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SUMMARY

SUMMARY

Although the sugar beet belongs to the rather drought relevant species, water availability plays a
crucial role in terms of plant development and yield formation, hence water deficits can lead to ad-
verse consequences. Aim of this work was the physiological and metabolic characterization of young
temporarily drought-stressed sugar beets with special emphasis of the recovery process of shoots
and roots under rewatering and possible differences thereby. In this work the analysis of the chrono-
logical order of physiological and metabolic alterations under drought and rewatering was studied
and further how these changes were related to a phenotypic approach, namely infrared thermogra-
phy (IRT). Besides this, an untargeted *H nuclear magnetic resonance spectroscopy (*H-NMR) and
targeted enzyme based metabolite assays were used for the identification and characterization of
major metabolites of the primary metabolism aiming at the identification of the metabolic strategy
of temporarily drought-stressed sugar beets. While the experimental setup allowed reproducible
greenhouse experiments, the analytic approach has been optimized for both, small scale and high
throughput analysis. Within the phenotypic approach using IRT the initial impairment of transpiration
as first reaction to drought. However, stress-induced metabolic adaptations with subsequent mem-
brane-destabilization and cellular damage were only detectable by the combined application of inva-
sive and non-invasive methods. Only the combination of both techniques allowed the holistic analysis
of drought-induced alterations with close attention to plant water status and osmotic adjustment.
The untargeted 'H-NMR-analysis revealed clear stress-induced changes of the primary metabolism
and its reprogramming under rewatering. While drought lead rather to a downregulation of glycoly-
sis and TCA-cycle in shoots and roots, amino acids generally increased. The observed distinct dynam-
ics of shoots and roots under rewatering might be ascribed to the different functions of both organs.
It can be concluded that the reactions to drought and rewatering are distinct and organ-specific pro-
cesses that are actively driven by the plant. Moreover, the recovery process does not seem to be
only the de-acclimation of the stress and is thus not the simple return to initial control conditions.
The presented results contribute to a better understanding of the physiological and metabolic altera-
tions under temporary drought-stress and rewatering in sugar beet and they provide valuable infor-
mation for the breeding of drought-tolerant species while the applied analytical methods enables a

quick and reliable high-throughput metabolite analysis.



KURZFASSUNG

KURZFASSUNG

Obwohl die Zuckerriibe zu den eher trockentoleranten Spezies zahlt, spielt Wasser beziiglich Entwick-
lung und Ertragsbildung dennoch eine entscheidende Rolle und eine Limitierung kann zu erheblichen
negativen Folgen fiihren. Ziel dieser Arbeit war die physiologische und metabolische Charakterisie-
rung von jungen Zuckerriiben unter tempordarem Trockenstress mit besonderem Fokus auf den
Recovery-Prozess von Spross und Wurzel unter Wiederbewdsserung und mogliche Unterschiede da-
bei. Es erfolgte eine Analyse der chronologischen Abldufe von physiologischen und metabolischen
Veranderungen unter Trockenstress und Wiederbewdasserung, und wie diese im Zusammenhang mit
einem phanotypischen Ansatz, der Infrarot-thermographie (IRT), stehen. Darliber hinaus wurde eine
Identifizierung und Charakterisierung von Hauptmetaboliten des Primarstoffwechsels zur Untersu-
chung der metabolischen Strategie von temporar gestressten Zuckeriiben mittels Kernspinresonanz-
spektroskopie (*H nuclear magnetic resonance spectroscopy, *H-NMR) und enzymbasierten Metabo-
litanalysen durchgefiihrt. Der experimentelle Ansatz erméglichte robuste und reproduzierbare Ver-
suche unter Gewachshausbedingen und die Analytik wurde so optimiert, dass sie sowohl fir den
Einsatz von kleineren Probenmengen als auch fiir die Hochdurchsatzanalytik geeignet war. In dem
phanotypischen Ansatz, konnte mittels IRT die initiale Beeintrachtigung der Transpiration als erste
Reaktion auf Trockenstress festgehalten werden. Die metabolischen Anpassungen auf den Stress mit
anschlieBender Membran-Destabilisierung und Zellschadigung konnten jedoch nur durch die Kombi-
nation aus invasiven und nicht-invasiven Verfahren aufgedeckt werden. Nur die Kombination beider
Techniken ermoglichte eine ganzheitliche Beurteilung trockenstress-induzierter Veranderungen mit
Fokus auf den Wasserhaushalt und die osmotische Anpassung. Die *H-NMR Analyse legte eindeutige
stress-induzierte Veranderungen des Primarstoffwechsels und dessen Umprogrammierung unter
Wiederbewasserung offen. Wahrend Trockenheit eher zu einer Herabregulation von Glykolyse und
Citratzyklus in Spross und Wurzel fiihrte, reagierten die Aminosauren mit einem generellen Anstieg.
Unter Wiederbewadsserung zeigten beide Organe jedoch eine unterschiedliche Dynamik in der Erho-
lungsreaktion, die vermutlich auf die unterschiedlichen Funktionen von Spross und Wurzel zurlickzu-
flhren sind. Es handelt sich bei den Reaktionen auf Trockenheit und Wiederbewasserung offenbar
um unterschiedliche und organ-spezifische Prozesse. Dariiber hinaus scheint der Erholungsprozess
keine simple De-Akklimatisierung des Stresses zu sein und ist damit nicht nur die Rickkehr zu Kon-
trollbedingungen. Die Ergebnisse dieser Arbeit tragen zu einem verbesserten Verstandnis der physio-
logischen und metabolischen Verdanderungen unter temporarem Trockenstress und Wiederbewasse-
rung bei und liefern wertvolle Informationen fiir die Ziichtung trockentoleranter Sorten. Die ange-
wendeten Methoden bieten die Moglichkeit auch im Hochdurchsatzverfahren eine schnelle und zu-

verlassige Analyse durchzufiihren.
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SUGAR BEET

The sugar beet, Beta vulgaris L. subsp. vulgaris var. altissima Dol is the main sugar producing crop in
European temperate climates and of high economic importance. The crop account for 25% of the
world sugar production (Draycott 2006). In addition, raw sugar plays a crucial role in the chemical
industry and extraction residues like beet pulp are used as animal feed and serve as base for quite a
number of other products. Since a couple of years, the sugar beet is used for biogas production due
to its good fermentation properties compared to other energy crops. The origin of the biennial crop,
which belongs to the family of the Amaranthaceae (formerly Chenopodiaceae) (Kadereit et al. 2003),
are the Mediterranean North Sea coastal areas. The oldest findings of the halophytic plant
(Marschner et al. 1981) are dated to the Neolithic period and were made in the northern part of Hol-
land (Knorzer 1991). The usage of the beet residues found there is not quite clear, but probably only
the leaves were used for consumption. In the 16" century, it was discovered that the extract of the
sugar beet pulp delivers a sweet syrup and afterwards, in 1747, the chemist Andreas Sigismund
Marggraf showed that sugar crystals obtained from the Runkelriibe (B. vulgaris L. var. crassa), a fod-
der beet with only 4% sugar content, are chemically identical with the crystals gained from sugar
cane (Saccharum officinarum L.). Since the Runkelriibe contained less sugar, planters tried to in-
crease the sucrose content by selection. In 1802, the first sugar factory was built by Franz Carl Achard
in Kunern (Prussia). Although the main breakthrough for the sugar beet was the Continental Block-
ade by Napoleon (1809-1814), the low sugar content of 8% was still a reason for the import of sugar
cane. Systematic breeding in the following centuries lead to a continuously increasing of sugar con-
tents. Nowadays, the sucrose content of current cultivars reaches 17-22% (fresh weight, w/w) and

the sugar beet is still the plant with the highest sugar content for sugar production in Europe.

Despite the broad and continuous changes in the European sugar sector during the recent years and
the sugar market worldwide, sugar beet cultivation still provides the base for the German sugar pro-
duction since more than 200 years. In Europe, approx. 14.9 million tons of sugar were produced in
the business year 2015/16, where France is the most important producer with 12.9 t/ha followed by
Germany and Poland with 11.3 t/ha and 8.5 t/ha respectively (WZV and VdZ 2016). Main growing
regions in Germany are Lower Saxony (Braunschweiger und Hillesheimer Borde), the Rhineland be-
tween Bonn and Krefeld (KéIn-Aachener Bucht) as well as regions along the rivers Main, Danube and
the Lower Rhine region. Further growing areas are located in Wiirttemberg, Saxony, Saxony-Anhalt

and Mecklenburg-Western Pomerania. Since environmental and climate change takes place since the
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last decades, new breeding approaches and altered needs for cultivation were needed. Thus, breed-

ing strategies do not aim any longer only for an increasing sugar yield.

Due to changes in precipitation and temperature patterns, breeding and research are now aimed
more towards drought (e.g. Stajner et al. 1995; Ober et al. 2005; Romano et al. 2012) and cold toler-
ant cultivars (e.g. Ober and Rajabi 2010; Loel and Hoffmann 2014). In addition, breeding strategies
are still targeting on e.g. Rhizomania and Cercospora resistance (Scholten and Lange 2000; Weiland
and Koch 2004) as well as nematode resistance (Stevanato et al. 2015). Regarding the improvement
of mechanical harvest techniques, automated fertilization and plant protection with the aid of optical
sensors or cameras, breeding for different growth forms of shoot and the sugar beet tuber plays a
further major role (e.g. Loel et al. 2014; Metzner et al. 2014; Thomas et al. 2017). All these factors
taken together illustrate the diversity of old and new traits for breeding. Thus, breeding usually
aimed at optimizing several complex traits simultaneously which are in addition under multigenic
control. Sugar content, technical quality and the improvement of biomass partitioning are only a few
parameters, but to advance breeding more requires searching for diverse phenotypic and genotypic

traits are necessary.

WATER DEFICIT IN SUGAR BEET

Sufficient precipitation during the main growing period from June until September is the base for
efficient growth and development of the sugar beet. Due to its halophytic traits, the biennial crop is
quite drought tolerant, especially in comparison to other spring sown crops (McKersie and Leshem
1994). Since there is no clearly defined decisive period during the vegetative growth in the first year,
e.g. flowering or fruit development, and due to the relatively good water use efficiency (WUE) of the
beet (Ehlers and Goss 2016), the root crops ability to withstand drought over a certain period of time
is rather good. Established with a deep and widely branched root system, that can reach depths up to
110 cm (Brown and Biscoe 1985), this chenopod species can extract and utilize large amounts of soil
water as shown by Windt and Marlander (1994). However, its ability to regulate transpiration is lim-
ited (Hanson and Hitz 1982) and wilting is thus one of the first symptoms, that can be observed near-
ly regularly during temporary periods of drought often combined with high irradiance, e.g. around
noon during the summer. But this phenomenon is also observed at noon under regular water supply;
therefore, wilting sugar beet leaves are not only a consequence of drought, but is also a trait of insuf-

ficient water uptake and utilization of the beet even under regular water supply.

Although the sugar beet recovers as soon as the evaporative demand is decreasing, Lawlor and Mil-
ford (1975) stated that the plants ability to cope with a decreasing soil water deficit is restricted and

that the leaf water potential tends to decrease faster compared to the soil water potential. In tem-
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perate climates, the amount of precipitation year of approx. 600 mm is crucial for a high sugar yield
with the main precipitation within in the second part of the season (June-September). However, this
is not the common case, especially during long and extensive summer periods in Southern Europe.
Here, sugar beet growing is only possible with irrigation. But also in main growing regions like Russia,
Ukraine, Poland, Germany and England, where usually enough precipitation during the year occurs,

yield losses between 15-40% due to drought were observed (Pidgeon et al. 2001).

A better understanding of physiological and metabolic changes during temporary or constant
drought periods would improve established approaches in the development of drought tolerant cul-
tivars, would deliver contributing insights for the development of new breeding strategies and pro-
vide new options for selection criteria for drought tolerance. Since adaptation mechanisms under
drought stress are similar to other abiotic stresses, such as cold stress or salinity, tolerance against
drought would also raise tolerance against other stresses. To reach these goals, an early and excep-
tionally differentiated picture of the drought induced alterations is needed which might be achieved
by the combination of classical destructive methods as well as non-destructive approaches, e.g.

thermal imaging.

RECOVERY PROCESS

Recovery describes the time period after termination of a stress until a new physiological and meta-
bolic homeostasis is set, and is a decisive step in the plant metabolism. As stress response, physiolog-
ical adaptations of the metabolism allow the synthesis of metabolites, including protective com-
pounds, e.g. sugars or quaternary ammonium compounds, that can confer tolerance or resistance to
drought stress (Bhargava and Sawant 2013). When the stress is terminated, recovery processes set
in, and the plant must strike a balance between the investment of resources into damage repair,
maintained acclimation (priming for upcoming stress events), or into new growth/reproduction (re-
setting) (Crisp et al. 2016). While resetting maximizes growth and yield under favorable conditions, it
carries the risk of major and possibly fatal damage if the stress recurs. Maintained acclimation, on
the other hand, makes the plant “alert” for upcoming stress events, but comes at the cost of reduced

growth or development and reduced yield (Crisp et al. 2016).

During the recovery process, metabolic energy flows into preparation and adjustment for the reacti-
vation of photosynthesis, respiration and lipid biosynthesis (Souza et al. 2004; Galmes et al. 2007,
Flexas et al. 2009), highly-synchronized and sensitive processes that are delicate to manage. For B.
vulgaris, available studies of recovery processes after a drought stress event are mainly restricted to
describe changes of the chemical composition and sucrose accumulation of the taproot (Bloch et al.

2006a; Hoffmann 2010), or handle the effect of transient and continuous drought on yield, photosyn-
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thesis and carbon discrimination (Monti et al. 2006). What is still not available, and might be of spe-
cific interest in root yielding plant species such as sugar beet, is a better understanding of the similar-
ities and differences specificities of roots and shoots in metabolic adjustment and recovery after a
transient drought. This is relevant because for a high yield, it is of particular importance that the tap-
root recovers quickly to warrant water and nutrient uptake and is not lastingly impaired in sugar ac-

cumulation after a transient drought event in order to prevent yield loss.

