNA. 

3.4 Sequence features correlate with translational regulation 

To understand which sequence features could be important for translational 

regulation in C. plantagineum, the CDS length, GC content, GC3 content and 

effective codon numbers (Nc) of genes under translational control were investigated 

in the D/M group and R/D group (Fig. 5). Transcripts in the R/D up-regulated group 

had a significant shorter CDS length compared with the R/D down-regulated gene set. 

However, the opposite pattern was observed in the D/M group (Fig. 5a). Significantly 

lower GC contents were identified in the D/M up-regulated group and the R/D 

down-regulated, which correlates with increased translation (Fig. 5b). Intriguingly, the 

D/M up-regulated group had a lower GC3 content and a higher Nc than the D/M 

down-regulated group, while the R/D group had the opposite characteristics (Fig. 5c, 

d). 
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Fig. 5 Coding DNA sequence features of genes under translational control in the D/M group and 

R/D group. The length (a), GC content (b), GC3 content (c) and effective codon number (Nc) (d) 

of the CDSs are shown. The red bar represents genes with increased polysome occupancy and the 

green bar represents genes with decreased polysome occupancy. 

We analyzed GC content in the 5‟UTR and 3‟UTR (50 nt, 100 nt and 200 nt) of 

genes in the D/M group and R/D group (Fig. 6). The D/M up-regulated group had a 

lower GC content in the 50 nt region upstream of the ATG start codon than the 100 nt 

and 200 nt region (Fig. 6a). A significantly higher GC content has been observed in 

the 200 nt region downstream of the stop codon compared with the 50 nt and 100 nt 

region (Fig. 6b). The GC content in the D/M up-regulated group (both 5‟UTR and 

3‟UTR) correlates positively with PO changes in the 50 nt and 100nt region (Fig. 6c, 

d, e, f). 
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Fig. 6 Sequence features of the untranslated regions of translationally regulated genes in the D/M 

and R/D group. (a) Average GC content of the 5‟UTR (50nt, 100nt and 200nt). (b) Average GC 

content of 3‟UTR (50nt, 100nt and 200nt). The box-graphs show GC content in 50nt 5‟ UTR (c), 

GC content in 50nt 3‟UTR (d), GC content in 100nt 5‟UTR (e) and GC content in 100nt 3‟UTR 

(f), respectively. The red bar represents genes with increased polysome occupancy and the green 

bar represents genes with decreased polysome occupancy. 

A motif analysis of three regions (5‟UTR, CDS and 3‟UTR) in the D/M group 

and R/D group revealed four significantly enriched motifs (Fig. 7). The GA (purine) 

enriched motifs (GAAGAAGA) in the CDS in D/M up-regulated group and R/D 

up-regulated group were similar to the motif (GAAGAAGAAG) found in A. thaliana 
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(Bai et al. 2017) (Fig. 7a). The motifs (AAGAAA) enriched in 5‟UTR region were 

mainly localized in 100 nt region upstream of the start codon (Fig. 7b). 

 

Fig. 7 Motif features of genes under translational control in the D/M and R/D group. Significantly 

enriched motifs are detected from (a) full length DNA coding sequences in the D/M up-regulated 

group and R/D up-regulated group and (b) 100nt 5‟UTRs in the R/D down-regulated group and 

D/M up-regulated group. P-values are calculated by Fisher‟s exact test. 

3.5 GO term and pathway enrichment analyses of genes under translational 

regulation in D/M group and R/D group 

GO term analysis was performed for genes under translational control in the D/M 

and R/D group. The enriched biological process GO terms included developmental 

processes, signal transduction, response to abiotic or biotic stimulus, and electron 
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transport or energy pathways, etc. (Fig. 8). For molecular function GO terms, kinase 

activity, transcription factor activity, protein binding and transferase activity were 

enriched (Fig. 8). The enriched cellular components GO terms included plasma 

membrane, cell wall, Golgi apparatus, cytosol and ribosome, etc. (Fig. 8). 

 

Fig. 8 GO term enrichment analysis of genes under translational regulation in the D/M and R/D 

group. Differentially expressed genes (log2 fold change > 1 and P < 0.05) with putative annotation 

to Arabidopsis were used for GO term analysis. Polysome occupancy was used as the 

classification source. The red bar represents the D/M group while the blue bar indicates the R/D 

group. 
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Pathway enrichment analysis showed that two MapMAN pathways, including 

major carbohydrate (CHO) metabolism and cell wall were enriched both in the D/M 

and R/D group. The D/M group specifically involved the polyamine metabolism 

pathway, while the R/D group affected the minor CHO metabolism, lipid metabolism 

and hormone metabolism (Table 1). 

 

Table 1 MapMan pathway enrichment analysis of genes under translational regulation in the D/M 

and R/D group. 

 



CHAPTER 3 Translational regulation revealed by polysomal profiling 

80 

 

3.6 Regulation overview of genes under translational control 

To visualize metabolic pathways in more detail, genes in the D/M group and R/D 

group were analyzed using MapMAN software. Totally 132 and 156 differentially 

expressed genes are involved in D/M group and R/D group, respectively (Fig. 9). 

Genes primarily enriched for regulation fall into six subgroups including transcription 

factor, protein modification, protein degradation, receptor kinases, enzymes involved 

in IAA metabolism and calcium regulation subunit. Among them, 112 genes are 

up-regulated and 20 genes are down-regulated in the D/M group (Fig. 9a), while in 

the R/D group 38 genes are up-regulated and 118 genes are down-regulated (Fig. 9b). 

3.7 Transcription factors in D/M group and R/D group 

Based on the overview of the regulatory pathways, some transcription factors 

were identified which are under translational control in the D/M group and R/D group. 

According to the annotation of A. thaliana, 30 and 10 transcription factors 

up-regulated in D/M and R/D group, and 12 and 39 transcription factors 

down-regulated in D/M and R/D group, respectively (Fig. 10a). The pie graphs show 

the different transcription factor families and gene numbers in each family (Fig. 10b, 

c). The zinc finger, WRKY, ARF, TCP and others are the top five up-regulated 

transcription factor families in the D/M group (Fig. 10b). For the R/D group, 5 zinc 

finger transcription factors are up-regulated while 10 zinc finger, 5 bHLH, 4 ARF, 3 

AP2\ERF and 3 TCP transcription factors are down-regulated (Fig. 10c). Heat maps 

show the relative polysome occupancy level of up-regulated transcription factors in 

the D/M group and R/D group during the four stages of dehydration and rehydration 

in C. plantagineum (Fig. 11a, b). 
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Fig. 9 Overview of genes under translational regulation in the D/M group and R/D group. The 

overview was generated using MapMAN software (Version 3. 6.0RC1). Totally 132 genes (a) and 

156 genes (b) are involved in the regulation overview in the D/M group and R/D group, 

respectively. Each square indicates a specific gene. Red color represents up-regulation and green 

color represents down-regulation. 
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Fig. 10 The transcription factor gene families in the D/M group and R/D group. (a) Number of 

transcription factors under translational control in the D/M group and the R/D group. The red bar 

means increased polysome occupancy and green bar means decreased polysome occupancy. The 

up-regulated and down-regulated transcription factor gene families (gene numbers are shown in 

the brackets) in the D/M group (b) and R/D group (c) were identified using annotations from A. 

thaliana. 
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Fig. 11 The polysome occupancy pattern of the transcription factors in the D/M group and R/D 

group during four stages of dehydration and rehydration in C. plantagineum. (a) The polysome 

occupancy levels of the transcription factors with increased PO from partial dehydration to 

desiccation. (b) The polysome occupancy pattern of the transcription factors with increased PO 

from desiccation to rehydration. The heat map was obtained using Cluster 3.0 software and Java 

Treeview. The color bar is shown as log2 fold change. 



CHAPTER 3 Translational regulation revealed by polysomal profiling 

84 

 

 

Fig. 12 Interaction network analyses of transcription factors under translational control in the D/M 

group and R/D group. Networks of transcription factors (a) up-regulated in the D/M group (green 
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node and red edge) and (b) up-regulated in R/D group (red node and green edge), respectively. 

The combined interaction score is indicated by the width of the edge. The annotation of genes in 

the interaction network can be found in STRING database (https://string-db.org/). 

To investigate the effect of transcription factors in the D/M group and R/D group 

during the four stages of dehydration and rehydration in C. plantagineum, possible 

interaction networks were constructed using STRING and Cytoscape software (Fig. 

12). Interaction network analysis revealed that 112 nodes and 94 edges were observed 

for up-regulated transcription factors in the D/M group (Fig. 12a), and 60 nodes and 

54 edges for up-regulated transcription factors in the R/D group (Fig. 12b). The 

results showed that ENHANCER OF GLABRA 3 (EGL3) as a transcription activator 

interacted with several MYB or MYB-type transcription factors in the D/M 

up-regulated group. The ARF6 and ARF8 interacted with several indole-3-acetic acid 

inducible proteins (including IAA 1, IAA 6, IAA 8, IAA 9, IAA 11, IAA 19, and IAA 

28) which participated in early auxin response (Guilfoyle and Hagen 2007). In the 

R/D up-regulated group, transcription factor bZIP44 interacted with ABA insensitive 

5 (ABI5), which is involved in ABA signaling (Chang et al. 2019). LONESOME 

HIGHWAY (LHW) from R/D up-regulated group interacted with histidine 

phosphotransfer protein 6 (HP6), which acts as a negative regulator in cytokinin 

signaling (Besnard et al. 2014). 

 

 

 

 

 

https://string-db.org/
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4 Discussion 

As a resurrection plant, C. plantagineum can survive under extreme dehydrated 

environmental conditions (Bartels and Hussain 2011). Previous researches reported 

that early responses to dehydration are often studied in plants dehydrated to 60 % 

RWC and late responses are analyzed in plants dehydrated to 2 % RWC (1-2 weeks of 

dehydration). These are crucial physiological stages (Rodriguez et al. 2010; Giarola 

and Bartels 2015). In this work, the untreated, partially dehydrated (dry 3d, RWC 

67%), desiccated (dry 10d, RWC 5%) and rehydrated (re-water 2d, RWC 80%) stages 

had been chosen to study gene expression profiles (Fig. 1a, b). The leaves of C. 

plantagineum shrank and folded during dehydration, expanded and unfolded after 

being re-watered (Fig. 1c). Extensive reversible shrinkage of leaves and folding as 

observed in resurrection plants C. wilmsii, Xerophyta humilis and Myrothamnus 

flabellifolius is hypothesized to preserve cellular integrity, shade chlorophyll and 

reduce formation of reactive oxygen species (Farrant 2000; Farrant et al. 2003, 2007). 