PHENOTYPING

The current use of the word phenome (acient greek: @aivw phaino “I appear” and tumog typos
“shape”) refers to the entire phenotype as stated by Soule (1967). The phenotype describes the
composition of observable traits of a certain being. In case of plants, this includes growth and devel-
opment, morphology, tolerance, yield as well as physiological and biochemical characteristics. The
phenotype of an organism is the result of the genome expression, which can be influenced by exter-
nal and internal factors, like environmental influences e.g. abiotic or biotic stress (external) or the
interaction between external factors and the genome itself e.g. mutations due to abiotic impacts
(internal). Hence, the interaction between genome x environment determines the phenotypic plas-
ticity of a plant. Phenotyping takes place since thousands of years, initially, intuitively performed by
the grower who observed his field during the season. Today, phenotyping is done by farmers, breed-
ers, agricultural industry and academia - not only aiming at high yields, but also to improve growing
techniques for the enhancement of desirable traits, e.g. water use efficiency or biomass, or the early
detection of abiotic and biotic stress. Phenotyping is a research that developed rapidly within the last
decades. What began as pure observation by the human eye, is today supported by different, com-
plex and often automated high-throughput systems in phenotyping facilities at research institutes,
unmanned aerial vehicles (UAVs) used for observation and monitoring of growing areas as well as in
agricultural industry. But although there was enormous development of non-invasive techniques for
the observation of the external phenotype in the recent years, the analysis and interpretation of the
internal phenotype, that includes physiological, biochemical and thus metabolomic changes, which
finally determine the external phenotype, lag behind (GroRkinsky et al. 2015). To close this gap, it is
definitely needed to combine the external approach with the highly dynamic internal processes on
the biochemical and physiological level. Only this approach can result in a picture of the real and

holistic phenotype which is the result of genotype x environment interaction.
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AIM OF THE WORK

The main objective of thesis work was the physiological and metabolic characterization of young

sugar beet plants under temporary drought and recovery with a special emphasis on the differences

between the responses of shoots and roots.

To this end, the following aims were addressed:

The development of a reliable and reproducible test system, that allows the controlled
implementation of progressive drought and rewatering of sugar beets under greenhouse
conditions as well as a sufficient and cost-effective analysis of physiological and metabol-
ic changes.

The investigation of the chronological order of physiological and metabolic changes of
young sugar beets under progressive drought and rewatering, with special emphasis on
plant water status and osmotic adjustment assessed by invasive and non-invasive tech-
niques.

A detailed metabolic approach using untargeted 'H-NMR and targeted metabolites as-
says for the analysis of the underlying metabolic mechanisms in temporarily drought-
stressed and rewatered sugar beets with close attention to differences in the recovery

process in shoots and roots.

BACKGROUND

The current work was in part carried out with the support of the Federal Ministry of Education and

Research (BMBF) in the context of the network project CROP.SENSe. The aim of this interdisciplinary

network was to develop, to apply, and to promote new as well as established phenotyping method-

ologies for crop management and improvement of breeding strategies. The two model plants used

throughout the network were Beta vulgaris and Hordeum vulgaris.
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1.1 PLANTS

For all experiments the sugar beet cultivar Pauletta were used. Pauletta, a nematode and
rhizomaina-tolerant cultivar, that is recommended for challenging growing areas that suffer under
drought and weeds (esp. Mercurialis annua L.), is characterized by a good youth development. Seeds

were kindly provided by Dr. Britta Schulz, KWS Saat AG, Einbeck.

Phenological plant development
The phenological plant development was determined according the BBCH scale (Enz and Dachler

1997), that distinguishes between 9 principal growth stages (Table 1-1).

Table 1-1: BBCH scale (in parts) of the phenological sugar beet development.
Table is based on Enz and Dachler (1997). Pictures (modified) by Klett®.

Code Description

PRINCIPAL GROWTH STAGE 0: GERMINATION

00-09 Dry seed until emergence of the shoot

PRINCIPAL GROWTH STAGE 1: LEAF DEVELOPMENT (YOUTH STAGE)

10 First leaf visible (pinhead size): cotyledons horizontally unfolded
11 First pair of leaves visible, not yet unfolded (pea size)

12 2 leaves (1% pair of leaves) unfolded

14 4 leaves (2" pair of leaves) unfolded

15 5 leaves unfolded

1... Stages continuous until

19 9 and more leaves unfolded

PRINCIPAL GROWTH STAGE 3: ROSETTE GROWTH (CROP COVER)

31 Beginning of crop cover: leaves cover 10% of ground
32 Leaves cover 20% of ground

33 Leaves cover 30% of ground

3. Stages continuous until

39 Crop cover is complete: leaves cover 90% of ground

PRINCIPAL GROWTH STAGE 4:
DEVELOPMENT OF THE HARVESTABLE VEGETATIVE PLANT PARTS (BEET ROOT)

49 Beet root has reached harvestable size

Development and

Youth stage ripening of the beet root

Leaf development
and rosette growth

Germination
' f \
! J
{ !
BBCH | BBCH BBCH BBCH BBCH _" BBCH
0 12 16 35 42 .49




EXPERIMENTAL SETUP AND METHODICAL APPROACH

The growth stages can be divided in two sections. The first 4 growth stages are referred to the first
year of the development, from germination (BBCH 0) until the development of the vegetatively prop-
agated organs, the rosette stage (BBCH 4), and the subsequent growth stages are denoted to the

second year, from the emergence of inflorescences (BBCH 5) until the plant senescence (BBCH 9).

1.2 PLANT CULTIVATION

Plants were pre-grown in prick out trays containing a mixture of sandy soil (quartz sand / prick out
soil, v/v 1:1). Seedlings were cultivated under greenhouse conditions and piqued until the primary
leaves were fully emerged and developed. During vegetative growth, plants grew in 2 Liter plastic
pots

(11.3 x 11.3 x 21.5 cm) filled with 850 g of a substrate mix (70% white peat, 20% loam, 10% perlite,
Gepac, Type VM, Sinntal-Jossa, Germany). Substrate properties are given in Figure 1-1 and Table 1-2.
Day/night temperature was 24/18°C with a relative humidity (RH) of approx. 75% and a photoperiod
of 16 h with >250 pmol m2 s? light intensity (Philips SON-T Agro 400W).

goL A B
y=1.35%2 - 17.0x + 61.84 80
R?=0.99 I [ N
3 N
L
60 - '\ o T0F .
—_ N h \Q\
Z \ o ~
= AN = 60 AN
Q a0t . = AN
= - = AN
S = y=071x2-4.82x+ 7870 '\
'S a 50 R?=0g99 \\
~. [ ]
20 ~. =
~e 40,7
0 0 .
0 1 2 3 4 5 0 1 2 3 4 5
pF pF

Figure 1-1: Substrate properties Gepac Typ VM.
A: Water content (WC) in % v/v, B: Water content in % w/w relative to the fresh weight.

Sugar beet plants were watered three times a day for 3 minutes each, using a time controlled, auto-
mated table flooding system. Watering resulted in a water content (WC) of approx. 65-69% w/w
based on the fresh weight during pre-treatment growth. This corresponded to a substrate pF (logio of
the absolute value of the soil matrix potential, unitless) values between 1.8 and 2.3 (Figure 1-1, Table

1-2).
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Table 1-2: Substrate characteristics of Gepac Anzuchterde, Typ VM.

Bulk density 0.169+0.008 gcm?
Total pore volume 61.7+0.4 %
pF-curve
Water content Water content
pF Water content [v/v]
[% w/w] rel. to FW [% w/w] rel. to DW
0.0 61.7 78.6 367
1.3 42.0 71.2 250
1.8 36.4 68.4 216
2.5 27.0 61.6 161
4.2 14.4 46.1 86

To minimize the statistical error and provide a representative batch of independent samples for each
harvest day and treatment, plants were arranged in a complete randomized block design (Figure 1-2).

For each harvest date, 4 biological replicates were used.

Window
R R R R R R R R R R R R R R R R
R 129 133 117 121 R R 118 122 130 134 R
R 105 109 93 a7 R R 94 28 106 110 R
- R 81 85 69 73 R R 70 74 82 86 R -
= o
3 &
@ N
R 57 61 49 41 33 R R 34 42 50 58 62 R
R 25 17 21 53 45 37 R R 38 46 54 18 2 26 R
.
R 29 9 13 1 5 R R [o] R R 2 6 10 14 30 R
he]
ey
_
R 19 15 11 7 3 R R 8 R R 4 8 12 16 28 R
R 23 27 31 51 a3 35 R R 40 48 56 24 20 32 R
. R 59 63 55 47 39 R R 36 a4 52 60 64 R @
% o
o 2
“ R 83 87 71 75 R R 72 76 84 88 R =
R 107 111 95 99 R R 96 100 108 112 R
R 131 135 119 123 R R 120 124 132 136 R
R R R R R R R R R R R R R R R R
Corridor

Figure 1-2: Randomized block design for the greenhouse experiments.
Shown are 2x2 plots surrounded by additional plants to avoid side effects during the experiment. R: additional plants to
minimize side effects. Colored numbers represent the pot number, whereas the color represents the treatments: blue:
control plants, red: drought stressed plants, green: temporary drought stressed plants (recovery).
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During the entire experimental period, plants were kept free of pests and diseases with integrated

plant protection (Table 1-3).

Table 1-3: Actions of plant protection.
Overview of the applied plant protection actions during the experimental period.

Pest / Disease

Beneficial Insect /
Active ingredient

Application /

Trade name
Use pattern

Supplier

Fungus gnats
Thrips

White fly
Spider mites

Powdery mildew

Bacillus thuringiensis
Amblyseius curcumeris
Encarsia formosa
Amblyseius californicus

250 g L™ Quinoxyfen

1.4 STRESS TREATMENTS

BioMuickk® 5glLt

as recommended
as recommended
as recommended

Fortress 250®  0.625 uL L?

Proagro GmbH

Sauter und Stepper
Sauter und Stepper
Sauter und Stepper

DowAgro

Treatments were started when plants reached approx. BBCH 15-17. Then, plants were either kept

under regular water supply (control) or were subjected to drought or to temporary drought with

subsequent rewatering (Figure 1-3).

[w/w 5 rel. to FW]

WC

W

Control: Regular water supply

— e
R
60 /
50 Begin of drought and

temporary drought stress

40
30
20

Control
Drought
Temporary drought

10

Time

Figure 1-3: lllustration of the stress treatment: drought and temporary drought with subsequent rewatering.

Control plants (blue) under regular water supply during the experiment. Drought stress is implemented by cutting off the

irrigation. Drought stressed plants (red) desiccate for up to 17 days, whereas the temporary stressed plants are rewatered

for up to 13 days.

10
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In all experiments, the water content of the soil (w/w based on FW) was in average 65 =+ 5 % and was
maintained during the experimental period. This WC corresponds to a substrate suction of 3.4 that

can be considered as optimal water supply (Table 1-2).

Drought stress was implemented by cutting off the irrigation. Roots growing outside the pot were
placed like this, that contact to the flooding system was impossible. The desiccation period of
drought stress plants was up to 17 days. The implementation of temporary drought and drought
stress began simultaneously (Figure 1-3). The duration of the rewatering period was up to 12 de-

pending on the experiment.

1.5 HARVEST, SAMPLE PREPARATION AND STORAGE

To gather information about possible correlations between metabolic, physiological and sensor data
under drought and rewatering, plants were harvested every other day or daily during the first 3-4
days of the rewatering period. To avoid uncontrolled side effects by the circadian rhythm of the plant
water status and metabolite concentrations, plants were always harvested 4 h after beginning of the
photoperiod. Before further processing, all plants were photographed by a RGB camera (Panasonic,
Lumix DMC-FZ18, Osaka, Japan) and measured with a Stirling-cooled infrared scanning camera in

case of the approach described in 1.14.

Metabolic and physiological measurements

Metabolic and physiological analyses of the shoot were performed at the first youngest fully expand-
ed leaf pair (YEL) (Figure 1-4). Physiological measurements included osmotic potential (OP), relative
water content of the leaf (RWC), electrolyte leakage (EL), the determination of malondialdehyde
(MDA) as well as microscopic investigations. For root analysis, the thickest part below the crown was
used (Figure 1-4). This part was divided in 2 pieces. One piece was used for the determination of the
OP and the other was used for the targeted enzyme based metabolite analysis and ion determina-
tion. Plant material of both organs for the metabolite analysis was immediately shock frozen in liquid
nitrogen until further sample preparation and analysis to prevent any metabolic activity. Leaf and
root material for the metabolite and *H-NMR were treated different due to technical issues. The me-
tabolite analysis in the shoot was done with fresh (frozen) plant material whereas *H-NMR analysis
was done with lyophilized material. In case of taproot analysis (both techniques) only lyophilized

plant material was used due to better handling.

Before metabolite and MDA analysis, leaf material was mortared to a fine powder and stored at -

80°C while leaf parts for physiological measurements (RWC; EL, microscopy) were immediately ana-
11
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lyzed or frozen at -20°C (OP). The root part for metabolite analysis was cut into fine pieces, was sub-
sequent shock frozen in liquid nitrogen and also stored at -80°C until lyophilization. After lyophiliza-
tion, root material was stored vaccumized at -20°C until analysis. Storage at -80°C and at -20°C in

case of vaccumized plant material is obligatory to prevent the samples from degradations processes.

First leaf Second leaf

Youngest first
fully expanded
leaf (YEL)

Whole leaf:
MDA and
metabolite
analysis
(HexP, starch,
1H NMR)

2 half:

9 mm leaf
discs for the
determination
of EL and RWC

1+ half:
Determination
of the osmotic
potential

Harvested part for the
taproot analysis

Figure 1-4: Harvest scheme of sugar beet shoot and root.

A: Overview of the sugar beet plant and the harvested plant parts of shoot and taproot. B: Harvest scheme of the leaf.
Abbreviations: YEL, youngest fully expanded leaf; MDA, malondialdehyde; HexP, hexose phosphates; H-NMR, proton nu-
clear magnet resonance; EL, electrolyte leakage; RWC, relative water content.

1.6 GROWTH AND DEVELOPMENT

Biomass was determined by fresh and dry weight (FW, DW) of shoot and taproot. Shoot and taproot
FW were determined before plant parts for the respective analysis were taken. Dry weight was de-
termined after oven drying at 70°C until no change of DW was observed. Plant material which was
used for physiological and metabolic analysis was excluded to the DW, since this amount was negligi-

ble.

1.7 PLANT WATER STATUS

The plant water status is described by the parameters water content (WC), RWC and OP. These pa-

rameters provide the base for the osmotic adjustment (OA) described in 1.8.

Water content
Based on the FW and DW data obtained from the analysis of growth and development the WC in g
H>0 per g DW was calculated based on Barrs and Wheaterly (1962):

WC (g H,0 / g DW) = (FW — DW) / DW.

12



EXPERIMENTAL SETUP AND METHODICAL APPROACH

Relative water content
The RWC was calculated according the following formula and refers to the relative amount of water

to their fully hydrated status:

FW — DW

RWC (%) = (TW —DW

)*100

The RWC of sugar beet leaves was determined with 6 leaf discs (@ 9 mm) of the YEL. Leaf veins were
avoided. Before rehydration, FW of the discs was determined and the punched discs were briefly
rinsed in ultrapure water to get rid of the cell sap at the cutting areas. Leaf discs where than rehy-
drated in 30 ml ultrapure water at room temperature (RT). To avoid the reduction of the soluble sug-
ars due to respiration and carbohydrate metabolism, samples were not floated longer than 4 h. Af-
terwards, leaf discs were dried carefully with a paper towel and turgid weight (TW) was determined.