The abundance of polysomal mRNA may provide a more accurate estimate of 

gene expression than the abundance of total mRNA, because this takes translational 

regulation into account (Kawaguchi et al. 2004). To identify genes affected by 

dehydration and rehydration in C. plantagineum, polysomal mRNAs of leaf samples 

were isolated using sucrose gradient-based fractionation and quantified by RNA 

sequencing. It has been reported that desiccation tolerant plants (C. plantagineum and 

Lindernia brevidens) have higher efficiency for recruiting mRNAs to ribosomes than 

the desiccation sensitive species (Lindernia subracemosa) (Juszczak and Bartels 

2017). In C. plantagineum, the polysomal mRNA abundance in desiccated leaf tissues 

was higher than that in untreated tissues, which demonstrates that mRNA actively 

binds to polysomes during desiccation (Fig. 1d, e). It is known from yeast that 

mutations in the translation initiation factor binding sites of mRNAs can affect the 

stability of mRNA, and binding of these translation initiation factors to mRNA can 

enhance translation efficiency and protect mRNA from degradation (Schwartz and 
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Parker 1999; Brown et al. 2000; Huch and Nissan 2014). It was reported that mRNA 

binding to polysomes increases the stability of mRNA and prevents it from 

degradation in resurrection plants (Juszczak and Bartels 2017). Our data showed 383 

genes with increased polysome occupancy in the D/M group, which means that the 

amount of polysomal mRNA of these genes is higher than total mRNA from partial 

dehydration to desiccation (Fig. 2). During the rehydration stage, the polysome 

occupancy of 433 genes decreased while 131 genes had increased polysome 

occupancy (Fig. 2). This shows that binding of mRNAs to polysomes might protect 

mRNA from degradation caused by dehydration while during the rehydration stage 

the protection mechanism is diminished. 

The correlation plots showed that the transcriptional and translational dynamics 

of genes during the dehydration and rehydration, and revealed the key stages of the 

mRNA binding to polysomes (Fig. 3). This system has been successfully applied to 

investigate the translational regulation during seed germination in A. thaliana (Bai et 

al. 2017). In C. plantagineum, the 22 subgroups in the D/M group and R/D group 

explained the internal reasons for polysome occupancy changes (Fig. 4). It uncovered 

that the total mRNA and polysomal mRNA in the D/M up-regulated group mostly 

decreased, but the extent of the decline of total mRNA was larger than that of 

polysomal mRNA which caused the increased polysome occupancy (Fig. 4). This 

indicates that mRNA abundance decreased and the existing mRNAs are more likely to 

bind to polysomes which might contribute to desiccation tolerance. On the contrary, 

the abundance of total mRNA and polysomal mRNA increased in the R/D 

down-regulated group of transcripts and the extent of total mRNA increased more 

than the polysomal mRNA (Fig. 4). The reason for this phenomenon might be that 

after re-watering more genes are involved in transcriptional control for the recovery or 

mRNAs which were bound to polysomes during desiccation have been translated and 

the proteins are involved in the recovery. Experiments performed in C. wilmsii 

showed rapidly dried plants do not survive if mRNA or protein synthesis is inhibited 

during rehydration, which demonstrates that mRNAs are stored during dehydration 
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(Cooper and Farrant 2012). 

The sequence features (transcript length, GC content, GC3 content, Nc and 

enriched motifs) correlated with translational regulation had been investigated in the 

D/M and R/D group (Fig. 5, 6, 7). It is reported that the translation rate and the 

translational ratio increased with decreasing mRNA length and decreasing GC content 

(Valleriani et al. 2011; Qu et al. 2011). The effective number of codons shows codon 

bias, varying from 20-61 (Hershberg and Petrov 2008, 2009). It has been reported for 

several species that the translation efficiency is also affected by Nc (Akashi 1994; 

Duret 2000; Bai et al. 2017). Codon bias is affected by the third base position of a 

codon and the GC content in this position (GC3) (Crick 1966). Interestingly, in the 

R/D group, the reduction of the CDS length, Nc and 3‟UTR GC content correlated 

with the up-regulation of translation, while the decrease of the CDS GC content is 

positively related to the translational up-regulation in the D/M group (Fig. 5, 6). The 

GA enriched (GAAGAAGA) motif in the D/M group and R/D group is similar to the 

motif (GAAGAAGAAG) found in A. thaliana by Bai et al. (2017), which might play 

a role in alternative splicing events (Thomas et al. 2012). 

GO terms including signal transduction, kinase activity, transcription factor 

activity, cell wall and ribosome were enriched in the D/M and R/D group (Fig. 8). 

Pathway analysis results showed that major CHO metabolism, cell wall, signaling, 

lipid metabolism and hormone metabolism were over-represented in the D/M and R/D 

group (Table 1). These results indicate that the mRNAs related to these pathways are 

under translational regulation during dehydration and rehydration which might 

activate the downstream stress response or protect the plant through accumulating of 

protective proteins and metabolites. Transcripts encoding enzymes related to 

carbohydrate metabolism, such as sucrose phosphate synthases and sucrose synthases, 

are up-regulated during dehydration (Whittaker et al. 2007; Gechev et al. 2013; Ma et 

al. 2015). As the predominant protective sugar in resurrection plants, sucrose rapidly 

accumulates upon dehydration through different pathways (Challabathula and Bartels 
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2013; Yobi et al. 2017). 

Transcription factors functioning for plant adaptation to dehydration have been 

investigated in different plant species, such as A. thaliana, Boea hygrometrica and 

Pyrus betulaefolia (Wang et al. 2009; Sato et al. 2018; Liu et al. 2019a). Transcription 

factors were enriched in the D/M and R/D group (Fig. 9). We identified several 

transcription factor gene families, such as zinc finger, WRKY, NAC and ARF, which 

are regulated on the translational level during dehydration and rehydration in C. 

plantagineum (Fig. 10, 11). The WRKY and zinc finger gene families haves been 

suggested to play important roles in the regulation of transcriptional reprogramming 

associated with plant stress responses (Chen et al. 2012b; Perrella et al. 2018). The 

polysome occupancy patterns and the interaction networks of the transcription factors 

in Fig. 11 and Fig. 12 provide a basis for further research. 

Overall, our data demonstrate changes of regulation of mRNA expression on the 

translational level during dehydration and rehydration in C. plantagineum. The 

extensive translational regulation and the changes from partial dehydration to 

desiccation and from desiccation to rehydration are controlled by different 

merchanisms. The identified sequence features uncover independent regulation 

mechanisms of translation during dehydration and rehydration in C. plantagineum. 

The discovered genes and their interaction networks, and the related metabolic 

pathways may help to design a strategy to produce dehydration tolerant crops. 

However, these analyses are completely dependent on the RNA-seq data, so more 

proofs are needed for further confirm the findings reported here. 
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Supporting data 

 

Fig. S1 The relative expression level of eight chosen genes during four stages of dehydration and 

rehydration cycle in C. plantagineum. The white bar represents the data from RT-qPCR while the 

dark bar shows the data from RNA sequencing. 
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Fig. S2 The dissociation curves of eight chose genes derived from three biological replicates and 

three technical replicates within each biological experiment showing the specificity of the 

RT-qPCR by amplifying a single amplicon. 
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Table S1 The primer sequences of candidate genes and reference genes and amplicon 

characteristics. 
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Abstract 

CTP:phosphocholine cytidylyltransferase (CCT) is an important regulatory 

enzyme in the CDP-choline pathway for de novo phosphatidylcholine (PC) synthesis 

in plants. Here, we cloned the CpCCT1 gene from the resurrection plant C. 

plantagineum and compared the putative amino acid sequence with the desiccation 

sensitive plant (Arabidopsis thaliana), an animal homolog (Rattus norvegicus) and a 

yeast homolog (Saccharomyces cerevisiae). CCTs have a conserved catalytic domain 

and membrane-binding domain while the N-terminal and C-terminal domains have 

diverged. The tissue specific expression analysis indicated that CpCCT1 is expressed 

in all tissues and it is induced by dehydration. After treatment with 0.5 M NaCl 

solution, the expression of CpCCT1 was increased both on the transcriptional and 

translational level in leaves and roots of C. plantagineum. Intriguingly, cold stress 

failed to induce CpCCT1 protein expression although the transcript was increased 

after treated in 4 ℃ for 4 h. CpCCT1 expression in leaf and root samples did increase 

in response to mannitol and sorbitol treatment, and higher concentrations induced 

higher amounts of transcript and proteins. Expression of CpCCT1 transcript in leaves 

and roots was also increased by treatments with exogenous 100 μM abscisic acid 

(ABA) and 1 μM indole-3-acetic acid (IAA), whereas no CpCCT1 proteins 

accumulated during treatments with these hormones. Analysis of promoter activity 

revealed that CpCCT1 gene expression is mainly under translational regulation during 

dehydration. In summary, the characteristics described here could be general features 

of CCT gene expression in resurrection plants. 
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1 Introduction 

Phosphatidylcholine (PC) is the major phospholipid found in membranes of plant 

cells except for chloroplastic membranes. Usually it constitutes about 50% of the total 

phospholipid content of such membranes (Harwood 1988). PC acts as a substrate in 

desaturation reactions, oil body formation, triacylglycerol (TAG) biosynthesis, and the 

production of secondary messengers such as diacylglycerol (DAG) and phosphatidic 

acid (PA) (Ohlrogge and Browse 1995; Gibellini and Smith 2010). This gives PC a 

central role in response to environment changes and an important starting of the 

product for the synthesis of other lipids (Harwood and Moore 1989; Jones et al. 

1998). 

There are two major pathways for de novo PC synthesis in eukaryotes, the 

methylation of phosphatidylethanolamine (PE) and the CDP-choline pathway (Kent 

1997; Vance and Vance 2004). In metazoans and angiosperm plants, PC is largely 

synthesized via the CDP-choline pathway (Ohlrogge and Browse 1995; Cornell and 

Ridgway 2015). The CDP-choline pathway contains three steps starting from choline, 

while CCT catalyzes the second step (a rate limiting step) for PC biosynthesis: 

catalyzing phosphocholine and CTP to form CDP-choline (Kinney et al. 1987; 

Jackowski and Fagone 2005; Cornell and Ridgway 2015) (Fig. 1 in CHAPTER 1). 

The enzymatic activity of CCT is regulated by the PC content of membranes (Johnson 

and Cornell 1999; Cornell and Northwood 2000). This enzyme is amphitropic which 

means that it can interconvert between a soluble inactive form and a 

membrane-lipid-bound active form (Cornell and Northwood 2000). 

It was reported that CCT proteins are separated into four functional domains in 

mammalian organism, including N-terminal domain, catalytic core domain, 

membrane-binding regulatory domain, and C-terminal phosphorylation region 

(Cornell et al. 1995; Cornell and Northwood 2000; Jackowski and Fagone 2005). 

Recently, research on AtCCT1 has been done in A. thaliana. After comparing AtCCT1 
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to rat CCT1, the result showed homology of the internal domains (catalytic core and 

membrane-binding regulatory domain) whereas the N-terminal and C-terminal 

domains are highly divergent (Caldo et al. 2019). Two isoforms (CCTα and CCTβ2) in 

rat have almost identical membrane-binding domains and very similar catalytic 

domains, however, the N-terminal and C-terminal regions have also diverged and are 

structurally disordered (Dennis et al. 2011). In mammalian CCTs, the N-terminal 

domain contains a 30 residue-segment serving as a cap before the catalytic domain 

(Cornell and Ridgway 2015). The C-terminal of CCTs contains an amphipathic 

α-helix in Drosophila melanogaster, plants and mammals, and plays a vital role in 

mediating lipid interactions and CCT enzymatic activity (Kent 1997; Clement et al. 

1999; Lykidis and Jackowski 2000; Helmink and Friesen 2004; Caldo et al. 2019). 

The CCT protein is thought to be in the cytoplasm or the nuclear in different cell 

types, and may function in vesicle traffic (Wang et al. 1995; Houweling et al. 1996; 

Kent 1997). 

The characteristics of CCTs in plants have been studied some time ago. Four 

CCT transcripts were firstly isolated from Brassica napus roots by complementation 

of a yeast cct mutant in 1996 (Nishida et al. 1996). CCT transcripts in A. thaliana 

were identified in 1997 through the complementation of a yeast mutant which is 

deficient in corresponding yeast CCT gene (Choi et al. 1997). The full length CCT 

coding sequence in pea was isolated and the deduced amino acid was used for 

comparative analysis with amino acid sequences of rat, yeast and B. napus CCT, 

respectively (Jones et al. 1998). The enzyme activity of AtCCT is controlled on both 

the transcriptional and post-translational levels (Tasseva et al. 2004; Craddock et al. 

2015). Recently, it has been shown that AtCCT1 has a consensus site (Ser-187) for 

phosphorylation by sucrose nonfermenting 1-related protein kinase 1 (SnRK1 or 

KIN10/SnRK1.1) (Caldo et al. 2019). The results show that SnRK1 can mediate the 

phosphorylation of the AtCCT1 enzyme at the site (Ser-187) to inhibite its enzymatic 

activity (Caldo et al. 2019). 
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C. plantagineum belongs to the Linderniaceae family is an extreme desiccation 

tolerant plant, which can turn into a quiescent state during desiccation (relative leaf 

water content around 5%) and recovers rapidly after re-watered (Bartels and Salamini 

2001; Phillips et al. 2008). The research on plant CCTs have been done in several 

desiccation sensitive species, so we were interested to know the structure and 

characteristic of CCT in the desiccation tolerant plant C. plantagineum. Therefore, we 

cloned CpCCT1, analyzed the structure by comparing the amino acid sequences with 

rat CCT1, AtCCT1 and ScCCT, and monitored expression of CpCCT1 on the 

transcriptional and translational levels during dehydration, salt stress, cold stress, 

osmotic stress, ABA and IAA treatments. 
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2 Materials and methods 

2.1 Plant materials and treatments 

C. plantagineum plants and callus were grown as previously described by Bartels 

et al. (1990). The dehydration and rehydration treatments were performed as 

described in CHAPTER 2. The cold treatment was conducted in a 4 degree 

refrigerator (4℃, dark), while the plants in control group were kept in dark in a 

controlled growth room (22℃, dark). Detached leaves and roots were incubated in 

100 μM abscisic acid (ABA), 1μM indole-3-acetic acid (IAA), 0.5 M NaCl solution, 

0.5 M or 0.8 M mannitol solutions and 0.5 M or 0.8 M sorbitol solutions for 4h, 24h 

and 48h, respectively. The plant leaves and roots were harvested at each time point, 

frozen and ground in liquid nitrogen. After being freeze-dried samples were stored at 

-80 ℃ for further analysis. Three independent biological repetitions were included in 

each treatment. 

2.2 Gene cloning 

The 5‟ region of the CpCCT1 gene was amplified by PCR from a λ ZAP II cDNA 

library prepared from leaves (2 h dried) of C. plantagineum (Bockel et al. 1998) using 

vector-specific (ZAP F2) and gene-specific (CpDN37040 R) primers (Table S1). The 

PCR product was sequenced by cloned into pJET1.2 vector with the CloneJET PCR 

Cloning Kit (Thermo Fisher Scientific, St Leon-Rot, Germany). 

2.3 Phylogenetic analysis and sequence analysis 

Putative homologs of CpCCT1 were identified from Lindernia brevidens and 

Lindernia subracemosa transcriptome data and obtained by blast from the NCBI 

website (www.ncbi.nlm.nih.gov/) using CpCCT1 predicted protein sequence as the 

query. The phylogenetic tree was generated after sequence alignment in Mega 7 using 

the maximum likelihood method with 1000 bootstrap predictions (Hall 2013). 

http://www.ncbi.nlm.nih.gov/
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Protein sequence identities were calculated by using sequence manipulation suite 

(https://www.bioinformatics.org/sms2/ident_sim.html) (Stothard 2000). Sequence 

alignment was carried out by using DNAMAN 6.0 software and Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Caldo et al. 2019). The predicted 

amphipathic α-helices were shown in Helix wheel using NetWheels 

(http://lbqp.unb.br/NetWheels/) (Mol et al. 2018). 

2.4 RNA isolation and cDNA synthesis 

Total RNAs were extracted from freeze-dried leaf and root samples of C. 

plantagineum in each treatment according to Valenzuela-Avendaño et al. (2005). 

Reverse transcription PCR was conducted as described by Zhao et al. (2017). The 

elongation factor 1-alpha (EF1a) gene was used as the internal reference gene for 

both leaf and root samples in C. plantagineum (Giarola et al. 2015). Gene specific 

primers are listed in Table S1. The relative gene expression level in each treatment 

was deduced using Image-J (https://imagej.nih.gov/ij/). Fold changes in different 

treatments were analyzed by setting untreated or control samples as 1. 

2.5 CpCCT1 antibody generation and protein analysis 

The full length cDNA with an NcoI site (5‟ end) and an XhoI site (3‟ end) was 

obtained by PCR from the constructed plasmid (CpCCT1 + pJET 1.2 vector) using 

specific primers (Table S1). This PCR product with NcoI and XhoI sites was cloned 

into the pET28a+ empty vector (Novagen, Darmstadt, Germany), and transformed 

into the Escherichia coli expression strain BL21 (DE3) (Amersham Pharmacia 

Biotech, Piscataway, NJ, USA). Protein induction and purification were carried out as 

described by Kirch and Röhrig (2010) with some modifications. Since the 

CpCCT1-His protein was difficult to purify by a nickel-column, CpCCT1-His 

proteins were collected from SDS-PAGE after incubation in 0.25 M KCl for 5 min. 

The purified proteins were sent to Seqlab (Sequence Laboratories Göttingen GmbH, 

Göttingen, Germany; www.seqlab.de) after being freeze-dried to raise a polyclonal 

https://www.bioinformatics.org/sms2/ident_sim.html
https://www.ebi.ac.uk/Tools/msa/clustalo/
http://lbqp.unb.br/NetWheels/
https://imagej.nih.gov/ij/
http://www.seqlab.de/
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antiserum in rabbits. 

Ten micrograms of total proteins extracted from leaves and roots of C. 

plantagineum were separated on 10% polyacrylamide SDS gels and transferred to 

nitrocellulose membranes (Laemmli 1970; Towbin et al. 1979). The CpCCT1 protein 

was detected by protein blots using a 1: 5000 dilution of the polyclonal antiserum. 

The relative protein expression level in each treatment was mearured by Image-J 

(https://imagej.nih.gov/ij/). Fold changes in different treatments were analyzed by 

setting untreated or control samples as 1. 

2.6 Protein localization prediction and analysis 

The following programs were selected for the CpCCT1 subcellular localization 

prediction: MultiLoc2 (http://abi.inf.uni-tuebingen.de/Services/MultiLoc2), PSORT 

(http://psort1.hgc.jp/form.html), Predotar 1.04 (https://urgi.versailles.inra.fr/predotar/),  

Yloc (http://abi.inf.uni-tuebingen.de/Services/YLoc/webloc.cgi), and TargetP 1.1 

(http://www.cbs.dtu.dk/services/TargetP/). Heat map was performed in the Cluster 3.0 

software (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm) and revealed 

by Java Treeview software (http://jtreeview.sourceforge.net/) (Shi et al. 2014).  

The full length CpCCT1 cDNA with NcoI sites at both ends generated by PCR 

was fused to the GFP gene (5‟ end) in the CaMV35S::GFP vector (pGJ280 vector) 

(Willige et al. 2009). The specific primers were listed in Table S1. The constructed 

plasmids were transiently transformed into onion cells via particle bombardment (van 

den Dries et al. 2011). Protein fluorescence in untreated cells and in cells undergoing 

plasmolysis (0.5M sucrose solution treated for 5 min) were observed using an 

inverted confocal laser scanning microscope (Nikon Eclipse TE2000-U/D-Eclipse C1; 

Nikon, Düsseldorf, Germany), setting as excitation wave lengths: 488 nm for GFP, 

543 nm for chloroplast auto-fluorescence, and emitted light: 515-530 nm and 570 nm, 

respectively (Giarola et al. 2016).  

https://imagej.nih.gov/ij/
http://abi.inf.uni-tuebingen.de/Services/MultiLoc2
http://psort1.hgc.jp/form.html
https://urgi.versailles.inra.fr/predotar/
http://abi.inf.uni-tuebingen.de/Services/YLoc/webloc.cgi
http://www.cbs.dtu.dk/services/TargetP/
http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm
http://jtreeview.sourceforge.net/
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2.7 Analysis of interaction network 

The interaction network of CpCCT1 protein was constructed using STRING 

database (https://string-db.org/) with high confidence (combined score>0.7) 

(Szklarczyk et al. 2017). The interaction data collected from STRING database were 

then analyzed with Cytoscape software (Version 3.7.1) (http://www.cytoscape.org/). 

2.8 Subcellular fractionation 

Subcellular fractionation was performed as described by Serna et al. (2001) with 

modifications. The untreated and desiccated leaves (1 g freeze-dried) were 

homogenized with 40 mL pH 7.7 extraction buffer (containing 5 mM EDTA, 0.5 M 

sucrose, 5 mM DTT, 0.5 M Mes, 30 mM Tris), respectively. The homogenate was 

filtrated by four layers of nylon and centrifuged at 2300 rpm at 4 ℃ for 5 min. The 

pellet (pellet 1) was re-suspended in 2.5 mL extraction buffer while the supernatant 

was centrifuged at 8000 rpm at 4 ℃ for 20 min. The pellet (pellet 2) was 

re-suspended in 1.5 mL extraction buffer and the supernatant was then centrifuged at 

30000 rpm at 4 ℃ for 2 h. The final supernatant was collected in a new tube, and the 

pellet (pellet 3) was re-suspended in 1 mL pH 7.2 pellet buffer (containing 1 mM DTT, 

0.25 M sucrose, 0.5 M MEs, 3 mM Tris). The final supernatant and three pellets were 

used for protein analysis. 