For DW determination leaf discs were oven dried at 60°C for 48 h.

For an improved workflow, the determination of RWC and the measurement of EL can be combined
(see 1.9). For this, the conductivity measurement can take place after floating the leaf discs. Instead
of drying the leaf discs afterwards, discs are frozen at -20°C for at least 24 h to destroy all membrane
structures. Thereafter, the conductivity is measured again. Dry weight determination can take place

as described above after the second leakage measurement.

1.8 OSMOTIC POTENTIAL, OSMOTIC ADJUSTMENT AND METABOLITE CONTRIBUTION

Osmotic potential was derived from the osmolality (Osmol kg?) of the leaf or root cell sap using a
cryoscopic osmometer (Osmomat 030, Gonotec GmbH, Berlin, Germany). After thawing and equili-
bration of the frozen samples to RT, cell sap was extracted using a manual press. Mixed aliquots of
100 pL were centrifuged at 10.000 rpm for 5 min (leaves) or 10 min (taproots) to remove debris. The
OP (in MPa) was calculated by multiplying the osmolality with -2.479 (conversion factor at 25
°C; Pariyar et al. 2013).

Osmotic adjustment (OA) is defined as the difference in OP (AOP) between well-watered and
stressed plants. DW-based metabolite concentrations (concmetab pw) Were transformed into

tissue water-based concentrations (concmetab H20) according to the following formula

_ CONCpetab pw X (1 - WCleaf)
CONCpetab H20 = wC
leaf

where WCieaf represents the leaf water content.

13
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The contribution to the OP was then calculated as follows

CONC metab H20 * 100
oP

Contribution ,erqp (%) =

The contribution to OA was calculated accordingly by using the difference in water-based

concentrations between control and stressed plants, and AOP, respectively.

1.9 MEMBRANE STABILITY

Membrane stability is described by electrolyte leakage (EL) and the determination of the MDA con-

centration and was supplemented by microscopic investigations (see 1.10).

Electrolyte leakage

The measurement of EL was based on the protocol of Sukumaran and Weiser (1972). Six leaf discs
(@ 9 mm) were punched out with a cork borer avoiding the veins. Subsequently, discs were rinsed in
ultrapure water to wash off electrolytes from the cutting edge. Samples were then rehydrated in
30 ml ultrapure water for 4 h at RT. The conductivity (EL1) of the rehydration solution was measured
with an EC-meter (WTW 340i, WTW, Weilheim, Germany). Thereafter, discs were blotted dry,
weighed for determination of TW, and frozen in the rehydration solution for 24 h at -20°C. Next day,
solutions were thawed, equilibrated to RT for 4 h and the final conductivity was measured (EL2). Fi-
nally, discs were oven dried for 24 h at 70°C to determine the DW. Electrolyte leakage was deter-

mined using the formula

EL (%) = (ELl

ELZ) «100

Malondialdehyde

The determination of MDA, a secondary end product of the oxidation of polyunsaturated fatty acids,
is based on the thiobarbituric acid assay of Hodges et al. (1999), and was adapted for the use of a 96-
well microplate system. All reagents were prepared fresh daily and samples were determined in du-
plicate. For the extraction, 20 mg of frozen ground plant material were homogenized with 500 uL 0.1
% trichloroacetic acid (TCA) by shaking the vials containing one 3 mm tungsten bead each for 45 s at
30 Hz in a tissue lyzer (Quiagen, Hilden, Germany). After centrifugation at 5000 rpm for 15 min, a 150
pL aliquot of the supernatant was thoroughly mixed with 150 uL of either reagent 1 (RS1: 0.01% 2,6-
di-tert-butyl-4-methylphenol in 20% (w/v) TCA, or reagent 2 (RS2: RS1 plus 0.65% 2-thiobarbituric
acid), heated at 95°C in a water bath for 30 min, cooled on ice, and centrifuged again. The absorb-

ance (Abs) of the supernatant was read at 440, 532 and 600 nm (BioTek PowerWave, Bad
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Friedrichshall, Germany), 0.1% TCA was used as blank and MDA equivalents in nmol mL* were calcu-

lated according the following equations:

A= [(AbS 532RSII — Abs 600Rs||) - (AbS 532RSI — Abs 600R5|)]

B = [(AbS 44ORSII — Abs 600Rs||) * 00571]

MDA (nmol mL%) = {22« 506

Where 0.0571 corresponds to the ratio of the molar absorbance of 1° mM sucrose at 532 nm and

440 nm and, 41448 refers to the molar extinction coefficient (¢) of MDA calculated for digo. = 0.264.

1.10 MICROSCOPIC INVESTIGATIONS

Monitoring of the histological changes of sugar beet leaves under drought and rehydration were
observed with with a Leitz DMR 6000B photomicroscope. For the investigation 3-5 mm x 3-5 mm
tissue samples were fixed with 8% paraformaldehyde and 8% glutaraldehyde in 0.2 M sodium caco-
dylate buffer (pH 7.3) under vacuum for 4 h at RT (Karnovsky 1965). Samples were then rinsed 3
times in cacodylate buffer for 20 min each, subsequent dehydrated in a graded ethanol series, and
finally embedded in London Resin white medium. The embedded tissue was semi-thin sectioned with
a diamond knife on an ultra-microtome (Reichert Ultracut E; Leica Microsystems, Nussloch, Germa-
ny) and stained in 1% toluidine blue. Stained samples were observed with the photomicroscope.
Digital photos were taken with a digital camera (JVC, Ky-F75U) and the software Discus, 4.6 (Tech-

nical Office Hilgers, Konigswinter, Germany) as used for image analysis.

1.11 ELEMENT ANALYSIS

Pressure digestion

The determination of sodium (Na*), potassium (K*) and magnesium (Mg?*) was performed with oven
dried plant material. Before, the plant material was grinded (disc mill) and pressure digested (0.5 mg
shoot, 0.25 mg root) with 4 ml HNOs in a Teflon vessel (180 °C, 13 h). Six blank tests and six internal
references were included for each element. When samples reached RT after digestion, they were
filled up with 25 ml (volumetric flask). To remove undigested material samples were filtered and

stored in a 50 ml PE bottle at RT until analysis.
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Sodium and potassium

Flame emission spectroscopy was used for the quantification of Na* and K* using an Eppendorf ELEX
6361 (Eppendorf, Hamburg, Germany, detection limit 20 mg L for both elements). Samples of both
elements as well as standards were diluted according Table 1-4. The concentration of each sample
was calculated using the equation derived from a calibration curve of standards for each element.
The standard for Na* was 0.5/1/2.5/5/10 mg Na* L (CertiPUR Na-calibration solution, Merck Chemi-
cals, Darmstadt) and for K* 0/2.5/5/10/20 mg K* L (CertiPUR K-calibration solution, Merck Chemi-
cals, Darmstadt).

Table 1-4: Sample, standard and dilution of the internal references for element analysis.
Leaf and root samples, standards and the internal references for each element were diluted before the determination by

flame emission spectroscopy (Na*, K*) or atom absorption spectrometry (Mg2*) was done.

Element Leaf Root Standard Dilution
Na* 1:200 1:10 Na* -
K* 1:200 1:50 K* 1:50
Mg* 1:1000 1:50 Mg* 1:50
Internal reference Na Mg
Dilution - 1:100

Magnesium

The sample preparation for the determination of Mg?* was the same as described for Na* and K*. The
measurement was done by atom absorption spectrometry (AAS 1100 B, Perkin Elmer, MA, United
States, detection limit for Mg?* up to 0.5 mg L?). The standards were 0/0.1/0.3/0.5 mg L? (CertiPUR
Mg?*-calibration solution, Merck Chemicals, Darmstadt). Samples and standards were diluted accord-

ing Table 1-4.
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1.12 TARGETED METABOLITE ANALYSIS

The metabolite analysis was performed in a 96-well Micronic® system (Micronic Europe, Berlin, Ger-
many) which can be also used for automated liquid handling systems. All samples, accept the total
amino acid content (AA:), were analyzed with multiplate readers (M96, Safas, Monaco; Power Wave
XS2, BioTek, Vermont, USA) using 96-well flat bottom microplates (Starlab, Hamburg, Germany). The
AA: was measured with a spectrofluormeter (Xenius XC, Safas, Monaco). Pipetting was either done
manually with single- or multichannel pipettes (Eppendorf, Hamburg, Germany) or in case of large
sample size (> 200) with a pipetting robot (Hamilton, Bonaduz, Switzerland). Samples in small vessels
(1.5, 2.0 mL) or enzymes were centrifuged with an Eppendorf centrifuge (Model 5418 R, Rotor FA-45-
18-11) and microplates were centrifuged with the Eppendorf centrifuge 5920 R (swing-out-rotor A-4-
81).

Types of assays

For the metabolite analysis of shoot and root material different types of assays were used. Chloro-
phyll a and b were determined by the measurement of the absorbance of the diluted extract. Proline
was determined using a colometric reaction (ninhydrine reaction), whereas the determination of AA;
was analysed by measurement of the fluorescence (fluorescamine method). For the determination of
Hexose phosphates (HexP) continuous assays were performed. All other assays were stopped assays.
The advantage of stopped assays are that they are quite flexible because the determination of the
products of the enzymatic reactions of interest can be studied separately. Furthermore, they provide
a higher sensitivity when products of enzymes are being measured with kinetic or fluorometric
methods. Another benefit is the low amount of extract of, e.g. 20 uL in a 96-well microplate, which
reduce costs compared to continuous assays which usually need about 100 pL in a 96-well microplate
for optical reasons. Although one of the big disadvantage of stopped assays is the high number of
pipetting steps, this can be compensated by using electronic multichannel pipettes or liquid handling

robots to decrease time and errors (Gibon et al. 2002; Rogers and Gibon 2009).

Reagents

All chemicals and enzymes which were used for the metabolite analysis were ordered by Roche, Sig-
ma Aldrich and Applichem. Assay mixes which did not contain an electron donator like thiazolyl blue
tetrazolium bromide (MTT) or electron carriers like phenazine metosulphate (PMS) or phenazine
ethosulphate (PES) were stable and were prepared in advantage (storage -20°C). This was also the
case of the used buffers. As long none of them contained enzymes and/or cofactors, stocks were

stored at -20°C, otherwise they were stored at -80°C to minimize enzymatic degradation.
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Handling of samples
Given that most enzymes are not stable after extraction and that they can be damaged in freeze-
thawing cycles, all steps of enzyme preparation for the assays were performed on ice. If needed,

enzyme solutions were diluted and were frozen in small aliquots at -80°C.

Fresh plant material for the metabolite analysis was prepared by grinding tissue with mortar and
pestle or tungsten carbide beads in a Retsch mill (Retsch, Haan, Germany). Due to degradation pro-
cesses grinding and weighing of aliquots were done within seconds under liquid nitrogen. Fresh sam-
ples were always stored at -80°C until extraction. Lyophilized sample material was stored in vacuum

bags filled with silica gel at -20°C until extraction.

Ethanolic extraction

For the analysis, grinded material (20 mg FW shoot, 10 mg DW root) was weight into 1.1 mL Micron-
ic® tubes containing one, 3 mm tungsten carbide bead (Quiagen GmbH, Hilden, Germany). To inhibit
metabolite and enzyme degradation, fresh samples were kept in liquid nitrogen and lyophilized sam-
ples were kept at RT in a desiccator until extraction buffer was added. If the determination of chloro-
phyll a and b was the first measurement, pooled extracts were kept in the dark (on ice) to avoid the

chlorophyll degradation.

The extraction was carried out in 3 steps. In the first step 250 uL 80 % ethanol (EtOH) (v/v) in 10 mM
HEPES KOH, pH 7 was added, vials were closed and shaken for 30 s at 20 Hz (Retsch mill MM400).
After samples were heated in a water bath (80 °C, 20 min) and subsequently centrifuged (10 min,
4000 rpm, RT), approx. 200 pL of the supernatant was transferred into a new tube and kept on ice.
The second extraction step followed pipetting 150 puL 80 % EtOH (v/v) in 10 mM HEPES KOH, pH 7.
After 20 s of shaking, heating (80 °C, 20 min) and centrifugation (10 min, 4000 rpm, RT) approx. 150
pL supernatant were transferred again. The final step was done with 250 pL 50 % EtOH (v/v) in 10
mM HEPES KOH, pH7 and the complete supernatant was added to the previously collected extract.

The remaining pellet should be frozen (-20°C) for starch and protein determination.

Extraction volumes, biological references, standards and blanks

Before extraction of the sampled material took place, the needed extraction volumes for the respec-
tive assays were determined. Further, biological references (BioRef) were prepared. The idea of Bio-
Refs into the analysis was to have an internal reference for each analyzed metabolite. The BioRef can
be seen as an internal reference or standard made of pooled plant material from different studies.

Additionally, analytical standards (if needed) as well as blanks were included.
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Before analysis took place, experience had shown that the preparation of a sample sheet for the final
plate layout was valuable in two ways. Firstly, to enhance the pipetting steps, if this wasn’t per-
formed by an automated liquid handling system and secondly, for the subsequent data analysis with
e.g. Excel (Microsoft, Redmond, USA). Generally, all samples were placed randomized on a 96-well
Micronic® rack, containing 6 blanks and 6 BioRefs and standards. Standards, if needed, were pre-

pared in duplicate (Figure 1-5).

1 2 3 4 5 6 7 8 9 10 11 12
A SDO SDO SPL SPL SPL SPL SPL SPL SPL SPL SPL BLK
B SD1 SD1 SPL SPL BioRef SPL BLK SPL SPL BioRef SPL SPL
C SD2 SD2 SPL SPL SPL SPL SPL SPL SPL SPL BLK SPL
D SD3 SD3 SPL BLK BioRef SPL SPL BioRef SPL SPL SPL SPL
E sD4 SD4 SPL SPL SPL SPL SPL SPL SPL SPL SPL SPL
F SD5 SD5 BioRef SPL SPL SPL SPL SPL SPL SPL SPL SPL
G SD6 SD6 SPL SPL SPL BLK SPL SPL SPL SPL SPL SPL
H BLK SPL SPL SPL SPL SPL SPL SPL SPL SPL SPL BioRef

Figure 1-5: Example of a sample sheet (plate layout) for the metabolite analysis.
Samples (SPL), blanks (BLK) and biological references (BioRef) were placed completely randomized on the 96-well micro-

plate. Standards (SD) were placed in the first 2 columns of the rack.

1.12.1 Chlorophyllaand b

The analysis of chlorophyll a and b was immediately done after the ethanolic extraction. For this, 40
uL of the ethanolic extract was diluted with 120 pL of 96 % EtOH. The optical density (OD) was de-
termined at 645 and 665 nm. For the interpretation of the results ODs should not exceed 0.3 at 645
nm and 0.6 at 665 nm. The amount of chlorophyll in ug per well was calculated according the follow-

ing equations based on Lichtenthaler (1987).

Chlorophyll a (ug well) = 5.48 * ODges - 2.16 * ODsgss
Chlorophyll b (ug well!) = 9.67 * ODess - 3.04 * ODess
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1.12.2 Hexose phosphates

Principle of the measurements

In the presence of glucose-6-phosphate dehydrogenase (G6PDH) and NADP (nicotinamide adenine
dinucleotide phosphate), G6P is converted into 6-phosphogluconate and NADPH (nicotinamide ade-
nine dinucleotide phosphate, reduced). After having destroyed the remaining NADP, NADPH is quan-
tified via a cycling assay for NADPH described in Gibon et al. (2002). Due to precipitation processes
hexose phosphates (HexP) were determined right after the analysis of chlorophyll. See also Cross et
al. (2006). It is possible to measure the HexP with fresh and freeze-dried material. In both cases, the
turnover esp. for glucose-1-phospahte (G1P), is quite fast. Samples should be kept on ice and not at
RT during sample preparation. For lyophilized samples the harvest and sample storage in vacuum

bags or a desiccator is obligatory to prevent metabolic activities.

Glucose-6-phosphate

Glucose-6-phosphate was analyzed with 5 uL extract (shoot, root) and, 10 pL were used for the cali-
bration curve (0/0.4/1/2/4/10 uM G6P in 0.2 M Tricine/KOH, pH 9, 10 mM MgCl,). After adding 75 pL
of mix 1 the samples were homogenized. After 20 min of incubation at RT, 20 plL of 0.5 M sodium
hydroxide (NaOH) was added, samples were mixed again and subsequent incubated in a sealed mi-
croplate for 10 min at 98.5 °C in a dry bath. After cooling down, samples were centrifuged (1 min,
400 rpm, RT) and 20 pL of 0.1 M Tricine/KOH, pH 9 containing 0.5 M hydrogen chloride (HCI) was
added. Finally, mix 2 was pipetted and the samples were immediately measured at 570 nm (37 °C,
kinetics: one read every 30 s) in the microplate reader. When preparing mix 2, phenazine methosul-

fate (PMS) and thiazol blue tetrazolium bromide (MTT) were added last, because of their light sensi-

tivity.

Mix 1

1.8 mL 0.2 M Tricine/KOH, pH 9, 10 mM MgCl,
200 pL 100 u mL* G6PDH grade Il (EC: 1.1.1.49)
200 uL 2.5 mM NADP

53mL Ultrapure water

Mix 2

3.3mL 0.2 M Tricine/KOH, pH 9, 10 mM MgCl,
100 uL 500 u mL™* G6PDH grade | (EC: 1.1.1.49)
400 plL 200 mM EDTA pH 8

200 pL 250 mM G6P

200 uL 10 mM PMS — light sensitive!!

1mL 10 mM MTT - light sensitive!!

The amounts of chemicals for both mixes refer to one microplate (96-well).
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Fructose-6-phosphate

Fructose-6-phosphate (F6P) was analyzed with 10 plL extract (shoot, root) and, 10 puL were used for
the calibration curve (0/0.4/1/2/4/10 uM F6P in 0.2 M Tricine/KOH, pH 9, 10 mM MgCly). After add-
ing 30 pL of mix 1 the samples were homogenized. After 20 min of incubation at RT, 10 pL of 0.25 M
HCl was added and samples were mixed again. After incubation for another 5 min at RT, 10 uL of 0.1
M Tricine/KOH, pH 9 containing 0.25 M NaOH was added. Then, 10 plL of mix 2 was added and sam-
ples were incubated for 20 min at RT. In the next step, 20 uL of 0.5 M NaOH was added, the micro-
plate was sealed and samples subsequently incubated for 10 min at 98.5 °C in a dry bath. After cool-
ing down, samples were centrifuged (1 min, 400 rpm, RT) and 20 pL of 0.1 M Tricine/KOH, pH 9 con-
taining 0.5 M HCl was added and mixed. Finally, 52 pL of mix 3 was added and samples were imme-
diately measured at 570 nm (37 °C, kinetics: 1 read every 30 s). When preparing mix 2, PMS and MTT

were added last, because of their light sensitivity.

Mix 1

800 pL 0.2 M Tricine/KOH, pH 9, 10 mM MgCl,

200 pL 100 u mL* G6PDH grade Il (EC: 1.1.1.49)

200 uL 2.5 mM NADP

1.8 mL Ultrapure water

Mix 2

200 pL 100 u mL* G6PDH grade Il (EC: 1.1.1.49)

200 uL 20 u mL! phosphoglucoisomerase (PGl) (EC:
5.3.1.9)

600 uL Ultrapure water

Mix 3

3.3mL 0.2 M Tricine/KOH, pH 9, 10 mM MgCl,

200 pL 1000 u mL™* G6PDH grade | (EC: 1.1.1.49)

400 pL 200 mM EDTA pH 8

200 pL 250 mM G6P

200 uL 10 mM PMS — light sensitive!!

1mL 10 mM MTT - light sensitive !!

The amounts of chemicals for all mixes refer to one microplate (96-well).

Glucose-1-phosphate

Glucose-1-phosphate (G1P) was analyzed with 10 plL extract for the roots, 15 uL in case of the leaf
material and, 10 uL were used for the calibration curve (0/0.4/1/2/4/10 uM F6P in 0.2 M Tri-
cine/KOH, pH 9, 10 mM MgCl,). After adding 30 pL of mix 1 the samples were homogenized. After 20
min of incubation at RT, 10 uL of 0.25 M HCl was added and samples were mixed again. After incuba-

tion for another 5 min at RT, 10 pL of 0.1 M Tricine/KOH, pH 9 containing 0.25 M NaOH was added.
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Then, 10 pL of mix 2 was added and samples incubated for 20 min (RT). In the next step 20 uL of 0.5
M NaOH was added, the microplate was sealed and samples were subsequently incubated for 10 min
at 98.5 °Cin a dry bath. After cooling down, samples were centrifuged (1 min, 400 rpm, RT) and 20 pL
of 0.1 M Tricine/KOH, pH 9 containing 0.5 M HCl was added and mixed. Finally, 52 pL of mix 3 was
added and the samples were immediately measured at 570 nm (37 °C, kinetics 1 read every 30 s).

When preparing mix 2 PMS and MTT were added last, because of their light sensitivity.

Mix 1

800 pL 0.2 M Tricine/KOH, pH 9, 10 mM, MgCl,
200 pL 100 u mL* G6PDH grade Il (EC: 1.1.1.49)
200 pL 2.5 mM NADP

1.8 mL Ultrapure water

Mix 2

200 pL 100 u mL™* G6PDH grade Il (EC: 1.1.1.49)
200 pL 20 umL! PGM (EC: 5.4.2.2)

200 pL 50 uM glucose 1,6 bis-phosphate

400 pL Ultra pure water

Mix 3

3.3mL 0.2 M Tricine/KOH, pH 9, 10 mM MgCl,
200 pL 1000 u mL? G6PDH grade | (EC: 1.1.1.49)
400 plL 200 mM EDTA pH 8

200 pL 250 mM G6P

200 pL 10 mM PMS — light sensitive !!

1mL 10 mM MTT - light sensitive !!

The amounts of chemicals for all mixes refer to one microplate (96-well).

To calculate the concentration of a hexose phosphate in nmol well! the mean velocity (Mean Viayx) of
each sample and standard was calculated (Safas M96 software or Tec5 software, BioTek). Based on
the regression equation of the hexose-phosphates standards, the amount of the hexose-phosphate
in umol g FW was calculated, considering the total extraction volume, the amount of volume which

was used for the single analysis as well as the amount of FW material for each sample.

Hexose-phosphate (HexP in nmol well) = (AOD * slope) / intercept

VolE 1
HexP (umol g1 FW) = HexPnmol wenr'! * VZZA * —
where HexPnmol well-1 = Hexose-phosphate (nmol well?)

Vole = total extraction volume (L)
Vola =used volume of extract for the assay (uL)
FW = Fresh weight (or DW) of sample (mg)
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1.12.3 Organic acids

Citrate

The determination of citrate is based on the method of Tompkins and Toffaleti (1982) and was modi-
fied. Due to the risk of precipitation, citrate was always measured immediately after the extraction
and the determination of chlorophyll; the ethanolic extract can be re-heated up at 37 °C to improve
the measurement if nessccessary. For the analysis the extract (15 plL shoot, 20 pL root) was mixed
with 90 pL assay mix and the absorbance was read at 340 nm for approximately 5 min, after a stable
OD was reached. Then, 14 u ml? citrate lyase (EC: 2.3.3.8) solved in 0.1 M Tricine/KOH pH 8, was

added and the measurement resumed until a final plateau was reached (Figure 1-6).

4 Citrate
lyase

AQD, citrateI \,

OD34O

Figure 1-6: Scheme of citrate determination.
Citrate lyase is added after initial OD is stable.

time [min]
Assay mix
6.25 mL 1 M Tricine/KOH, pH 8
6.25 pL 200 mM ZnS0O,4
37.5uL 66 mM NADH
18.8 uL 1000 u mL?* malate dehydrogenase (EC: 1.1.1.37)
6.2 mL Ultrapure water

The amounts of chemicals for all mixes refer to one microplate (96-well).

For the calculation, the AOD of every sample, based on the difference of the initial baseline and the
final base line of the measurement was determined. The concentration of citrate in umol g* FW or
DW was calculated considering the AOD, the extinction coefficient (€) 6.22 mM™ cm™ for NADPH and
the length (I) of the optical path of 2.85 cm L%, the total extraction volume, the specific amount of

extract which was used for the analysis as well as the amount of plant material which was used.

. ) _ VOlE =~ 1
Citrate (umol g1 FW) = AOD / 6.22 / 2.85* vowa X Tt 1000
where AOD difference between initial and final base line of the measurement

6.22 = extinction coefficient () for NADPH (mM™* cm™)
2.85 = length (1) of the optical path (cm L)

Vole = total extraction volume (uL)

Vola =used volume of extract for the assay (uL)

FW = Fresh weight (or DW) of sample (mg)

23



EXPERIMENTAL SETUP AND METHODICAL APPROACH

Malate and fumarate

The determination of malate and fumarate was performed in a combined stopped assay (shoot 15
pL, root 7 uL). For SDs (0/31.25/62.5/125/250/500/1000 puM malate or fumarate in 0.2 M Tri-
cine/KOH, pH 9) 20 uL each were used. After adding 80 pL of assay mix to samples and SDs, samples
were mixed and immediately read at 540 nm until OD was stabilized. Then, 5 pL of 1000 u ml* mal-
ate dehydrogenase (EC: 1.1.1.37) was added and samples were read until the first cycling process of
malate was finished. After stabilization of the OD, 5 pL of 100 u ml?! of fumarase (EC: 4.2.1.2) was

added and absorbance was read again until the cycling process was finished (Figure 1-7).

Fumarase
Malate
DH

l

ODS?O

IAOD, fumarate

Figure 1-7: Scheme of malate and fumarate determination.
AOD, malate Enzymes were successively added after every cycling step.

After the entire measurement AODs for all samples were

v

calculated. Malate DH, malate dehydrogenase.

time [min]
Assay mix
5mL 0.2 M Tricine/KOH, pH 9
1mL 30 mM NAD
500 pL 10% Triton X-100
500 uL 2.5 mM PES — light sensitive !!
1mL 100 mM MTT - light sensitive !!

The amounts of chemicals for all mixes refer to one microplate (96-well).

The calculation was done, defining AOD from the readings of the cycling process of each sample for
each organic acid first. Using the equation from the calibration curve the amount of each metabolite
was determined in nmol well. The concentration of malate or fumarate in umol g* FW was calculat-
ed considering the amount of each metabolite per well, the total extraction volume, the used volume

of extract as well as the amount of weight plant material.

Malate/fumarate (nmol well™*) (Mwen) = (AOD + slope) / intercept

VolE 1

- — * 7 [
Malate/fumarate (umol g1 FW) = My void X Fw

where Muwen = Metabolite in (nmol well?)
Vole = total extraction volume (uL)
Vola =used volume of extract for the assay (uL)
FW = Fresh weight of sample (mg)
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1.12.4 Nitrate

Nitrate (NOs-) concentrations in roots were determined with 5 pL and with 10 pL in case of shoots
according Cross et al. (2006) with modifications. Samples were diluted with 0.1 M KOH buffer, pH 7.5
(dilution root 1:10, dilution shoot 1:5). Standards were prepared with 10 pL (0/0.25/0.5/0.75/1/1.5/2
mM mL? sodium nitrate in 96 % EtOH). For the analysis, 95 pL of the assay mix containing nitrate
reductase (NR; EC: 1.7.1.2) were added to the samples. Blanks were prepared with the assay mix
without NR to determine the nitrite amount in the samples. In case of the assay mix for the blanks,
NR was replaced with 0.1 M KOH, pH 7.5. Afterwards, all samples were homogenized and incubated
for 30 min at RT in the dark. Then, 15 pL of 0.25 mM PMS were added, samples were mixed again
and incubated for another 20 min at RT. Subsequently, 60 uL of 1 % sulfanilamide (w/v) in 3 M phos-
phoric acid and 60 uL of 0.02 % (w/v) N(1-Naphtyl)ethylemdiamine dihydrochloride (NNEDA) in 3 M
phosphoric acid were pipetted and samples were mixed. After 10 min of incubation in the dark (RT),

samples were measured immediately at 540 nm.

Assay mix

8.4 mL Ultrapure water

1mL 1 M potassium phosphate buffer, pH 7.5

50 uL 50 mM NADPH

100 uL 5 uml?NR or 0.1 M potassium buffer, pH 7.5
1.5mL PMS

6 mL 1 % sulfanilamide (w/v) in 3 M phosphoric acid
6 mL 0.02 % (w/v) NNEDA in 3 M phosphoric acid

The amounts of chemicals for all mixes refer to one microplate (96-well).

Using the equation from the calibration curve, the amount of nitrate was determined in nmol well™.
The concentration of nitrate in umol g FW or DW was calculated considering the amount of nitrate
in nmol well}, the total extraction volume, the used volume of extract and the dilution factor as well

as the amount of plant material.