2.9 Yeast complementation assay 

The full length CpCCT1 cDNA with an XhoI site (5‟ end) and a BamHI site (3‟ 

end) was amplified by PCR using specific primers (Table S1), and cloned into the 

pDR-195 vector provided by Professor Gabriel Schaaf (University of Bonn). The 

well-constructed plasmid and the pDR-195 empty vector were transformed into wild 

type (WT) yeast (BY4741, genotype: MATa; his3D1; leu2D0; met15D0; ura3D0 / 

Euroscarf Y0000) and cct mutant yeast cells (Scientific Research and Development 

GmbH, Oberursel, Germany; http://www.euroscarf.de) according to Gietz et al (1995) 

https://string-db.org/
http://www.cytoscape.org/
http://www.euroscarf.de/
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with some modifications. Yeast competent cells were prepared as follows: yeast cells 

were inoculated in 5 mL liquid YPAD medium (4% (w/v) bacto peptone, 2% (w/v) 

yeast extract, 80 mg/L adenine hemisulfate, 4% (w/v) glucose, pH 5.6) and grew 

overnight. After a short centrifugation and discarding the liquid, cells were 

re-suspended in fresh YPAD medium to adjust the OD600nm = 0.2. After growing cells 

to OD600nm = 0.8-1.0 (approximately 4-6 h), cells were collected in Falkon tubes by 

spinning 1 min at 4000 rpm. The cells were re-suspended in 500 µL pH 7.5 TE/LiAc 

buffer (10 mM TRIS/HCL, 0.1M LiAc, 1 mM EDTA), and transferred to 1.5mL 

eppendorf tubes followed by spinning 1 min at 4000 rpm. These wash steps were 

repeated three times as before and the yeast competent cells were ready to use after 

re-suspending in 150 µL TE/LiAc buffer. The transformation mixtures were added in 

a PCR tube in the following order: 100 µL pH 7.5 PEG/LiAc buffer (containing 40% 

PEG, 0.1M LiAc, 1 mM EDTA, 10 mM TRIS/HCL), 16.5 µL competent cells, 

200-500 ng plasmid, 3.5 µL pre-warmed (95 ℃ for 3 min) salmon sperm DNA (8 

mg/mL). The PCR tubes with transformation mixtures were shaken at 250 rpm for 30 

min at room temperature. The mixtures were placed on selective plates (pH 5.8, 182.2 

g/L D-sorbitol, 6.7 g/L Difco yeast nitrogen base without amino acids, 20 g/L agar, 40 

g/L glucose, 1 × amino acids solution omit Uracil) after incubation for 20 min at 

42 ℃. 

The yeast genotyping and colony PCR programs were performed with specific 

primers (Table S1). For the yeast complementation treatments, different chemicals 

(0.5 M/0.75 M/1 M NaCl and KCl, 0.5 M/1 M mannitol, 5 mM/10 mM/20 mM 

3-amino-1,2,4-triazol (3AT)) were added in the selective plates. 5 μL yeast cell 

dilutions were spotted on different plates. 

2.10 Promoter analysis 

Genomic DNA was extracted from C. plantagineum leaves as described by 

Rogers and Bendich (1985). CpCCT1 5‟ upstream sequence (promoter + 5‟UTR) was 
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obtained with the CpCCT1 promoter F (with a HindⅢ site) and CpCCT1 promoter R 

primers (Table S1). The promoter sequence (1197 bp) fused with pBT10GUS empty 

vector was used for promoter activity analysis. Putative promoter cis-elements were 

identified using the New PLACE database scan tool 

(https://www.dna.affrc.go.jp/PLACE/?action=newplace) (Higo et al. 1999). Relative 

promoter activities were analyzed by using the method of transient transformation in 

C. plantagineum and A. thaliana according to van den Dries et al. (2011). 
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3 Results 

3.1 Quantification of CpCCT1 transcripts and molecular phylogeny of CCT genes 

The CpCCT1 gene has been found in our previous research on polysomal 

profiling analysis in C. plantagineum (CHAPTER 2). RT-qPCR had been performed 

to verify the RNA-seq data, in which the expression levels of CpCCT1 transcripts 

were analyzed in total mRNA and polysomal mRNA during dehydration and 

rehydration (untreated, partial dehydrated, desiccated and rehydrated) (CHAPTER 

2).  

As shown in Fig. 1a, the total mRNA abundance of CpCCT1 significantly 

increased in partial dehydration stage (30 fold higher than untreated stage). The 

expression level decreased from partial dehydration to desiccation, but the transcript 

abundance was still 9 fold higher in desiccated tissues than in untreated tissues. The 

change pattern of CpCCT1 polysomal mRNA abundance was similar as the total 

mRNA (Fig. 1a).  

Fig. 1b shows the polysome occupancy (the ratio between the polysomal mRNA 

abundance and the total mRNA abundance) of CpCCT1 during the dehydration and 

rehydration cycle. The polysome occupancy increased from partial dehydration to 

desiccation. The results indicate that CpCCT1 is a dehydration stress response gene, 

and CpCCT1 is under translational control during dehydration.  

Based on these results (from CHAPTER 2), we cloned the coding sequence of 

CpCCT1 from a cDNA library to gain more insight into the role of this gene. Fig. 1c 

shows the coding sequence (849 nt), the predicted amino acid sequence (282 amino 

acids) and the predicted secondary structure (including 16 helical structures and 7 

extended strand structures) of CpCCT1. 
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Fig. 1 The expression pattern and sequence characteristic of CpCCT1. The relative expression 

level in total mRNA and polysomal mRNA (a) and polysome occupancy (b) of CpCCT1 during 

the dehydration and rehydration cycle. (c) The nucleotide sequence, predicted amino acid 

sequence and predicted secondary structure of CpCCT1 (red represents predicted helical structure 

and yellow refers to predicted extended beta-strand). 

In the phylogenetic tree, homologous genes of CCT from eudicots, monocots, 

spikemosses, mosses, green algea, bacteria, yeast and animal contained conserved 

domains and formed several separate clusters (Fig. 2). 
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Fig. 2 Phylogenic tree of CCT proteins from different species. The analysis was executed by Mega 

7 using the maximum likelihood method with 1000 bootstrap. The protein sequences of CCT 

homologs were obtained from transcriptomes of L. brevidens and L. subracemosa and NCBI 

database. 
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Homologs of CpCCT1 were also identified in the closely related species L. 

brevidens and L. subracemosa and were termed LbCCT and LsCCT, respectively. The 

predicted protein sequences of CCT from these three species showed 78.2% (CpCCT1 

vs. LbCCT), 39.6% (CpCCT1 vs. LsCCT) and 44.0% (LbCCT vs. LsCCT) identity 

and 90.0% (CpCCT1 vs. LbCCT), 95.4% (CpCCT1 vs. LsCCT) and 96.0% (LbCCT 

vs. LsCCT) similarity between each other, with the C-terminal region being the most 

divergent region (Fig. 3). 

 

Fig. 3 Alignment of CpCCT1, LbCCT and LCCT protein sequences. The black color represents 

identical amino acids and the red frame represents a HXGH motif. 

3.2 Prediction of CpCCT1 functional domains 

To examine whether the CCT gene in the desiccation tolerant plant (C. 

plantagineum) has a similar structure as the CCT gene in the desiccation sensitive 



CHAPTER 4 Identification and characterization of CpCCT1 

108 

 

plant (A. thaliana), in an animal homolog (R. norvegicus), and in a yeast homolog (S. 

cerevisiae), the amino acid sequences were aligned. As shown in Fig. 4a and Fig. 4b, 

the sequences are separated into four functional regions (N-terminal region, core 

catalytic domain, membrane-binding domain and C-terminal region); the different 

regions are indicated by colored lines. 

 

Fig. 4 Sequence alignment of ScCCT, Rat CCT1, AtCCT1 and CpCCT1 using Clustal Omega. (a) 

The different functional domains are indicated by different color lines above the amino acids (light 

green: N-terminal region, blue: core catalytic domain, purple: membrane-binding domain, red: 
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C-terminal region). The red frame represents a HXGH motif in the catalytic domain. (b) The 

length of different functional domains (light green: N-terminal region, blue: core catalytic domain, 

purple: membrane-binding domain, red: C-terminal region). (c) The sequence identity of different 

regions in different comparisons, including ScCCT vs. Rat CCT1, ScCCT vs. AtCCT1, ScCCT vs. 

CpCCT1, Rat CCT1 vs. AtCCT1, Rat CCT1 vs CpCCT1, and AtCCT1vs. CpCCT1. 

The results of sequence identity analysis showed 57.83% and 24.36% identity 

between rat CCT1 and CpCCT1 in the catalytic and membrane-binding domains, 

while the N-terminal and C-terminal domains are highly divergent (N-terminal region: 

1.39%, C-terminal region: 1.82%). The sequence identities in the N-terminal region 

(2.94%), catalytic domain (56.02%) and C-terminal region (2.13%) between ScCCT 

and CpCCT1 are similar to the identities of the corresponding domains between rat 

CCT1 and CpCCT1. However, the sequence homology in membrane-binding domain 

is relatively low (8.64% identity) between ScCCT and CpCCT1 compared to the 

identity between rat CCT1 and CpCCT1 (24.36%). The sequences between the two 

plants have a high homology in the catalytic domain (85.63% identity) and 

membrane-binding domain (66.67% identity), whereas the terminal domains are also 

divergent (N terminal region: 10.00%, C terminal region: 9.68%) between AtCCT1 

and CpCCT1 (Fig. 4c). 

It was reported that several segments in the membrane-binding domain of CCTs 

are similar in rat CCT and AtCCT; these segments can form amphipathic helices upon 

interaction with the membranes (Lee et al. 2014, Caldo et al. 2019). The 

corresponding regions of amphipathic α-helices in the membrane-binding domain of 

CpCCT1 were identified through sequence alignment. The residues 183-220 of 

CpCCT1 can form amphiphatic helices which have a hydrophobic face composed of 

leucine (L), isoleucine (I) and valine (V) residues (Fig. 5a). The autoinhibitory motif 

covering residues 222-242 of CpCCT1 form another α-helix. The leucine (L), valine 

(V), phenylalanine (F), tryptophan (W) and isoleucine (I) residues from CpCCT1 also 

constitute a hydrophobic face (Fig. 5b). 
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Fig. 5 Helix wheels representing 2 parts of the membrane-binding domain of CpCCT1 were 

identified through alignments with rat CCT1 and AtCCT1. The hydrophobic faces of the two 

segments: (a) residues 183-220, (b) residues 222-242 are shown in light gray (rhombus) on the left 

side and upward side, respectively. 

3.3 Localization of CpCCT1 

According to the subcellular localization predictions, the CpCCT1 protein is 

most likely to be localized in cytoplasm and nucleus (Fig. 6).  
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Fig. 6 Heat map of subcellular localization prediction of the CpCCT1 protein. Red color means 

100% possibility, and blue color represents 0% possibility. The values were obtained from 

different localization prediction programs (see details in Materials and methods). 

To verify this prediction, onion cells were transformed with constructs 

overexpressing the full-length CpCCT1-GFP and GFP alone (data not shown). The 

fluorescence analysis (both in untreated tissues and after plasmolysis) show that the 

CpCCT1-GFP protein is localized in the cytoplasm (Fig. 7a), which coincides with 

the prediction (Fig. 6). The localization of CpCCT1 protein in cells of C. 

plantagineum leaves (desiccated) was analyzed by subcellular fractionation. As shown 

with immunoblot, the CpCCT1 protein is detected in all the four fractions, but it is 

enriched in the membrane fraction (Fig. 7b). The percentage of the CpCCT1 

distribution in C. plantagineum leaves is analyzed by setting the total subcellular 
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fractions as 100% (Fig. 7d). To check the tissue specific expression of CpCCT1, C. 

plantagineum leaf, root, callus, flower, and stem samples of untreated and desiccated 

tissues were collected. The immunoblot results showed that the CpCCT1 protein 

exists in all the five types of tissues after dehydration stress, while it only exists in 

callus in the untreated state. The majority of CpCCT1 protein was enriched in leaf and 

root samples under desiccation stress (Fig. 7c). As shown in Fig. 7e, the relative 

protein expression level of CpCCT1 in C. plantagineum was measured by setting the 

untreated state as 1. 

 

Fig. 7 Localization of the CpCCT1 protein. (a) Cellular localization of CpCCT1. Images of 
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transformed onion cells were taken around 16 h after particle bombardment. GFP fluorescence, 

bright field and merged images are shown (Bars correspond to 50 μm). (b) Subcellular 

fractionation results of CpCCT1 in C. plantagineum. Polyclonal antibodies were used to detect the 

CpCCT1 protein; equal amount of proteins were loaded for each fraction. (c) Tissue specific 

expression of CpCCT1 in C. plantagineum, including leaf, root, callus, flower and stem samples 

under untreated state (C) and desiccation state (D). (d) The percentage of subcellular distribution 

of CpCCT1. Data were analyzed by setting the total subcellular fractions as 100% using Image-J 

software. (e) The relative expression level of the CpCCT1 protein in different tissues. Data were 

analyzed by setting the level of untreated leaf sample as 1 using the Image-J software. 

3.4 Transcript changes of CpCCT1 during different treatments 

Transcript levels of the CpCCT1 gene were determined in C. plantagineum 

leaves and roots after dehydration and treated with 0.5 M NaCl and cold. Fig. 8a 

shows the transcript abundance of CpCCT1 in leaf and root samples during different 

time points of the treatments. The expression pattern of CpCCT1 was detected by 

semi-quantitative PCR and coincided with the one detected by RT-qPCR before in 

leaves during dehydration and rehydration (Fig. 8b). The transcript abundance of 

CpCCT1 in leaves increased after treated with 0.5 M NaCl solution and cold stress 

(Fig. 8c, d). Intriguingly, the CpCCT1 transcripts in leaf samples gradually decreased 

after cold stress for 24 h and 48 h, and eventually the transcript levels were lower than 

those in the control samples (Fig. 8d). CpCCT1 transcripts of root samples also 

increased during dehydration and decreased after 2 d re-watering (Fig. 8e). After 

incubation in 0.5 M NaCl, CpCCT1 trancripts in roots gradually accumulated during 

the whole treatment process (Fig. 8f). For root samples treated by cold stress, 

CpCCT1 transcript levels showed a slight increase at 4 h, then gradually decreased at 

24 h and 48 h of cold treatment (Fig. 8g). 
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Fig. 8 (a) Transcript levels of CpCCT1 in C. plantagineum leaves and roots during dehydration, 

salt and cold stresses. Transcript abundance of CpCCT1 in leaves under dehydration stress (b), salt 

stress (c) and cold stress (d) and roots under dehydration stress (e), salt stress (f) and cold stress (g) 

were measured by semi-quantitative PCR. Fold changes of each sample at different time points 

were analyzed by setting the level of the control samples as 1 using the Image-J software (b-g). 

EF1α was used as an internal control. Values in (b-g) were calculated from three independent 

biological repetitions (mean ± SE). The vertical bars with different lower-case letters are 

significantly different from each other at P < 0.05 (one-way ANOVA). 
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Fig. 9 (a) Transcript levels of CpCCT1 in C. plantagineum leaves and roots under different type of 

osmotic stresses. Transcript abundance of CpCCT1 in leaves treated with 0.5 M mannitol (b), 0.8 

M mannitol (c), 0.5 M sorbitol (d) and 0.8 M sorbitol (e), and roots treated with 0.5 M mannitol 

(f), 0.8 M mannitol (g), 0.5 M sorbitol (h) and 0.8 M sorbitol (i) were measured by 

semi-quantitative PCR. Fold changes of each sample at different time points were analyzed by 

setting the level of the control samples as 1 using the Image-J software (b-i). EF1α was used as an 
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internal control. Values in (b-i) were calculated from three independent biological repetitions 

(mean ± SE). The vertical bars with different lower-case letters are significantly different from 

each other at P < 0.05 (one-way ANOVA). 

The effect of osmotic stresses on CpCCT1 expression was investigated using 

detached leaves and roots incubated in 0.5 M or 0.8 M mannitol and 0.5 M or 0.8 M 

sorbitol solutions for 4 h, 24 h and 48 h, respectively (Fig. 9a). The transcripts of 

CpCCT1 were transiently induced during all the osmotic stress treatments. The 

transcript levels of leaf samples treated with 0.8 M mannitol and 0.5 M sorbitol 

solutions reached a transcription peak at 4 h whereas the other samples in leaves and 

roots had a transcription peak at 24 h. Interestingly, CpCCT1 transcripts were reduced 

in all samples subjected to osmotic stresses for 48 h compared to the transcripts at 24 

h, but the transcript levels were still slightly higher than those of the control samples 

(Fig. 9b-i). 

To investigate whether CpCCT1 is responsive to the plant hormone (ABA and/or 

IAA), RNA was isolated from leaves and roots of plants treated with 100 μM ABA or 

1 μM IAA for 4 h, 24 h and 48 h, respectively. Gene expression was analysed by 

semi-quantitative PCR in all samples (Fig. 10a). Both ABA and IAA led to induction 

of CpCCT1 transcripts in leaves and roots (Fig. 10b-d). The CpCCT1 transcripts of 

ABA-treated leaves rapidly increased at 4 h and stayed at that level, while the 

CpCCT1 transcripts of leaves treated with IAA were kept at the same level until 24h 

and significantly accumulated at 48 h (Fig. 10b, c). Root samples treated with ABA 

had a similar expression pattern of CpCCT1 as the leaf samples (Fig. 10d). Transcripts 

of CpCCT1 only slightly accumulated in root samples treated with 1 μM IAA (Fig. 

10e). 
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Fig. 10 (a) Transcript levels of CpCCT1 in C. plantagineum leaves and roots during exogenous 

plant hormone treatments. Transcript abundance of CpCCT1 in leaves treated with 100 μM ABA 

(b) and 1 μM IAA (c), and roots treated with 100 μM ABA (d) and 1 μM IAA (e) were measured 

by semi-quantitative PCR. Fold changes of each sample at different time points were analyzed by 

setting the level of the control samples as 1 using the Image-J software (b-e). EF1α was used as an 

internal control. Values in (b-e) were calculated from three independent biological repetitions 

(mean ± SE). The vertical bars with different lower-case letters are significantly different from 

each other at P < 0.05 (one-way ANOVA). 

3.5 Expression patterns of CpCCT1 protein under different treatments 

To analyze accumulation of the CpCCT1 protein in C. plantagineum during 

different treatments, antibodies were raised against the recombinant CpCCT1 protein. 

Fig. 11 shows the specificity of the antibodies, which could detect CpCCT1-His 

proteins in E.coli cells with a molecular weight of 37 kDa. The antibodies detected 

CpCCT1 proteins in C. plantagineum with an apparent molecular weight of 35 kDa, 

which is similar as the expected value. 
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Fig. 11 The specificity of the polyclonal antiserum used to detect CpCCT1 was analyzed by 

protein blots. Protein blots of overexpressing BL21 E. coli cells carried the empty pET28a(+) 

vector (control) or the CpCCT1+pET28a(+) vector (CpCCT1-His) were induced with 1 mM IPTG 

for 7 h. Total proteins were separated by 15% (w/v) SDS-PAGE firstly, then blotted to a 

nitrocellulose membrane for protein immune detection. The membrane was incubated in Ponceau 

for 5 min before incubated with CpCCT1 polyclonal antiserum or pre-immune serum. The black 

triangle represents CpCCT1 protein. 

Immunological analysis was conducted using protein samples from all the 

treatments mentioned above to investigate whether CpCCT1 transcript levels 

correlated with CpCCT1 protein levels (Fig. 12a, Fig. 13a). However, the CpCCT1 

proteins were not detectable in leaf and root samples treated with cold stress, 100 μM 

ABA or 1 μM IAA for 4 h, 24 h and 48 h. In the dehydration and rehydration cycle, 

CpCCT1 proteins accumulated from partial dehydration, reached a peak in desiccated 

tissue and declined during rehydration in leaves (Fig. 12b). CpCCT1 protein levels 

correlate with transcript accumulation in dehydrated roots (Fig. 12d). CpCCT1 

proteins only accumulated at 48 h after 0.5 M NaCl treatment both in leaves and roots 

(Fig. 12c, e). The immunological analysis showed that mannitol and sorbitol-treated 

samples at 48 h had significantly higher accumulation of CpCCT1 proteins compared 
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with control samples both in leaves and roots; but there were no obvious differences 

between control samples and mannitol or sorbitol-treated samples at 4 h or 24 h (Fig. 

13a). 0.8 M mannitol and 0.8 M sorbitol treatments induced higher amounts of 

CpCCT1 proteins at 48 h than the same treatments with solutions of lower 

concentrations (0.5 M), respectively (Fig. 13b-e). 