Nitrate (nmol well!) (NOswen) = (OD * slope) / intercept

Nitrate (umol g* FW) = (NOz-wen * Volt 1

Vola W) * Fdil

where NOs.wel = Nitrate (nmol well?)
Vole = total extraction volume (L)
Vola =used volume of extract for the assay (uL)
FW = Fresh weight of sample (mg)
Fqi = Dilution factor
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1.12.5 Amino acids

Total amino acid content

The AA: was determined by a fluorescamine reaction. Here, fluorescamine react with primary amines
and lysine chains at RT and AAy can be detected in picomole range. For the analysis, 3 pL of ethanolic
extract for all samples and SDs (0/0.032/0.063/ 0.125/0.25/0.5/1 mM ml* glutamate sodium salt in
70 % EtOH (v/v) 0.1 M HEPES/KOH, pH 7) were added with 15 pL 0.1 M sodium borate buffer, pH 8,
100 uL of ultrapure water and finally 90 pL 0.1 % fluorescamine (w/v) in acetonitrile. Due to its light
sensitivity fluorescamine was added in the last pipetting step, and the fluorescence was measured
after incubation for 5 min at RT in the dark, at 405 nm for the excitation and at 485 nm for the emis-

sion. The glutamate SD was always prepared fresh.

Assay mix

1.5mL 0.1 M sodium borate buffer, pH 8

10 mL Ultrapure water

10 mL 0.1 % fluorescamine (w/v) in acetonitrile

The amounts of chemicals for all mixes refer to one microplate (96-well).

Using the equation from the calibration curve, the amount of AA;was determined in nmol well’. The
concentration in umol g FW or DW was calculated considering the amount of AA; in nmol well?, the

total extraction volume, the used volume of extract and the amount of plant material.

Calculation of the AA; (nmol well?) (AA:) = (OD % slope) / intercept

VolE 1
-1 — * J—
AA; (umol g1 FW) = AAwen vo* T
where AAwen = Total amino acid content per well (nmol well?)

Vole = total extraction volume (uL)
Vola =used volume of extract for the assay (uL)
FW = Fresh weight of sample (mg)

Proline

Proline was analyzed using the ninhydrine reaction (Gibon et al. 2000). At low pH, ninhydrine almost
specifically reacts with proline, yielding a red chromogene. But ornithine and lysine to a lesser extent,
also yields in a red chromogen under these conditions. The sensitivity of this method is about 1 nmol

and the linearity of the measurement range is 1 - 200 nmol.

For the analysis, 80 pL of the ethanolic extract or standard (0/32.25/62.5/125/250/500/1000 uM m|*
proline in 70 % EtOH) was added with 100 uL of a 1 % ninhydrine solution (w/v) in 60 % (v/v) acetic

acid and ethanol 20% (v/v). Samples and SDs floated for 20 min at 95°C in water bath and were sub-
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sequently cooled down and centrifuged for 2 min at 4000 rpm. For the determination in the
microplate reader, 80 pL of the sample was transferred into a microplate and absorbance was meas-

ured immediately at 520 nm to prevent the degradation of the red, light sensitive chromogene.

The concentration in nmol well! was calculated using the regression equation of the proline stand-
ards.

Proline (nmol well) (Prowen) = (OD * slope) / intercept

VolE " 1
VolA FW

Proline (umol g FW) = Prowen *

where Prowen = Proline (nmol well?)
Vole = total extraction volume (uL)
Vola =used volume of extract for the assay (uL)
FW = Fresh weight of sample (mg)

Glutamate

The determination of glutamate was done using 7 uL ethanolic extract for the roots and 20 pL for the
leaves. Standards were measured with 10 pL of standard solution (0/32.25/62.5/125/250/500/1000
UM ml? glutamic acid in 0.1 M Tricine/KOH, pH 8.5). For the analysis, 185 pL of assay mix was added
to all samples and subsequently homogenized. Samples were measured immediately at 570 nm (37
°C, kinetic 1 read every 40 s) until OD stabilized, then, 5 pL of 500 u ml?! glutamate dehydrogenase
(EC: 1.4.1.3) solved in 0.1 M Tricine/KOH, pH 8.5 was added and reading was continued until the end

of the substrate cycling.

Assay mix

13.3mL Ultrapure water

2mL 1 M Tricine/KOH, pH 8.5

1mL 30 Mm NAD

200 pL 50 mM ADP

500 pL 10% Triton X-100

500 uL 2.5 mM PES — light sensitive !!
1mL 100 mM MTT - light sensitive !!

The amounts of chemicals for all mixes refer to one microplate (96-well).

The calculation for glutamate in the samples was done, determining the AOD from the kinetics’ of
the cycling process of each SD and samples first. Using the equation from the calibration curve the
amount of glutamate was determined in nmol well™X. The concentration in pmol g* FW was calculat-
ed considering the amount of glutamate per well, the total extraction volume, the used volume of

extract as well as the amount of weight plant material.
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Glutamate (nmol well™?) (gluwen) = (AOD % slope) / intercept

«VOIE 1
* —
VolA FW

Glutamate (umol g1 FW) = gluwen

where gluwen = Glutamate (nmol well™?)
Vole = total extraction volume (uL)
Vola =used volume of extract for the assay (uL)
FW = Fresh weight of sample (mg)

1.12.6 Soluble sugars

Glucose, Fructose, Sucrose

The determination of the hexoses glucose and fructose as well as sucrose is based on the method of
Stitt et al. (1989). The determination of all sugars in the shoot was done with 40 uL of ethanolic ex-
tract. For the root glucose and fructose were determined in one measurement with 40 uL ethanolic
extract. Due to the high sugar content in the taproots, the ethanolic extract for the sucrose determi-

nation was diluted 1:100 and then 30 pL of this dilution was taken for the analysis.

For the analysis, the extract was added with 160 uL of assays mix. Samples were shaken and subse-
quently measured at 340 nm (37 °C, kinetics 1 read every 30 s). Once the OD was stabilized the en-
zymes for the sugar determination were added successively (Figure 1-8) Firstly 5 pL of 180 u ml?
hexokinase (HK, EC: 2.7.1.1) for determination of glucose, secondly 5 pL of 210 u mlI** phosphoglu-
cose isomerase (PGI, EC: 5.3.1.9) for the determination of fructose and finally 5 pL = 300 u ml?t in-
vertase grade VII (INV, EC: 3.2.1.26) for the determination of sucrose in form of glucose equivalents.
All enzymes were solved in 0.1 M HEPES/KOH, pH 7 containing 3 mM MgCl, and added when each

cycling process was finished, observable when the OD was stabilized.

INV

IAOD, glucose

Q"'T
O
HK I AOD, fructose Figure 1-8: Scheme of sugar determination.
Enzymes were successively added after every cycling step.
AOD, glucose After the entire measurement AODs for all samples were

calculated. HK, hexokinase; PGI, phosphogluco isomerase;
INV, invertase.

v

time [min]

Firstly 5 pL of 180 u ml? hexokinase (HK, EC: 2.7.1.1) for determination of glucose, secondly 5 uL of
210 u mL? phosphoglucose isomerase (PGI, EC: 5.3.1.9) for the determination of fructose and finally

5 pL > 300 u mL? invertase grade VII (INV, EC: 3.2.1.26) for the determination of sucrose in form of
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glucose equivalents. All enzymes were solved in 0.1 M HEPES/KOH, pH 7 containing 3 mM MgCl, and

added when each cycling process was finished, observable when the OD was stabilized.

Assay mix

155 mL 0.1 M HEPES/KOH, pH 7 with 3 mM MgCl,
480 plL 60 mg mLt ATP

480 uL 36 mg mL* NADP

80 uL 3500 u mL™* G6PDH grade Il (EC: 1.1.1.49)*

*Remove ammonium sulfate supernatant after centrifugation (2 min, 13400 rpm).
The amounts of chemicals for all mixes refer to one microplate (96-well).

Sugar concentrations were calculated, determining the AOD from the kinetics’ of the cycling process-
es of each sample. The concentration of glucose, fructose and sucrose in form of glucose equivalents
in umol g FW or DW was calculated considering the AOD, & with 6.22 mM™ cm™ for NADPH and the
length () of the optical path of 2.85 cm L%, the total extraction volume, the specific amount of ex-
tract which was used for the analysis and the dilution factor if necessary as well as the amount of
plant material which was used. In case of sucrose the final result was divided by 2 because sucrose

was determined as glucose equivalent as mentioned above.

AFW) = LVOIE | 1
Sugar (umol g1 FW) = AOD / 6.22 / 2.85 i 1000
where AOD difference between initial and final base line of each measurement

6.22 = € for NADPH (MM cm?)

2.85 = length (1) of the optical path (cm L?)
Vole = total extraction volume (L)

Vola =used volume of extract for the assay (uL)
FW = Fresh weight (or DW) of sample (mg)

1.12.7 Starch and total protein

The pellet from the initial ethanolic (see 1.12) was re-suspended in 400 uL 0.1 M NaOH and subse-
quently heated (95°C, 30 min). After cooling down to RT, the samples were thoroughly homogenized
and centrifuged (14.000 rpm, 5 min) before further analysis of the total protein content and for the

starch determination in form of glucose equivalents.

Starch - Hydrolysis and digestion
In the first step, pellet and supernatant from the previous extraction were thoroughly re-suspended
and hydrolyzed with 80 pL 0.5 M HCI + acetate/0.1 M NaOH buffer, pH 4.9 (neutralization step). In

the second step, 35 uL of the thoroughly mixed aliquots were transferred into a new microplate
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together with 65 pL of the degradation mix. For the preparation of the starch degradation mix, am-
yloglucosidase and a-amylase were centrifuged together (13.400 rpm, 2 min). After discarding the
supernatant, the pellet was solved in 12.5 ml of 50 mM acetate buffer pH 4.9. Samples were then

finally digested for 10-16 h at 37°C. After digestion, the plate was centrifuged (4000 rpm, 10 min, RT).

Determination of glucose equivalents
For the glucose determination, supernatant (20 plL shoot, taproot) was pipetted into a new micro-
plate. After adding 160 pL of the glucose determination mix, samples were read as described in

1.12.6 Soluble sugars. Calculation was done as decribed 1.12.6.

Starch hydrolysis
8 mL 0.5 M HCl + acetate/0.1 M NaOH buffer, pH 4.9

Starch degradation mix
250 uL Amyloglucosidase (EC: 3.2.1.3)

3uL a-amylase (EC: 3.2.1.1)
12.5mL 50 mM acetate buffer pH 4.9

Glucose determination mix
15.5 mL 0.1M HEPES/KOH pH 7 + 3 mM MgCl,

480 ulL 60mg mL ATP

480 uL 36 mg mL* NADP

80 uL 50 mM acetate buffer pH 4.9

80 uL 3500 u mL™* G6PDH grade Il (EC: 1.1.1.49)*

*Remove ammonium sulfate supernatant after centrifugation (2 min, 13400 rpm).
The amounts of chemicals for all mixes refer to one microplate (96-well).

Total protein content

After centrifugation of the extract aliquots (3 pL shoot, taproot) or 3 pL of a BSA (bovine serum al-
bumin) standard (0.0875/0.175/0.35/0.70/1.4 mg/ml in 0.1 NaOH) were pipetted into a new plate.
For blanks, 3 uL 0.1 M NaOH was used. After adding of 180 pL Bradford solution (Sigma Aldrich, ready

to use) the plate was briefly shaken and measured at 595 nm after 5 min incubation in the dark.

BSA stock
100 mg Bovine serum albumin (BSA)
10 mL Ultrapure water

For the calculation of total protein content, the calibration curve for BSA in pg well from the blank

corrected BSA SDs was used. The total protein content (mg g™ FW or DW) was calculated as followed
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VolE 1
i -1 = F——x —
Total protein (mg g1 FW) = concwel vor X T
where concwen = Protein concentration in pg well™ from the blank corrected BSA SDs

Vole = total extraction volume (uL), 400 uL NaOH
Vola =used volume of extract for the assay (uL)
FW = Fresh weight (or DW) of sample (mg)

1.13 *H-NMR ANALYSIS

Proton nuclear magnet resonance analysis (*H-NMR) of polar extracts of beet root and leaf samples
was performed to provide an overview of some major determinants of the water stress resistance.
Polar metabolites were extracted with an ethanol-water series (adapted from Moing et al. 2004)
using a pipetting robot (Hamilton, Bonaduz, Switzerland). Briefly, for each sample, two subsamples
(20 mg DW each) were extracted successively with twice 300 puL 80% ethanol-water (v/v), 300 pL
50% ethanol-water (v/v) and 300 uL water at 80°C for 15 min. The four supernatants of each sub-
sample were pooled, dried under vacuum and lyophilized. The dried extracts were titrated with KOH
to apparent pH 6.00 in 100 mM potassium phosphate deuterated buffer solution containing 3 mM
EDTA (to chelate paramagnetic cations and improve spectrum resolution, especially in the citrate
region), and lyophilized again. The dried titrated extracts were stored in the dark under vacuum at
RT, before *H-NMR analysis was completed within one week. H-NMR spectra were recorded on each
dried titrated extract solubilized in 0.5 mL deuterium oxide (D,0) added with sodium salt of (trime-
thylsilyl)propionic-2,2,3,3-d4 acid (TSP) at a final concentration of 0.01% (mg/mL) for chemical shift
calibration. The mixture was centrifuged at 17,700 g for 5 min at RT; the supernatant was then trans-
ferred into a 5 mm NMR tube (Wilmad 507-PP7, Vineland, NJ, USA). NMR spectra were acquired at
500.162 MHz at 300 K on an Avance Ill spectrometer (Bruker Biospin, Wissembourg, FR) using a 5
mm ATMA broadband inverse probe flushed with nitrogen gas and an electronic reference for quan-
tification (Digital ERETIC, Bruker TopSpin 3.0). Sixty-four scans of 32 K data points were acquired with
a 90° pulse angle, a spectral width of 6,000 Hz, acquisition time of 2.73 s and recycle delay of 20 s. An
automation procedure (automatic sample loading, 90 s temperature equilibration time, automatic
tuning and matching and automatic shimming with Topshim) requiring about 35 min per sample was
used for data acquisition. Preliminary data processing was carried out with TOPSPIN 3.0 software
(Bruker Biospin, Karlsruhe, Germany). Each Free Induction Decay (FID) was Fourier transformed (0.3
Hz line broadening), manually phased and baseline corrected. The resulting spectra were aligned by
setting the TSP signal to zero ppm. The assignments of metabolites in the NMR spectra were made by
comparing the proton chemical shifts with literature (Fan 1996) and databases values (MeRy-B 2011,

HMDB, BMRB), by comparison with spectra of authentic compounds recorded under the same buffer
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solution conditions and by spiking the samples. Metabolite concentrations in the NMR tube were
calculated using the Analytical Profiler mode of AMIX software (version 3.9.10, Bruker) for calculation
of resonance areas, followed by data export to Excel software (Microsoft, Redmond, USA). For abso-
lute quantification, three calibration curves (glucose and fructose: 1.25 to 50 mM, glutamate and
glutamine: 0 to 15 mM) were prepared and analysed analyzed under the same conditions. The glu-
cose calibration was used for the quantification of all compounds, as a function of the number of
protons of selected resonances except fructose, glutamate and glutamine that were quantified using
their own calibration curve. Then metabolite concentrations in each sample were calculated from
concentrations in the NMR tube and sample dry weight. The concentration of each organic or amino
acid was expressed as g of the acid form per weight unit. The concentration of NMR unknown com-
pounds (named using the mid value of the chemical shift and the multiplicity of the corresponding
resonance group: unknown D1.84 for a doublet at 1.84 ppm) was calculated hypothesizing that the
observed resonance corresponded to one proton and using an arbitrary molecular weight of 100 Da.
1H-1H COSY (2D-homonuclear Correlation Spectroscopy), 1H-13C HSQC (2D-heteronuclear Correla-
tion Spectroscopy) and 1D 13C experiments were carried out to verify the identity of known com-

pounds and to check if unknown signals really correspond to different compounds.