 

Fig. 12 (a) Expression abundance of the CpCCT1 protein in C. plantagineum leaves and roots 

during dehydration stress and salt stress. Expression levels of the CpCCT1 protein in leaves under 

dehydration stress (b) and salt stress (c), and roots under dehydration stress (d) and salt stress (e) 

were measured by Western blot. Equal loading of proteins was monitored by staining the 

membrane with Ponceau S (data no shown). Fold changes of each sample at different time points 

were analyzed by setting the level of the control samples as 1 (b-e). Values in (b-e) were 

calculated from three independent biological repetitions (mean ± SE). The vertical bars with 

different lower-case letters are significantly different from each other at P < 0.05 (one-way 

ANOVA). 
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Fig. 13 (a) Expression abundance of the CpCCT1 protein in C. plantagineum leaves and roots 

under different osmotic stresses. Expression levels of the CpCCT1 protein in leaves treated with 

0.5 M mannitol (b), 0.8 M mannitol (c), 0.5 M sorbitol (d) and 0.8 M sorbitol (e), and roots treated 
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with 0.5 M mannitol (f), 0.8 M mannitol (g), 0.5 M sorbitol (h) and 0.8 M sorbitol (i) were 

measured by Western blot. Equal loading of proteins were monitored by staining the membrane 

with Ponceau S (data no shown). Fold changes of each sample at different time points were 

analyzed by setting the level of control samples as 1 (b-i). Values in (b-i) were calculated from 

three independent biological repetitions (mean ± SE). The vertical bars with different lower-case 

letters are significantly different from each other at P < 0.05 (one-way ANOVA). 

3.6 Yeast complementation assay 

To elucidate the possible function of the newly identified gene CpCCT1, we 

performed a complementation assay of the yeast cct mutant (provided by Scientific 

Research and Development GmbH, Oberursel, Germany) with the plant cDNA 

CpCCT1. Firstly, the yeast genotyping has been performed for WT yeast (BY4741, 

genotype: MATa; his3D1; leu2D0; met15D0; ura3D0 / Euroscarf Y0000) and cct 

mutant yeast cells (Fig. 14a). The results showed that the mutant yeast is a cct mutant 

type, while the WT type contains yeast CCT gene (Fig. 14a). The full length CpCCT1 

cDNA was cloned into a pDR-195 vector with specific primers and the constructed 

vector was tramsformed into WT yeast and cct mutant yeast cells. The yeast colony 

PCR was performed to verify the successful transformation (Fig. 14b). 

 

Fig. 14 The genotyping PCR for wild type (WT) and cct mutant yeast cells (a), and yeast colony 
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PCR for transformed yeast cells (b). The specific primers were used for different PCR programs 

(see details in Table S1). 

To inspect the possible complementary effect of full length CpCCT1 cDNA in 

cct mutant yeast cells, transformed yeast cells were treated in different conditions, 

including different concentration of NaCl, KCl, mannitol, and 3-amino-1,2,4-triazole 

(3-AT), and different pH values (see the specific treatment methods in Marterials and 

methods). As shown in Fig. 15, the growth state of cct mutant+CpCCT1, WT+pDR 

empty vector (as a positive control) and cct mutant+pDR empty vector (as a negative 

control) yeast cells was monitored on the same YPAD plate for each treatment. The 

results showed that the three types of yeast cells grew slower under NaCl and KCl 

treatments than those under control conditions (Fig. 15a). The growth state of yeast 

cells was also affected by different concentrations of NaCl and KCl (Fig. 15a). 

Namely, the higher concentration caused slower growth of all the three types of yeasts. 

The effect of the NaCl and KCl treatments also could partly be replaced by each other 

(Fig. 15a).  

In Fig. 15b, the growth of three types of yeast cells was significantly receded in 

the presence of 0.5 M mannitol or 1 M mannitol, while the growth state of three types 

of yeast cells treated with 3-AT or different pH values was slightly better than that 

under control condition (Fig. 15b). In addition, the relative growth state was measured 

using Image-J software and calculated by setting the growth state of the positive 

control yeast (WT+pDR empty vector) as 1 (Fig. 15c, d). However, no significant 

functional complementation was observed in all the treatments tested and described 

above (Fig. 15). 



CHAPTER 4 Identification and characterization of CpCCT1 

123 

 

 

Fig. 15 Functional complementation of S. cerevisiae cct mutant with C. plantagineum CpCCT1 

cDNAs. Growth states were checked in parallel on selective plates (YPAD medium omit Uracil) 

under different treatment conditions: (a) different concentrations of NaCl and KCl treatments; (b) 

different concentrations of mannitol, 3AT and different pH. Four serial 1:10 dilutions of yeast cell 

suspensions starting from OD600=0.1 were tested for each construct (data only show the growth 

state of the fourth dilution). The wild type yeast+pDR empty vector was used as a positive 

reference, and the yeast mutant+pDR empty vector was used as a negative control. (c, d) The 

relative growth state was analyzed by setting the growth state of WT+pDR empty vector as 1 

using the Image-J software. 



CHAPTER 4 Identification and characterization of CpCCT1 

124 

 

3.7 CpCCT1 promoter activity in response to dehydration 

To study the promoter activity of the CpCCT1 gene in response to dehydration, 

the promoter region (1197 bp) was cloned and fused to GUS as a reporter gene. 

Several putative cis-acting elements which were associated with dehydration-induced 

gene expression are present in the promoter region of CpCCT1 (Fig. 16a). Two 

ABA-responsive elements (ABREs) and three drought-responsive elements (DREs) 

were observed. The promoter activity was evaluated by monitoring GUS 

accumulation in dehydrated leaf tissues after transient transformation. The results 

showed that the CpCCT1 promoter responds to dehydration both in C. plantagineum 

and A. thaliana (Fig. 16b). However, the CpCCT1 promoter activity was lower 

(around 50%) than the activity of the stress inducible Cp13-62 promoter which had 

been studied previously (Giarola et al. 2018). 

 

Fig. 16 Putative cis-acting regulatory elements in the CpCCT1 promoter region and the CpCCT1 

promoter activity in response to dehydration in C. plantagineum and A. thaliana. (a) The table 

shows cis-elements and their positions in the CpCCT1 promoter. N represents any nucleotide and 
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R represents adenine or guanine. (b) The wild-type CpCCT1 promoter fragment was fused to the 

GUS reporter gene and tested their activities under dehydration in the leaf tissues of C. 

plantagineum and A. thaliana using a transient expression assay. The values were calculated from 

four independent experiments (mean ± SE) for each treatment. 

3.8 CpCCT1 interaction network prediction 

To further investigate the possible function of CpCCT1 in C. plantagineum, the 

interaction network was constructed using STRING and Cytoscape software based on 

the data from A. thaliana. Interaction network analysis revealed that 10 nodes and 19 

edges were observed for CpCCT1 (Fig. 17). The results showed that CpCCT1 could 

interact with choline/ethanolamine phosphotransferase 1 and 2 which can catalyze 

phosphatidylcholine and phosphatidylethanolamine biosynthesis (Liu et al. 2015), and 

interact with PEAMT1 (Phosphoethanolamine methyltransferase 1) which can 

catalyze three methylation steps and is required for root system development and 

epidermal cell integrity (Craddock et al. 2015). 

 

Fig. 17 Prediction of the interaction network of CpCCT1. The network was constructed using 

STRING and Cytoscape software based on the data from A. thaliana. Interaction combined scores 

are indicated by the width of the edge. The annotation of genes in this predicted network can be 

found in STRING database (https://string-db.org/).  

https://string-db.org/
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4 Discussion 

Plant PC biosynthesis involves a series of reactions consuming carbon and 

energy, and CCT enzymes catalyze a key regulatory step in PC formation (Inatsugi et 

al. 2009). According to our previous research on polysomal profiling analysis in C. 

plantagineum, the CpCCT1 transcripts were induced after dehydration treatment and 

it was under translational regulation from the partial dehydration phase to desiccation 

(Fig. 1a, b). In order to further study the function of CpCCT1 in the resurrection plant 

C. plantagineum, the full coding sequence of CpCCT1 gene was cloned in this study. 

Mammalian CCTs and AtCCT has four functional domains named the 

N-terminal signal domain (important for nuclear transport), catalytic core domain, 

membrane-binding regulatory domain, and C-terminal phosphorylation domain 

(Cornell et al. 1995; Cornell and Northwood 2000; Caldo et al. 2019). The sequence 

analysis showed that CpCCT1 and its homologs (e.g. LbCCT from L. brevidens, 

LsCCT from L. subracemosa, AtCCT1, ScCCT and rat CCT1) had almost conserved 

catalytic domains and membrane-binding domains while the N-terminal and 

C-terminal domains differed, except for the homology of membrane-binding domain 

between CpCCT1 and ScCCT was relatively lower (8.64% identity) (Fig. 2-4). The 

catalytic domain was highly conserved between CpCCT1 and rat CCT1 with a 

sequence identity of 57.8%, which was similar as the value (59.3%) between AtCCT1 

and rat CCT1 reported previously (Fig. 4b) (Caldo et al. 2019). We also compared the 

catalytic domain between desiccation tolerant plant and desiccation sensitive plant, 

namely between CpCCT1 and AtCCT1. The result showed a higher conservation of 

CCT catalytic domain among plants compared to rat or yeast, with a sequence identity 

of 85.6% (Fig. 4b). This feature in different CCT sequences had been reported for 

different species (Cornell et al. 1995; Choi et al. 1997; Jones et al. 1998; Caldo et al. 

2019). 

The CCT sequences were predicted in L. brevidens and L. subracemosa, which 
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are closely related species of C. plantagineum. C. plantagineum and L. brevidens are 

the desiccation tolerant species whereas L. subracemosa is the desiccation sensitive 

plant within the Linderniaceae family, which are good sources of plants for 

comparative studies (Giarola et al. 2018). The LbCCT and LsCCT predicted protein 

sequences were compared with CpCCT1, which showed a sequence identity of 78.2% 

between CpCCT1 and LbCCT, and a sequence identity of 39.6% between CpCCT1 

and LsCCT (Fig. 3). The results indicated that the CCT sequences are more conserved 

between desiccation tolerant species compared with the desiccation sensitive species 

within the Linderniaceae family. 

A HXGH motif contained in the catalytic domain was implicated in binding CTP 

and stabilizing the transition states, which is the characteristic of the 

cytidylyltransferase superfamily (Bork et al. 1995; Veitch et al. 1996, 1998; Helmink 

et al. 2003). In our sequence alignment results, the plants CCT including CpCCT1, 

LbCCT, LsCCT and AtCCT1 contained the same sequence: HFGH in the HXGH 

motif, while the rat CCT1 and ScCCT had different sequences: HSGH and HLGH, 

respectively (Fig. 3, Fig. 4a). The membrane-binding domain in rat CCT1 could 

modulate CCT activity through weakly and reversibly binding to membranes by 

amphitrophism (Cornell 2016). An auto-inhibitory motif contained in the 

membrane-binding domain could form an α-helix, and interact with another helix 

which is located at the bottom part of the catalytic domain (Lee et al. 2014). The 

amphipathic helices shown in rat CCT1 and AtCCT1 are also predicted in CpCCT1 

(Fig. 5) (Lee et al. 2014; Caldo et al. 2019). 

Previous data indicated that CCT could function to generate CDP-choline in both 

cytoplasmic and nuclear compartments (Cornell and Ridgway 2015). CCT was 

thought to traffic in vesicles, so its cellular localization might be cytoplasmic or 

nuclear in different type of cells (Wang et al. 1995; Houweling et al. 1996; Kent 1997). 

In this study, our prediction of cellular localization also showed that CpCCT1 was 

most likely to be localized in the cytoplasm and nucleus (Fig. 6). Consistent with the 
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prediction, the localization of the full-length CpCCT1-GFP in transformed onion cells 

showed that the CpCCT1-GFP proteins are localized in cytoplasm in untreated cells 

and in plasmolyzed cells (Fig. 7a). Nevertheless, the subcellular fractionation results 

indicated that CpCCT1 proteins existed in all the four fractions (Fig. 7b, d). Research 

on transgenic A. thaliana expressing AtCCT1-sGFP under the control of ProCCT1 

and Pro35S showed that the AtCCT1-sGFP was detected in the cell nuclei of flower 

buds, carpels, sepals, and roots, which demonstrated that the AtCCT1 was located in 

nucleus (Hayakawa et al. 2015). However, the PSORT or the cNLS Mapper used in 

the previous searches failed to identify a putative nucleus-localizing signal of CCT 

(Nakai and Kanehisa 1992; Kosugi et al. 2009). According to the above results, the 

localization of CCT in different types of cells remains an open question. In addition, 

the immunoblots for analyzing tissue specific expression showed that CpCCT1 

proteins existed in leaf, root, callus, flower, and stem tissues after dehydration, and 

also in untreated callus (Fig. 7c, e). The results suggested that CpCCT1 might be a 

non-tissue-specific gene while it is a dehydration-induced gene. 

Considering the importance of PC synthesis in cellular function and the key step 

mediated by the CCT enzyme in PC synthesis, we analyzed the expression of 

CpCCT1 both on the transcriptional and translational level during different treatments 

in the resurrection plant C. plantagineum (Fig. 8-10, 12-13). The results showed that 

the CpCCT1 transcripts accumulated after dehydration, salt stress and cold stress in 

leaf and root samples (Fig. 8). Similarly, the CpCCT1 proteins also accumulated in C. 

plantagineum leaves and roots during dehydration and salt stress, while cold stress did 

not induce the CpCCT1 proteins even though the transcripts increased after treatment 

at 4 ℃ for 4 h (Fig. 7d, g, Fig. 12). It has been reported that the cellular PC contents 

increased during cold acclimation by up-regulating PC biosynthesis in A. thaliana 

(Inatsugi et al. 2009). When A. thaliana plants were treated at 2 ℃ for 12 h, the level 

of AtCCT2 transcripts in the rosettes increased and were around 6-fold higher than 

those of the control samples whereas no significant change occurred on the level of 

AtCCT1 transcripts during 7 d of 2 ℃ treatment (Inatsugi et al. 2002). However, the 
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immunoblot analyses in cct1 or cct2 mutant plants revealed that AtCCT2 or AtCCT1 

proteins increased after exposure to 2 ℃ for 7 d, respectively, which coincides with 

the increased enzyme activity (Inatsugi et al. 2009). 

To test osmotic stress, high concentrations (0.5 M and 0.8 M) of mannitol were 

prepared and used in the CpCCT1 expression analyses. The expression of the 

glycine-rich protein 1 (CpGRP1) and cell wall-associated protein kinase 1 (CpWAK1) 

and CpWAK2 had been reported to be induced in response to mannitol treatment 

(Giarola et al. 2016). The 0.5 M and 0.8 M mannitol treatments significantly induced 

the transcript abundance of CpCCT1 in leaves after 4 h, then the CpCCT1 transcript 

level gradually decreased after 24 h or 48 h (Fig. 9a, b, c). Interestingly, the CpCCT1 

protein level in leaves was induced at 48 h after treated with 0.5 M and 0.8 M 

mannitol (Fig. 13a, b, c). The detached leaves were also incubated in 0.5 M and 0.8 M 

sorbitol (the isomer of mannitol) solutions. The expression pattern of CpCCT1 in 

leaves treated with sorbitol was similar as that in mannitol treatments (Fig. 9, 13). The 

0.8 M mannitol and 0.8 M sorbitol treatments induced higher transcript and protein 

abundance in leaves than the 0.5 M mannitol and 0.5 M sorbitol treatments (Fig. 9, 

13). At the same time, roots of C. plantagineum were treated in the same way as 

leaves. The expression pattern of CpCCT1 in roots was similar to that of leaf samples, 

except for the CpCCT1 transcript in roots was induced to reach a peak after 24 h of 

osmotic stress, which is later than the leaf samples (Fig. 9, 13). The results suggested 

that the accumulation of CpCCT1 proteins at 48 h after mannitol and sorbitol 

treatments are probably attributed to the transient up-regulation of the CpCCT1 

transcripts. 

It is known that ABA is a mediator of abiotic stress responses (Leung and 

Giraudat 1998). In C. plantagineum, many desiccation-related genes accumulate in 

response to exogenous ABA application (Bartels et al. 1990; van den Dries et al. 2011; 

Giarola et al. 2016). The transcript level of CpCCT1 increased after 4 h of ABA 

treatment and reached a peak after 24 h, then slightly decreased after 48 h in leaves 
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and roots under 100 μM ABA treatment (Fig. 10a, b, d). However, no CpCCT1 

protein was detected in ABA treated samples. The results might indicate that CpCCT1 

is probably involved in ABA-related pathways. IAA as a widely known plant 

hormone was reported to negatively affect CCT enzyme activity in pea (Pisum 

sativum) (Price-Jones and Harwood 1986). However, in the roots and stems of pea 

(Pisum sativum), transcripts of CCT were induced by treatment with 0.1 μM IAA 

(Jones et al. 1998). Our results are in agreement with the reported results in pea. The 

transcript abundance of CpCCT1 was induced in detached leaves and roots after 1 μM 

IAA treatments for 4 h and 48 h, respectively (Fig. 10c, e). The results indicated that 

C. plantagineum roots might be more sensitive to IAA. There was no CpCCT1 

protein detected in leaves or roots after treated with 1 μM IAA, which agreed with the 

reported results in pea to some extent (Price-Jones and Harwood 1986). 

The yeast complementation assay for plant CCTs had been successfully 

completed in B. napus and A. thaliana (Nishida et al. 1996; Choi et al. 1997). In our 

results, we found that the yeast growth state changed under different treatments, 

whereas no significant enzyme activity complementation was observed in the whole 

experiment (Fig. 15). It suggests that the CCT from C. plantagineum failed to restore 

the enzyme activity in the yeast cct mutant. Comparing to the previous successful 

cases, different types of yeast had been used in the complementary assay with B. 

napus and A. thaliana CCTs (Nishida et al. 1996; Choi et al. 1997). As shown in Fig. 

15, the growth state of the yeast cct mutant was almost the same as that of WT yeast 

in all the treatment conditions, which made it hard to discover the complementation 

caused by the CpCCT1. The results suggested that we might not find out the suitable 

treatment condition. Furthermore, according to the alignment results (Fig. 4), although 

the sequence identity of the catalytic domain between ScCCT and CpCCT1 is 56.02%, 

the N-terminal region, membrance-binding domain and C-terminal region between 

ScCCT and CpCCT1 are very divergent (Fig. 4c). The divergent sequence between 

ScCCT and CpCCT1 might also be a reason for the inapparent result of enzyme 

activity complementation with CpCCT1. 
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The dehydration responsive element binding (DREB) transcription factor was 

reported to regulate many dehydration-inducible genes through binding to DRE 

cis-elements in the promoters (Lata and Prasad 2011). Many ABA-dependent 

drought-related genes containing a conserved ABRE cis-element with ACGT core are 

mainly regulated by the basic-domain leucine zipper (bZIP) transcription factor (Uno 

et al. 2000; Fujita et al. 2009). The DRE and ABRE cis-elements were identified and 

analyzed in the promoter region of LEA-like 11-24 and CpGRP1 in C. plantagineum 

(van den Dries et al. 2011; Giarola et al. 2016). In this study, the CpCCT1 promoter 

containing putative DRE and ABRE cis-elements showed activities in response to 

dehydration both in C. plantagineum and A. thaliana, but the CpCCT1 promoter 

activity only reached around 50% of Cp13-62 promoter activity (Fig. 16b). The 

relative lower CpCCT1 promoter activity together with the highest transcripts level in 

partially dehydrated samples (Fig. 8) and the highest protein level in desiccated 

samples (Fig. 12) might suggest a translational regulation of CpCCT1 gene expression 

during dehydration stress, which verified our initial results from RT-qPCR (Fig. 1b). 

The phosphorylation of mammalian CCTs mainly localized in the C-terminal 

phosphorylation domain, which has an effect on regulation of enzyme activity 

(Cornell et al. 1995). A more recently study showed this part was missing in plant 

CCTs, instead, the phosphorylation of AtCCT1 occured in the catalytic domain at 

Ser-187 by SnRK1 (Caldo et al. 2019). Our future work will focus on the enzyme 

regulatory mechanisms of CCTs in the resurrection plant C. plantagineum through 

heterologous overexpression and purification. 
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Table S1 Primers used in this study. 
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CHAPTER 5 

General discussion 

Desiccation as one of the most formidable obstacles affects the successful 

adaptation to continental environments (Farrant and Moore 2011). Desiccation 

tolerance is considered as the key solution for terrestrial plants for survival on land 

(Farrant and Moore 2011). Desiccation tolerance acquisition involves protection 

mechanisms for membranes, chloroplasts, and macromolecules (Dinakar and Bartels 

2013; Gechev et al. 2012). C. plantagineum as an extreme desiccation tolerant 

resurrection plant belongs to the Linderniaceae family, which can survive extreme 

dehydration and achieve full recovery after re-watering (Gaff 1971; Bartels and 

Salamini 2001). Some genes and mechanisms related to this vegetative desiccation 

tolerance in C. plantagineum have been reported over time. In this work, genes under 

translational regulation in different physiological conditions were identified through 

RNA sequencing (CHAPTER 3). One gene was selected for detailed studies. The 

gene encodes the rate limiting enzyme CTP:phosphocholine cytidylyltransferase 

(CCT) for PC synthesis (CHAPTER 4). Stress memory responses can lead to 

increased stress tolerance in plants (Ramírez et al. 2015). C. plantagineum was 

exposed to mutiple dehydration/rehydration treatments to check the putative memory 

responses in a desiccation tolerant plant (CHAPTER 2). 