1.14 INFRARED THERMOGRAPHY

Infrared thermography (IRT) was done in cooperation with the department of Phytomedicine (PD Dr.
Anne Mahlein). For this, a sterling-cooled infrared scanning camera (VARIOSCAN 3021 ST, JENOPTIK,
Jena, Germany) with a spectral sensitivity from 8 to 12 um and a geometric resolution of 1.5 m radi-
ans (240 x 360 pixels focal plane array, 30° x 20° field of view lens, minimum focus distance 0.2 m)
was used. The thermal resolution is 0.03 K with an accuracy of absolute temperature measurement
less than + 2K. Digital thermal images were analyzed using the software package IRBIS plus V 2.2 (In-
fratec, Dresden, Germany). Thermographic imaging took place every other day before the harvest
between 7:30 am and 9:00 am, and sugar beet plants were previously acclimatized in the laboratory
for 30 minutes. The environmental conditions during the measurements were 23 £ 2°C and between
50% and 65% RH. In order to correct for slight fluctuations of the surrounding temperature, absolute
temperature values were always normalized to room temperature. For correlation analysis (n=4 per
treatment and day), the mean leaf temperature was determined for the leaf that was subsequently

destructively sampled for metabolite analysis.
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2.1 ABSTRACT

The main objective of this work was to provide the chronology of physiological and metabolic altera-
tions occurring under drought and demonstrate how these relate to a phenotypic approach (infrared
thermal imaging, IRT). This should provide tools to tailor phenotyping approaches for drought toler-
ance and underlying metabolic alterations. In the present study, destructive analysis of growth and
cell morphology, water status, osmotic adjustment, metabolic changes and membrane damage were
combined with non-destructive determination of leaf temperature using infrared thermography (IRT)
in 6-week-old sugar beets subjected to progressive drought stress and subsequent rewatering. Dif-
ferent methods were suitable for the characterization of the dynamic development of distinct stress
phases: although IRT allowed detection of initial impairment of transpiration within 1 day of drought
stress, destructive methods allowed us to distinguish a phase of metabolic adjustment including redi-
rection of carbon flow into protective mechanisms and a subsequent phase of membrane destabiliza-
tion and cellular damage. Only the combination of invasive and non-invasive methods allowed for the
differentiation of the complete sequence of physiological changes induced by drought stress. This
could be especially beneficial for the selection of phenotypes that are adapted to early drought. Dur-
ing rewatering, sugar beet shoots rapidly re-established water relations, but membrane damage and
partial stomatal closure persisted longer, which could have an impact on subsequent stress events.
During the onset of secondary growth, taproots required more time to recover the water status and

to readjust primary metabolites than shoots.

2.2 INTRODUCTION

Sugar beet (Beta vulgaris L. spp. vulgaris) is the main sugar producing crop in temperate climates,
providing almost 90% of sugar for the European Union, with an annual sugar production of 14.9 mil-
lion tons in 2015-16 (Wirtschaftliche Vereinigung Zucker 2016). It is considered as a highly drought-
and salt tolerant crop, based on the ability of mature sugar beets to compensate temporal drought
by complete leaf abscission, and to recover quickly after precipitation. However, high sugar yield and
good technical quality of the taproot require sufficient precipitation, especially during the period of
secondary root growth, and drought stress is the major environmental factor responsible for yield
and quality losses in sugar beet production (Hoffmann2010). Wilting is often observed under envi-
ronmental conditions with high evaporative demand, because sugar beets have a limited ability to
regulate transpiration (Hanson and Hitz 1982). Similar to other plant species, sugar beets accumulate
osmolytes such as sodium (Na*), potassium (K*) (Hoffmann 2010), proline (Gzik 1996) and a-amino
compounds like amino acids and glycine betaine under drought stress (Mack and Hoffmann 2006).
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However, high concentrations of these osmolytes significantly reduce the technical quality, and thus
impede the sugar production process (Van der Poel et al. 1998). In order to identify potential breed-
ing traits for drought tolerant sugar beets, physiological and metabolic reactions (Shaw et al. 2002;
Ober et al. 2005), genetic resources (Dohm et al. 2009) or genotypic variations of sugar beet cultivars
under limited water supply (Ober and Luterbacher 2002) have been investigated. Studies considered
drought effects during germination and seedling growth (Pestsova et al. 2008; Wu et al. 2014), or
long-term drought stresses extending throughout the stage of taproot development, whereas the
responses of young sugar beets to transient drought have rarely been considered (Hoffmann 2014).
However, crucial physiological changes like the onset of secondary taproot growth occur during the
youth stage between BBCH 14-18. Thereafter, sucrose storage begins, indicating a switch in the sink—
source relationship of the plant (Trebbi and McGrath 2009), which is essential for sucrose accumula-
tion and final sugar yield. Short drought events could negatively affect this early critical stage of de-
velopment reduce the final yield (Chotuj et al. 2008), and thus economic gain. In Central Europe, con-
trasting with many arid environments of lower latitudes, drought events are often not terminal, but
can occur at any stage throughout plant development. They are often interrupted by episodic precip-
itation periods that range from single, usually heavy rainfall events, to several days or weeks. For this
region, climate change models predict an increase in extreme weather events and altered seasonal
and regional precipitation patterns, more specifically a decrease of summer precipitation and con-
comitant increase of transient drought events early in the growing season (IPCC 2007). Crop yield in
areas with such intermittent drought stress is highly dependent upon the capacity of the crop to re-
cover after rehydration (Chaves et al. 2009), which includes mechanisms to re-establish shoot and
root growth and osmotic homeostasis, to repair tissues damaged by oxidative stress, and to readjust
metabolism. Incomplete or slow recovery may change the plant’s response to a subsequent drought
spell, a phenomenon that we observed in experiments with sugar beets subjected to repeated
drought cycles with only short recovery periods (M. A. Wimmer, unpubl. data). In addition, incom-
plete recovery of osmotic adaptations of sugar beet roots after a long-term drought stress with sub-
sequent rewatering were observed in a field experiment and were considered critical for the tech-
nical sugar quality (Chotuj et al. 2008). Until recently, little was known about the dynamics of meta-
bolic and physiological processes that occur during this recovery phase in sugar beet (Bloch 2006;
Sicher et al. 2012). Breeding programs for drought-prone environments require early and non-
invasive stress detection to facilitate the characterisation of cultivars in phenotyping facilities and
field trials. Rapid stress detection is required as well for a precise and sustainable irrigation manage-
ment. A large number of non-invasive sensor techniques have been developed for stress detection in
high-throughput phenotyping facilities (Fiorani et al. 2012). Infrared thermography (IRT) can be used

to assess the plant water status (Jones et al. 2009; Zarco-Tejada et al. 2012; Gago et al. 2015), salt
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stress responses (Munns et al. 2010) or manifestation of plant pathogen infections at early stages
(Oerke et al. 2006; Mahlein et al. 2012a). A gap still exists between the external phenotype and cor-
responding physiological and metabolic processes, which, however, represent the ‘internal pheno-
type’ and integrate environmental signals into cellular responses (GroRkinsky et al. 2015). Hence, the
aim for the present study was to combine non-destructive and destructive methodologies as a step
towards establishing a link between non-invasive imaging and the dynamics of physiological and
metabolic processes. With this methodological approach, the study addressed two purposes: (i) to
determine the dynamics of the physiological and metabolic responses to progressive drought stress
in Beta vulgaris plants during early phases of secondary taproot growth, and (ii) to investigate the

dynamics of recovery of different physiological processes after rewatering.

2.3 MATERIALS AND METHODS

2.3.1 Plant growth conditions

Seeds of Beta vulgaris L. cultivar Pauletta (KWS Saat AG, Einbeck, Germany) were grown in a mixture
of sand and potting soil (v/v, 1: 1) until the first leaf pair was fully developed, and transferred into 2 L
pots filled with a substrate mix (3 : 2 : 1 peat, loam, perlite; Gepac, Type VM). Plants were grown
under controlled conditions at 24°C day/18°C night temperature, 60/75% RH and 16 h light (>250
mmol m~2 s71: SON-T Agro, 400W, Philips)/8h darkness. Plants were arranged in a randomised block
design with four biological replicates for each harvest day and treatment. Water and nutrients (1.4%o
Hakaphos blue, Compo Expert) were supplied three times a day for 3 min, each, using a time con-
trolled, automated irrigation system. This resulted in a water content of 65-69% (w/w, based on
substrate FW) during pre-treatment growth, corresponding to substrate pF (logio of the absolute
value of the soil matrix potential, unitless) values between 1.8 and 2.3 (Table 1-2). Every second day,
a subset of 15 pots was weighed to confirm that neither water logging nor water deficit occurred.
During the experiment, plants were kept free of pests and diseases by integrated plant protection.

Preliminary experiments ensured that drought stress and rewatering treatments were repeatable.

2.3.2 Treatments and sampling

Treatments started when plants reached BBCH 16—-17 (Enz and Dachler 1997). Plants were then ei-
ther watered as before (control), subjected to 17 days of progressive drought, or drought stressed for
9 days followed by gradual rewatering for 11 days. Because the water volume supplied during each
irrigation event was not adjusted to plant growth during the experiment, the average substrate wa-
ter content (WCsub) of control pots decreased within the treatment period. Nevertheless, an average

of 65 = 5% (w/w; based on substrate FW) was maintained throughout the experiment (Figure 2-1),

40



OSMOTIC ADJUSTMENT UNDER DROUGHT AND REWATERING

which corresponds to a substrate suction of pF = 2.3 and can be considered as optimum water

supply.
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40 - Figure 2-1: Gravimetric water content of GEPAC Anzuchterde.

Gravimetric water content (w/w, based on substrate FW) of the

soil substrate mix under regular water supply (control, closed

Substrate water content [w/w %]

20 - Control circles), progressive drought stress (open circles) and rewatering
—O— Drought (triangles). The horizontal bar represents the recovery period.
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Values are means * SE, n=4. For each harvest day, significant dif-
0 N D T e ferences to the control plants (a=0.05) are indicated by asterisks
1 3 5 7 9 11 13 15 17 19 21 (drought treatment) and rhombs (rewatering).

Days after onset of water deficit

During the drought period, the WCs, decreased quickly to 42 + 4% (w/w) within 5 days, and then
more slowly to a minimum of 27 + 2% (w/w %; Figure 2-1). This means that the substrate reached a
soil moisture suction of pF = 4.2 after 5 days, and plants did not have access to soil water during the
remaining drought treatment. After 17 days of drought, plants had reached a level of desiccation that
did not allow further sampling. The WC., of the rewatered plants increased linearly and reached
control levels after 7 days (Figure 2-1). Plants were harvested every other day. We chose 4 h after the
onset of the light period as harvest time to avoid uncontrolled side effects caused by the circadian
rhythm of the water status and metabolite concentrations. All plants were photographed by a RGB
camera (Panasonic, Lumix DMC-FZ18), measured with a Stirling-cooled infrared scanning camera, and
then sampled destructively. The root part 1.5 cm below the crown and the youngest fully expanded
leaf pair (YEL) were harvested for taproot and leaf analysis respectively. One leaf of the YEL was used
for metabolite analysis. The other leaf was divided into two halves, and one half was used for the
determination of the osmotic potential (OP). From the other half, six leaf discs (diameter 9 mm) were
punched out from the intercostal areas, and used for the determination of relative water content
(RWC) and electrolyte leakage (EL). Plant material for metabolite analysis was immediately frozen in
liquid nitrogen, ground under liquid nitrogen (leaf) or lyophilised (root), and stored at -80°C until
further analysis. Material for physiological measurements was frozen at -20°C (OP) or directly pro-

cessed (RWC, EL).
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2.3.3 Biomass, relative water content and electrolyte leakage

FW of shoots and roots were determined immediately after harvest and DW after drying at 70°C until
reaching a constant weight. Leaf discs were briefly rinsed, incubated in 30 mL of ultrapure water at
room temperature (22 + 2°C) for 4h, and initial conductivity (EL1) was determined in the incubation
medium. Discs were then frozen at -20°C for 36h, thawed, equilibrated at room temperature, and

final conductivity (EL2) was measured. Electrolyte leakage (EL) was determined:

EL (%) = (53) X 100
The RWC was calculated:
RWC (%) = (FW_ DW) x 100
* = \Tw - DW

where TW is the leaf disc turgid weight after rehydration for 4h.

2.3.4 Metabolite extraction and analysis

For metabolite analysis, 20 mg (leaf) or 10 mg (root) of powdered material was sequentially extract-
ed with 250 mL and 150 mL of 80% ethanol (v/v) in 10 mM HEPES KOH pH7, followed by 250 mL of
50% ethanol (v/v) in 10 mM HEPES KOH pH7 at 80°C for 20 min. The three supernatants were pooled
and constantly kept on ice. Samples were analysed using a microplate reader (Power Wave XS2, Bio-

Tek).

Sucrose, glucose and fructose were determined based on work by Stitt et al. (1989) with modifica-
tions. For the analysis, 160 mL of assay mix consisting of 0.1 M HEPES/KOH pH7,3 mM MgCl,, 60 mg
mL? ATP, 36 mg mL? NADP and 3500 units mL? glucose-6-phosphate dehydrogenase grade Il (EC
1.1.1.49) were added to 40 mL of ethanolic extract, and absorbance was measured at 340 nm (37°C).
Once optical density (OD) was stabilised, 180 units mL? hexokinase (EC 2.7.1.1), 210 units mL? phos-
phoglucose isomerase (EC 5.3.1.9) and 300 units mL? invertase grade VIl (EC 3.2.1.26) were added
successively for glucose, fructose and sucrose determination, respectively. Sugar concentrations
were calculated from the difference in optical density (AOD) before and after addition of the respec-
tive enzyme, based on the conversion of the involved cofactor NADP* to NADPH, and using an extinc-
tion coefficient of 6.22 mM™ cm™ for NADPH. Sucrose concentration was calculated by dividing the
glucose equivalents by two. Although all extracts were permanently kept on ice to prevent hexose
formation from uncontrolled invertase activity, the possibility of such postharvest processes should

be kept in mind.

Proline was analysed using the ninhydrin reaction based on the method by Gibon et al. (2000). Brief-

ly, 100 mL of a 1% (w/v) ninhydrin solution in 60% (v/v) acetic acid and 20% (v/v) ethanol were added
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to 80 mL of extract, heated at 95°C for 20 min, cooled and centrifuged for 2 min at 3300g. Absorb-
ance (I = 520 nm) of the supernatant was measured immediately. For glutamate determination, 185
mL of assay mix containing 1 M Tricine/KOH pH8.5, 30 mM NAD*, 50 mM ADP, 10% Triton X-100, 2.5
mM PES (phenazine ethosulfate) and 100 mM MTT (thiazol blue tetrazolium bromide) were added to
an adequate volume of extract. After stabilisation of the OD at 570 nm (37C), 500 units mL? of glu-
tamate dehydrogenase (EC 1.4.1.3) dissolved in 0.1 M Tricine/KOH pH8.5 were added.

Malate was measured by adding 80 mL of assay mix (0.2 M Tricine/KOH pH9, 30 mM NAD*, 10% Tri-
ton X-100, 2.5 mM PES and 100 mM MTT) to an adequate volume of extract. After stabilisation of the
OD at 540 nm, 1000 units mL* of malate dehydrogenase (EC 1.1.1.37) were added. Both malate and
glutamate concentrations were calculated from AOD of standard solutions (0 to 1 mM glutamate and

malate respectively) before and after addition of the respective enzyme.

2.3.5 Osmotic potential, osmotic adjustment and metabolite contribution

Frozen leaf or root material was thawed and cell sap was extracted using a manual press. Aliquots of
100 mL were centrifuged at 9600g for 5 min (leaves) or 10 min (roots) to remove debris. The osmolal-
ity (in osmol kg!) was determined using a cryoscopic osmometer (Osmomat 030, Gonotec GmbH),
and the OP (in MPa) was obtained by multiplying the osmolality with -2.479 (conversion factor at
25°C; Pariyar et al. 2013). Osmotic adjustment (OA) was defined as the difference in OP (AOP) be-
tween control and stressed plants. DW-based metabolite concentrations (conCmetab ow) Were trans-
formed into tissue water-based concentrations (concCmetab H20):

_ €ONnCymetab W x (1 _WCleaf)
CONCmetab H20 = WC
leaf

where WCiear represents the leaf water content. The contribution to the OP was then calculated:

CONC yetap 2o X 100
(0]

Contribution perap (%) =

The contribution to OA was calculated accordingly by using the difference in water-based concentra-

tions between control and stressed plants, and AOP respectively.

2.3.6 Determination of sodium, potassium and magnesium
lons were determined in oven-dried, ground material after digestion with HNO; and filtration (MN
640 m, Macherey Nagel) by flame emission spectrometry for Na* and K* (ELEX 6361 Spectrometer,

Eppendorf) and atom absorption spectrometry for Mg?* (AAS 1100 B, Perkin Elmer).
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2.3.7 IR-Thermography

The IRT camera Varioscan 3021 ST (Jenoptik) had a spectral sensitivity from 8 to 12 mm and a geo-
metric resolution of 1.5 m radians (240 x 360 pixels focal plane array, 30° x 20 field of view lens, min-
imum focus distance 0.2 m). The thermal resolution was 0.03 K with accuracy of absolute tempera-
ture measurement less than + 2 K. Thermal images were taken at a distance of 100 cm between the
camera and the plant material, and analysed using the software IRBIS plus ver. 2.2 (Infratec). Before
thermographic imaging, plants were adapted to laboratory conditions for 30 min (which sufficed to
avoid side effects by the handling). The environmental conditions during measurements were 23 +
2°C, 50-65% RH and light conditions were similar to the greenhouse (>250 mmol m™2 s7%). In order to
correct for differences in the ambient temperature, absolute temperature values were normalised to
room temperature. The mean leaf temperature was determined from polygons of leaves (n = 4, per

treatment and day) selected for subsequent destructive sampling.

2.3.8 Microscopy
Sugar beet leaf tissue (3-5 mm x 3-5 mm) was sampled and prepared for histological analysis accord-
ing to Karnovsky (1965) and as described in Mahlein et al. (2012b). Toluidine blue stained samples

were microscopically examined with a Leitz DMR 6000B photomicroscope.

2.3.9 Statistical analysis

The experiment was conducted in a completely randomized design. Statistical analyses were per-
formed with SPSS 22.0 (SPSS Inc.). Significant differences between treatments were analyzed using a
non-parametric test for independent scores. Thus, a one-factorial ANOVA according to Kruskal-Wallis
(a=0.05) with the stepwise step-down procedure, was performed. Regression coefficients (r) were

calculated with SigmaPlot 12.0 (Systat Software Inc.).

2.4 RESULTS

2.4.1 Growth and development

In the control, root and shoot growth was exponential throughout the experiment (Figure 2-2), and
plant developed from BBCH 16-17 on day 1 to BBCH 19 on day 21 (Figure 2-3). Growth was strongly
inhibited in drought stressed plants, starting 5-7 days (shoots) and 11-13 days (roots), respectively,
after cutting off the irrigation (Figure 2-2). Wilting of older leaves became visible after 5 days and
severely affected all fully expanded leaves after 9 days (Figure 2-3). Youngest leaves, however, re-

mained green and turgescent until day 11. Towards the end of the drought treatment (13-17 days),
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older leaves became chlorotic and were completely dry. During rewatering, growth of roots and
shoots resumed after 5-7 days (Figure 2-2). Younger leaves regained turgescence within 1 day, and

wilting of the older leaves disappeared within 7 days (Figure 2-3).
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Figure 2-2: Dry weight (DW) of young sugar beet shoots and taproots.
Dry weight (DW) of (a) young sugar beet shoots and (b) taproots under regular water supply (control, closed circles), pro-

gressive drought stress (open circles) and rewatering (triangles). The horizontal bar represents the recovery period. Values
are means t s.e. n = 4, the regression lines visualise exponential growth of control plants. For each harvest day, significant
differences to the control plants (a = 0.05) are indicated: *, P < 0.05 (drought treatment) and #, P < 0.05 (rewatering).

2.4.2 Leaf temperature

Control plants maintained relatively constant leaf temperatures (excluding the oldest, senescing
leaves) throughout the experiment, whereas leaf temperature of drought stressed plants continuous-
ly increased and reached ambient temperatures at the end of the stress period (Figure 2-4), when
plants were visually completely desiccated (Figure 2-3). To monitor changes in leaf temperature over
time, temperature differences (AT) between the average temperature of the YEL and the air temper-
ature were used (Figure 2-5). For control plants, AT ranged between 2.9 and 1.4 K throughout the
experiment, but it decreased from 3.0 to -0.3 K during the drought stress treatment. The difference
to controls was significant (P < 0.024) as soon as 5 days after water withholding (Figure 2-5). The
main drop of AT occurred within the first 3 days of drought with an average rate of 0.50 K day?, and
continued at average rates of 0.18 K/d until day 7 and 0.06 K day until day 17 respectively. Under
rewatering, AT started to increase after a lag period of 2 days, and reached control values after 12

days.
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Drought

Control Drought Re-watered Control Ed Re-watered

Figure 2-3: RGB images of sugar beet plants during the experimental period.
RGB images of young sugar beet plants under regular water supply (control), drought stress and during rewatering on day 1,

5,9, 11, 17 and 21 of treatments. The arrow indicates the measured leaf.
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Figure 2-4: Infrared thermal images.
Infrared thermal images of the young sugar beet plants under regular water supply (control), under drought stress and

during rewatering 1, 5, 9, 11, 17 and 21 days of treatment. The arrow indicates the measured leaf.
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Figure 2-5: Mean temperature difference between the sam-
pled leaf and the ambient temperature.
Mean temperature difference between the sampled leaf and

the ambient temperature (AT) under regular water supply
(control, closed circles), progressive drought stress (open
circles) and rewatering (triangles). The horizontal bar repre-
sents the recovery period. Values are means  s.e., n=4. For
each harvest day, significant differences to the control plants
(a=0.05) are indicated: *, P < 0.05 (drought treatment) and #,
P < 0.05 (rewatering).
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2.4.3 Plant water status and membrane stability

Under control conditions, RWC of the shoot (RWCs) and OP of the shoot (OPs) and root (OPg) were
stable with average values of 86 + 1%, -1.0 + 0.2 MPa, and —1.4 £ 0.1 MPa respectively (Figure 2-6).
All three parameters responded to drought conditions with comparable temporal dynamics. They did
not change during the first 3 days of water withholding, then slowly decreased until day 7 or 9, and
significantly dropped thereafter Figure 2-6). The slopes of the corresponding curves significantly
changed between days 7 to 11. The RWGCs reached 42 + 4% after 11 days and maintained this level
until the end of the experiment, whereas the final OP after 17 days was -3.5 £ 0.5 MPa in shoots and
-4.1 = 0.3 MPa in roots. The response curves were mirrored by the drought response of ELs, with a
moderate but significant increase from day 3 to 9, and a much steeper increase from day 9 to 17,
indicating severe membrane damage during this stress phase (Figure 2-6). Overall highly significant
linear correlations were observed between RWCs and ELs (r = 0.89) as well as OPs and RWCs (r = 0.88,
Figure 2-7). Shoots and roots responded differently to rewatering. Whereas the drought-induced
decrease in RWCs and OPs was stopped immediately, and the increase in ELs between days 9 and 11
was reduced by 53%, OPr continued to decrease for another 2 days before it started to recover
(Figure 2-6). Relative water content and OP remained below control levels for at least 6-8 days,

whereas ELs did not fully return to control values until the end of the recovery period.
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Figure 2-6: RWC, OP and EL of the shoot and OP of the taproot.

48



OSMOTIC ADJUSTMENT UNDER DROUGHT AND REWATERING

Caption 2-6 continued:

(a) Relative water content (RWC), (b) osmotic potential (OP), (c) electrolyte leakage (EL) of the young sugar beet shoot and
(d) osmotic potential of the young taproot under regular water supply (control, closed circles), progressive drought stress
(open circles) and rewatering (triangles). The horizontal bar represents the recovery period. Values are means * s.e., n=4.
For each harvest day, significant differences to the control plants (a=0.05) are indicated: *, P < 0.05 (drought treatment)

and #, P < 0.05 (rewatering).
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Figure 2-7: Correlation analysis of the relative water content, electrolyte leakage and osmotic potential.
Correlation between electrolyte leakage (EL) and relative water content (RWC) (A) and between RWC and osmotic potential

(OP) B) of sugar beet shoots under regular water supply (closed circles), drought stress (open circles) and re-watering (tri-

angles). Values are means *SE (n=4).
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2.4.4 Relationship between leaf temperature and water status of leaves
To reveal the nature of the relationship between AT and leaf water status (RWCs, OPs) or membrane
damage (ELs), means of each parameter and treatment were correlated. In all cases highly significant

(P <0.001) exponential correlations were obtained (Figure 2-8).
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Figure 2-8: Correlation analysis of the mean temperature difference and RWC, OP and EL.

Correlation analysis between the mean temperature difference between the sampled leaf and the ambient temperature
(AT) and (a) the relative water content (RWC), (b) the osmotic potential (OP) and (c) the electrolyte leakage (EL) of sugar
beet shoots under regular water supply (control, closed circles), drought stress (open circles) and rewatering (triangles).
Values are means, n=4.

2.4.5 Cellular structures under desiccation and rewatering

Morphological changes in sugar beet leaves under progressive drought stress and rewatering were
analysed microscopically (Figure 2-9). Under control conditions, leaf palisade parenchyma and spon-
gy mesophyll cells appeared turgescent and regular (Figure 2-9 a). The upper and lower epidermis

and the waxy cuticle were smoothly attached. Some mesophyll cells showed crystalline structures
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(Figure 2-9 b). Under drought conditions, wilting and loss of turgor led to sagged leaves after 7-9
days (Figure 2-9 d). The upper epidermis and the palisade parenchyma still appeared quite struc-
tured, but the spongy mesophyll and the lower epidermis were sunken and shrunk. Contracted vacu-
oles were observed as indicated by diffusely arranged chloroplasts. With increasing water deficit,
wilting and morphological changes became more serious as the upper epidermis appeared sunken
and shriveled at day 11 (Figure 2-9 e). Additionally, crystalline structures were more prominent com-
pared with control leaves. On the last day of drought stress, the whole leaf was collapsed and intra-
cellular structures were clearly ruptured due to shearing forces (Figure 2-9 f). Under rewatering,
leaves recovered visually almost completely within one day (Figure 2-3, day 11), the upper and lower
epidermis appeared smooth, and palisade parenchyma and spongy mesophyll cells almost regained
their regular structure (Figure 2-9g). After 9 days of rewatering, leaves were fully rehydrated and

intracellular structures appeared completely regular (Figure 2-9 h).
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Figure 2-9: Thin-sections of young sugar beet leaves.
Thin-sections of young sugar beet leaves under regular water supply: (a-c): control, (d-f): drought stress, and (g, h): during

rewatering at day 7, 11 and 17 of the experiment. Shrunken tissue is indicated: *. Abbreviations: cs, crystalline structures;
chl, chloroplast; pp, palisade parenchyma; sp, spongy parenchyma; ue, upper epidermis; le, lower epidermis.
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2.4.6 Metabolite changes

Under control conditions, mean leaf concentrations of proline, malate, hexoses and sucrose were
39.0+7.6,52.0 +24.3,45.3 +30.3 and 12.8 + 2.3 mmol g DW respectively (Figure 2-10). Whereas
levels of proline and sucrose remained constant, malate concentrations slowly increased over time,
and hexose concentrations were subject to fluctuations and showed a strong peak from day 5-7 irre-
spective of the treatment. Under drought stress, none of the metabolite levels changed from day 1-
3. Thereafter, proline levels increased slowly from day 3 to 9, and steeply from day 9 to 17, when
proline concentration reached a maximum of 219 mmol g* DW (Figure 2-10). Hexoses and malate
concentrations were lower than in control plants from day 11 to 13, followed by a significant increase
in malate on days 15-17 (Figure 2-10). Sucrose concentrations increased from day 3 to 9 after water
withholding, decreased from day 9-15, and then increased again during the last 2 days of drought
(Figure 2-10).