1 The responses to reiterated dehydration in plants 

The memory for a previously experienced environmental cue may last several 

days or even months. This can affect the later stress responses or development of 

plants (Hilker and Schmülling 2019). In agreement with previous reports, the 

dehydration stress-induced memory responses identified in C. plantagineum can 

persist for up to six days after the stress stimulation has disappeared (Fig. 10 in 

CHAPTER 2). 



CHAPTER 5 General discussion 

134 

 

The stress memory responses affected by a previous stress event were reflected 

on the physiology and biochemistry level through rapidly adjusting the structural and 

functional adaptation, including minimizing the water loss rate, ROS homeostasis, 

and alteration of photosynthetic rate (Fleta-Soriano and Munné-Bosch 2016). Among 

them, minimizing water loss was reported to be a key factor for survival of plants 

through keeping the stomata partially closed during a subsequent dehydration stress 

(Hu et al. 2012; Shi et al. 2012; Virlouvet and Fromm 2015). Ding et al. (2012) 

reported that A. thaliana plants which had encountered the second, third and fourth 

dehydration stress had a significantly lower water loss rate than the first stress event. 

A similar phenomenon was observed in the leaves of C. plantagineum: the water loss 

rate decreased from the first dehydration stress event to the fourth stress event (Fig. 1 

in CHAPTER 2). During dehydration, the excessive production of ROS could induce 

oxidative stress, then give rise to lipid peroxidation and even cause damage of the 

nucleic acids and proteins damage (Mittler et al. 2004; Liu and Chan 2015). Reddy et 

al. (2004) reported that photosynthesis is one of the most sensitive processes affected 

by abiotic stresses. The dehydration stress memory found in Aptenia cordifolia plants 

by Fleta-Soriano et al. (2015) showed that the level of lipid hydroperoxides and ratios 

of chlorophyll a/b increased in the double stressed plants. In this study, the metabolite 

changes observed in leaf samples of C. plantagineum showed that SOD activity 

gradually increased, H2O2 content decreased while total chlorophyll content and MDA 

content were retained at a similar level during reiterated dehydration stress treatments 

(Fig. 2 in CHAPTER 2). 

The responses to reiterated dehydration in plants are not only reflected on the 

physiological and biochemical level but also on the transcriptional and translational 

level. Researches showed that transcriptional responses to a subsequent stress could 

be altered by a previous stress treatment or multiple consecutive stress/recovery 

treatments (Ding et al. 2012; Liu et al. 2014, 2016; Hu et al. 2016). The accumulation 

of transcripts and proteins of stress-related genes during repetitive exposures to 

dehydration suggested that stress memory responses existed in the desiccation tolerant 
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plant C. plantagineum on the molecular level (Fig. 4, 5, 6, 7, and 9 in CHAPTER 2). 

The dehydration stress memory responses observed here is probable a general feature 

of a plant memory in resurrection plants. Campos and Reinberg (2009) reported that 

changes of gene expression patterns were usually correlated with changes of the 

chromatin status. The changes in DNA methylation, histone modifications, RNA 

molecules, prions, and chromatin structures could contribute to epigenetic inheritance 

of the momery in plants, which plays an important role in the control of gene 

expression and presents epigenetic mechanisms of a stress memory (Campos and 

Reinberg 2009). 

The dehydration stress memory in C. plantagineum plants may cause 

cross-protection to other environmental conditions besides dehydration, which are 

referred to as cross memory. Due to the irregular and variable growth environments, 

cross stress tolerance is extremely important in overcoming unpredictable and diverse 

stresses happened during the whole life span of plants (Walter et al. 2013). 

Munne-Bosch and Alegre (2013) reported that cross stress memory is regulated by a 

complex network involving the interaction of multiple external and internal factors. 

There is plenty of evidence that cross memory could happen between cold and 

drought stress, between drought and heat stress, or even between biotic stress and 

abiotic stress in different plant species, including A. thaliana, strawberry, P. nigra, 

spring wheat, etc. (Shinozaki and Yamaguchi-Shinozaki 2000; Kreyling et al. 2012; 

Rajashekar and Panda 2014; Li et al. 2015; Wang et al. 2015). 

Like the resurrection plant C. plantagineum, the seeds of most angiosperm plants 

are tolerant to desiccation (Giarola et al. 2017). Currently, seed priming is reported as 

an efficient and low-cost approach to increase crop yield, which could not only 

promote seed germination and improve plant growth state, but also increase the 

tolerance of abiotic stresses (Sher et al. 2019). Even though seed priming is different 

from plant priming, it stimulated us to address the question whether the desiccation 

tolerant resurrection plant C. plantagineum could gain tolerance to biotic and/or 
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abiotic stress except for dehydration stress, through the similar treatments as seed 

priming. Desiccated C. plantagineum plants probably can be treated with 

hydropriming, osmopriming, solid matrix priming, biopriming, nutripriming, 

hormonal priming, and thermopriming methods which have already been used for 

seed priming. If untreated C. plantagineum plants are treated in different ways and 

then stress memory responses are induced to a second treatment; the phenomenon 

should be called cross stress memory. However, if we use desiccated C. plantagineum 

plants to do such experiments, it may induce different responses compared to the 

untreated plants. This hypothesis might contribute to uncover a new sight of plant 

priming or plant stress memory. 

2 Regulation of expression of genes related to desiccation tolerance and recovery 

in C. plantagineum 

It has been reported that gene expression was regulated on several different 

levels, of which the regulation on the translational level is an important response 

mechanism, which governs protein production in response to various environmental 

conditions in plants (Hershey et al. 2012; Chassé et al. 2016). Currently, polysome 

profiling has become a powerful technique to analyze the translational regulation of 

gene expression under a specific condition (Kawaguchi et al. 2004; Panda et al. 2017). 

Polysome profiling was done with RNA obtained from sucrose gradient-based 

polysome mRNA isolation. This has been used to deduce the translational state of a 

specific mRNA in a specific tissue (Chassé et al. 2016; Smit et al. 2018). In this work, 

the polysome profiling and the total mRNA profiling of samples from untreated, 

partially dehydrated, desiccated and rehydrated stages were used to analyze gene 

expression profiles in C. plantagineum (CHAPTER 3). Combined with the total 

mRNA profiling, we could calculate the polysome occupancy, which represents the 

ratio between polysomal mRNA abundance and total mRNA abundance of a specific 

mRNA. This was used to deduce the translational efficiency of a specific mRNA (Bai 
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et al. 2017). According to the changes of polysome occupancy in different stages of 

hydration of C. plantagineum, we identified more genes with increased polysome 

occupancy from partial dehydration to desiccation than from desiccation to 

rehydration (Fig. 2 in CHAPTER 3). The increased polysome occupancy for a 

specific gene during a specific stage suggests that the amount of polysomal mRNA 

was higher than that of total mRNA, and also indicated that this gene was under 

translational regulation. The patterns of polysome occupancy changes in C. 

plantagineum suggest that if more mRNAs bind to polysomes it might prevent mRNA 

degradation caused by extreme water loss while the protection mechanisms receded 

during the rehydration stage (Fig. 1, 2 in CHAPTER 3). 

The translation rate and the translational ratio could increase with the decreasing 

of mRNA length and GC content (Valleriani et al. 2011; Qu et al. 2011). The effective 

number of codons (Nc) and the GC content of the third base position (GC3) are also 

correlated with translational regulation (Crick, 1966; Akashi 1994; Duret 2000; Bai et 

al. 2017). The sequence features investigated in the stages from partial dehydration to 

desiccation and from desiccation to rehydration showed that the transcript length, GC 

content, GC3 content, Nc and enriched motifs are involved in the translational 

regulation in the resurrection plant C. plantagineum (Fig. 5, 6 in CHAPTER 3). 

Several transcription factor gene families found in this work together with their 

putative interaction networks might have important functions in plant adaptation 

under dehydration stress (Fig. 9, 12 in CHAPTER 3). Although this analytical work 

is entirely based on the RNA-seq data, it can still provide some references for future 

research. 

3 The function, regulation and structure of CTP:phosphocholine 

cytidylyltransferase (CCT) in plants 

The metabolic map of PC biosynthesis in Arabidopsis drawn by Liu et al. (2019) 

showed that CCT was a rate limiting enzyme catalyzing phosphocholine which is 
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converted to CDP-choline. PC as a main structural component of cell membranes in 

plants has an important role in keeping the integrity and functionality of cell 

membranes and can participate in stress defenses (Chen et al. 2018; Sun et al. 2020). 

The cell membrane integrity was reported to be one of the factors most strongly 

affected by various stresses (Willing and Leopold 1983). Considering all these factors, 

the expression of CpCCT1 was investigated in this work on the transcriptional and 

translational level under different treatment conditions in the resurrection plant C. 

plantagineum (CHAPTER 4). In agreement with the results from previous research, 

the expression of CpCCT1 in leaf and root samples was increased both on the 

transcriptional and translational level under dehydration stress, salt and osmotic stress, 

but it failed to respond to cold stress, exogenous 100 μM ABA and 1 μM IAA 

treatments on the translational level (Price-Jones and Harwood 1986; Jones et al. 1998; 

Inatsugi et al. 2002) (Fig. 8, 9, 10, 12, 13 in CHAPTER 4). 

The structure of CCT has been uncovered by Caldo et al. (2019) in A. thaliana 

through the comparison with rat CCT. AtCCT has four domains, named as N-terminal 

signal domain (variegated), catalytic core domain (conserved), membrane-binding 

regulatory domain (conserved), and C-terminal phosphorylation domain (variegated) 

(Caldo et al. 2019). Compared with AtCCT1, rat CCT1 and ScCCT, the CpCCT1 also 

has a conserved catalytic domain and membrane-binding domain while the N-terminal 

and C-terminal domains of CpCCT1 are very diverse (Fig. 4 in CHAPTER 4). The 

relatively lower sequence identity between ScCCT and CpCCT1 might be the reason 

for the inapparent result of enzyme activity complementation with CpCCT1 in cct 

mutant yeast (Fig. 4, 15 in CHAPTER 4). According to the predicted CCT sequences 

in L. brevidens and L. subracemosa, CCT sequences are more conserved between 

desiccation tolerant species compared with the desiccation sensitive species in 

Linderniaceae family (Fig. 2, 3 in CHAPTER 4). These structural features might 

contribute to future research on the enzyme regulatory mechanisms of CCT in the 

resurrection plants. 
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