Metabolite levels of control plants differed between roots and shoots, with mean root concentra-
tions of 0.7 = 0.2 mmol g DW proline, 7.8 £ 1.3 mmol g DW malate, 20.3 + 4.3 mmol g* DW hexos-
es and 1.5 + 0.2 mmol g* DW sucrose (Figure 2-10). Due to the sucrose sink capacity of the taproot,
concentrations of root sucrose were in the millimolar range compared with the micromolar concen-
trations of the shoot. A steady increase in sucrose was observed for control plants, whereas proline,
malate and hexoses remained fairly stable (Figure 2-10). Under drought conditions, concentrations of
proline, malate and hexoses were not altered from day 1 to 3, increased slowly from day 3 to 9, fol-
lowed by a sudden steep increase (Figure 2-10). Different from leaves, root sucrose levels remained
lower than controls until day 9, followed by a short but significant increase on day 11, and a continu-

ous decrease thereafter (Figure 2-10).

Rewatering resulted in a transient increase in shoot hexoses and sucrose concentrations, exceeding
those of control plants. Concentrations returned to control levels after 7 (hexoses) and 9 (sucrose)
days respectively (Figure 2-10). The drought-induced increase in leaf proline was stopped after 2 days
of rewatering and proline decreased to control levels within 7 days (Figure 2-10). Malate concentra-
tions returned to control levels immediately after rewatering (Figure 2-10), but a strong malate peak
was observed 9 days into the rewatering period. Drought-induced increases in metabolite levels of
roots were reversed upon rewatering after a lag period of 2, 46, and 5-7 days for malate, proline,
and hexoses, respectively (Figure 2-10). Although malate and hexoses returned to control levels,

proline concentrations remained higher than controls until the end of the rewatering period.
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Figure 2-10: Concentrations of osmotically active compounds in young sugar beet shoots and taproots.

Concentrations of osmotically active compounds in (a-d) young sugar beet shoots and (e-h) young taproots under regular
water supply (control, closed circles), drought stress (open circles) and rewatering (triangles). The horizontal bar represents
the recovery period. Values are means ts.e., n=4. For each harvest day, significant differences to the control plants
(a=0.05) are indicated: *, P < 0.05 (drought treatment) and #, P < 0.05 (rewatering).
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2.4.7 Inorganic cation concentrations in taproots

In control plants, root Na*, K* and Mg?* concentrations decreased throughout the experimental peri-
od (Figure 2-11). Under drought stress, this decrease was slowed down (Na*), or stopped (K*, Mg?*)
during the last 6 days of drought, and final K* and Mg?* concentrations were significantly higher than
in controls. Upon rewatering, cation concentrations returned to control levels within 2 days (Na*), 6

days (K*) and 8 days (Mg?*), respectively.
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Figure 2-11: Inorganic cation concentrations in taproots.
Concentrations of (a) sodium (Na*), (b) potassium (K*), and (c) magnesium (Mg2*) in young sugar beet roots under regular

water supply (control, closed circles), drought stress (open circles) and rewatering (triangles). The horizontal bar represents
the recovery period. Values are means + SE, n=4. For each harvest day, significant differences to the control plants (a=0.05)
are indicated by asterisks (drought treatment) and rhombs (rewatering).

2.4.8 Contribution of metabolites and inorganic cations to osmotic adjustment

The overall mean relative contribution of metabolites and ions to OP between days 1 and 17 of the
experiment was different for shoots and roots, but was not significantly affected by the drought
stress treatment (Table 2-1). In shoots, the OP was generated predominantly by inorganic ions (con-

trol: 68 + 2%; stress: 77 + 4%) and only slightly by metabolites (control: 6.0 + 0.7%; stress:
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5.7+ 0.7%), whereas in roots the contribution was higher for metabolites (control: 23 + 2;
stress: 20 + 4%) compared with ions (control: 15 + 1; stress 16 + 2%). Under drought stress, osmotic
adjustment (OA) resulted in a significant reduction in OP from day 5 onwards (Figure 2-6). In order to
estimate which ions and metabolites were mostly responsible for this OA, we calculated the relative
contribution of each ion/metabolite to the AOP. In shoots, between 74% (P 1) and 91% (P Ill) of OA
were explained by the increase in ion concentrations, and K* alone accounted for up to 49% of OA,
followed by Na* (23%) and Mg?* (19%) (Table 2-2). Among the metabolites, only proline contributed
3.8% during day 9—-17 of the stress treatment, whereas the other metabolites remained below 1.5%.
In roots, the contribution of metabolites to OA increased over time and reached 25% during day 9—
17, but root ion contribution decreased with stress intensity from 25 to 17% (Table 2-2). Potassium
was again the main ionic contributor in roots, but while proline was the main metabolite contributing
to OA in shoots, sucrose played by far the dominant role in roots, explaining up to 23% of OA. All
other metabolites (including proline) contributed less than 1% to OA throughout the treatment peri-
od. Overall, up to 98% (shoots) and 43% (roots) of the OA could be explained by the analysed ions

and metabolites.

Table 2-1: Contribution of ions and metabolites to the osmotic potential of sugar beet leaves and taproots.
The shown values represent means of all days (1-17) of either control or drought stressed plants.

lons/ lons/

Shoot i Mean SE Roots i Mean SE
Metabolite Metabolite

Control K* 39.2 14 Control K* 12.9 0.8
Na* 14.4 0.6 Na* 1.4 0.1
Mg2* 15.2 0.9 Mg2* 1.1 0.0
lons total 68.3 1.8 lons total 154
Proline 1.0 0.1 Proline 0.2 0.1
Glutamate 24 0.3 Glutamate 0.4 0.0
Malate 1.1 0.2 Malate 0.1 0.0
Glucose 0.6 0.1 Glucose 0.1 0.0
Fructose 0.6 0.1 Fructose 0.2 0.0
Sucrose 0.3 0.0 Sucrose 22.4 2.1
Metabolites total 6.0 0.7 Metabolites total 23.3 2.11.0

Stress Na* 17.6 1.1 Stress Na* 1.5 0.2
K* 43.7 1.7 K* 3.7 2.0
Mg2* 15.6 1.7 Mg2* 1.1 0.1
lons total 76.9 3.9 lons total 16.1 1.9
Proline 1.9 0.4 Proline 0.1 0.0
Glutamate 1.6 0.1 Glutamate 0.4 0.1
Malate 0.9 0.2 Malate 0.3 0.1
Glucose 0.4 0.1 Glucose 0.2 0.1
Fructose 0.5 0.1 Fructose 0.2 0.0
Sucrose 0.4 0.0 Sucrose 19.2 3.8
Metabolites total 5.7 0.7 Metabolites total 204 4.1
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Table 2-2: Relative contribution of inorganic ions and metabolites to OA of shoots and taproots.
Since the first significant reduction in OP was detected on day 5 of the drought stress, contributions were calculated for

days 3-9 (P IlI: early protective metabolic adaptation) and day 9-17 (P llI: intensified metabolic responses and cell damage),
but not for day 1-3 (P I: initial phase characterized by stomatal closure). For an explanation of the phases, see also discus-
sion. Values are means of the respective days * s.e.

Organ Shoot Root

Phase Pl Pl Pl Pl
Days 3-9 9-17 3-9 9-17
Cation (%)

K* 42.1+223 49.3+5.4 20.1+5.0 14.4+2.7
Na* 22.6+10.1 22.8+25 3.1+1.4 1.7+0.4
Mg?* 9.3+3.1 19.4+3.9 1.9+0.6 1.2+0.2
Total 73.9 914 25.1 17.3
Metabolite (%)

Proline 1.4+0.9 3.8+0.8 0.1+0.01 <0.1
Glutamate <0.1 1.0+£0.5 0.5+0.1 0.410.1
Malate <0.1 1.1+05 0.2+0.04 0.81£0.2
Sum Hexoses 0.2+1.7 0.3£0.2 0.410.1 0.91£0.2
Sucrose 0.6+£0.2 0.7+0.1 44+1.5 23.3+7.1
Total 2.3 6.9 5.7 25.2
Others 23.8 1.6 69.2 57.5

2.5 DiscussIiON

2.5.1 Dynamic sequence of drought stress responses in young sugar beets

Three phases of drought response were distinguished on the basis of plant and soil water status
(RWC, OP, AT, WC.ub), membrane damage (EL, Table 2-3) and metabolites (proline, glutamate, mal-
ate, sum of hexoses, sucrose, (Table 2-2). During an initial phase from day 1-3 (P I), only an increase
in leaf temperature was detected as primary physiological adaptation reaction. Leaf temperature is a
proxy for transpiration, and has been shown to allow estimation of stomatal conductance (Costa et
al. 2013). The first signs of wilting became visible and parameters of plant water status and metabo-
lites changed significantly, but with a slow rate, from day 3 to 9 (P II). During the third phase (days 9—
17: P 1ll), physiological changes intensified at a significantly higher rate and were accompanied by

severe cell damage.

During P | and P IlI, no significant tissue damage was observed, although there was an initial water
loss from the cells when water availability decreased as indicated by the onset of tissue shrinkage. P |
and P Il were clearly distinct because the cooling effect of leaf transpiration was reduced rapidly and
predominantly during P | (day 1-3), whereas metabolic adjustment only started in P Il (day 3-9).
Drought induces a complex system of biochemical and molecular reactions enabling plants to initiate
adaptive responses, before visual symptoms such as wilting occur, and before plant growth is inhibit-

ed (Tuteja 2009). Metabolic changes in abiotic stress response can be considered to be differentiated
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into three levels (i) the immediate response to environmental alternations, (ii) the transient adapta-
tion to stress conditions and (iii) the new equilibrium established under extended stress conditions

(Obata and Fernie 2012).

Table 2-3: The dynamics of drought stress responses of young sugar beets.

The dynamics of drought stress responses of young sugar beets characterized by the parameters substrate water content
(WCsub, W/w, based on substrate FW), relative water content (RWC), osmotic potential (OP), electrolyte leakage (EL) and
temperature difference (AT). Phase | (P 1) is the initial stress phase characterized by stomatal closure; Phase Il (P Il) is the
early protective metabolic adaptation; Phase IIl (P Ill) is the intensified metabolic responses and cell damage. Values are
means of the respective days + s.e. For each parameter, values followed by the same letter do not differ significantly
(0=0.05)

Phase PI Pl Pl
Days 1-3 3-9 9-17
Parameter Unit
Substrate WCsub % 58 + 4b 42 +4b 30+1a
RWC % 87 +1b 76 £ 4b 44 + 43
oP MPa -0.8+0.1b -1.1+0.1b -2.3+0.1a
Shoot
EL % 11 +1a 21+3a 61 +9b
AT K 2.3+0.5a 0.8+0.1ab 0.2+0.1a
Root oP MPa -1.3+0.1b -1.7£0.1b -3.2+0.1a

In the present study, stomatal closure and cessation of transpiration were among the earliest reac-
tions in young drought stressed sugar beets, preceded adaptive responses of metabolism and can be
therefore referred to as a direct reaction to the environmental change. The rapid changes in AT are in
line with the limited ability of sugar beets to regulate transpiration under high evaporative demand
(Hanson and Hitz 1982). Rapid stomatal closure indicates a shift to a water-saving strategy of the
plants, but it also reduces CO; assimilation, and might lead to severely reduced yield (Cruz de Car-
valho 2008). This is especially detrimental in cases of moderate and intermittent drought spells early
in the growing season, where rapid stomatal closure might represent an undesirable trait in targeted
environments, especially if they are combined with a slow recovery of CO; assimilation upon rewa-

tering.

During metabolic adjustment in P Il, the drought stressed plants tried to establish a new steady-state
to cope with the changed water availability as reflected by the enhanced levels of e.g. sucrose, mal-
ate and proline. The comparison with the rewatered plants indicates that these changes can be in-
terpreted as adaptive processes, since the increased metabolic and physiological parameters de-
creased to control levels under rewatering. This phase would correspond to the transient adaptation
to stress conditions described by Obata and Fernie (2012). The significant changes of leaf sucrose,
malate or proline also point to alterations of carbon metabolism, probably directing the carbon flow

into pathways relevant for protective responses (Watkinson et al. 2003). In drought-stressed grape-
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vines, photosynthesis was maintained or repaired during the initial stress period (Cramer et al. 2013),
which resulted in an increased availability of carbon for the production of protective and osmotically
active metabolites such as proline, organic acids, or sugars, as soon as growth was inhibited (Hummel
et al. 2010). This is consistent with the present results, where leaf proline and sucrose started to

accumulate after 5-7 days, exactly when shoot growth was significantly reduced.

The most remarkable feature of P Il (day 9—17) was the occurrence of significant membrane damage,
indicated by increased ELs, which coincided with a drop in RWCs and OPs, first cell collapse and dis-
tortion of chloroplasts in palisade and spongy parenchyma. Drought is known to ultimately lead to
cellular damage by an overproduction of reactive oxygen species (ROS), caused by an over reduction
of the photosynthetic electron transport chain and increased Mehler reactions in response to a limi-
tation of CO, fixation, and increased photorespiration (Cruz de Carvalho 2008). Even though neither
ROS nor malondialdehyde — a degradation product of lipid peroxidation (Heath and Packer 1968) —
were determined in the present experiment, previous own experiments showed a significant correla-
tion (R? = 0.697, sig. at P < 0.05) between EL and malondialdehyde concentration (data not shown),
indicating that EL can be used as a proxy for cellular damage in sugar beet. The observed strong in-
crease of cellular damage during P lll fits well with a model proposed by Cruz de Carvalho (2008), and
indicates that ROS production is initially counterbalanced by antioxidative responses (P 1l), followed
by cellular damage once ROS production exceeds the detoxification capacity of the antioxidant sys-

tem (P III).

There is increasing evidence that plants can sense the degree of stress and activate distinct response
programs for mild and severe stresses (Watkinson et al. 2003). The common classification of drought
stress into ‘low’, ‘moderate’ and ‘severe’ is frequently based on soil water capacity (Hoffmann 2010)
or soil water potential (Hummel et al. 2010), but usually lacks information about the physiological
status of the plant, and thus the stress level perceived by the individual plant. It therefore remains
difficult to compare the stress response of plants from different experiments. Our results indicate
that cellular damage seems to be the critical factor causing the transition from P Il (representing
‘moderate stress’) to P Il (representing ‘severe stress’) in sugar beets during taproot development.
Since cellular damage can be easily assessed e.g. by EL, further studies should determine whether
critical values of EL, or rather critical increases in EL could be used to objectively distinguish between

moderate and severe stress in different plant species.

During the final 2 days of drought stress, an abrupt increase in shoot sucrose and proline concentra-
tions may indicate another shift in metabolism, possibly related to the beginning of senescence trig-
gered by ROS accumulation under severe drought stress (Munné-Bosch and Alegre 2004). Correla-

tions between sugar accumulation and leaf senescence are common, and sugar signalling is likely
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involved in the senescence response to drought stress (Wingler and Roitsch 2008). Despite the
sucrose accumulation during this late stress phase in shoots, the contribution to OA was only minor
(<1%, Table 2-1), which supports the idea that sucrose may function as a signalling molecule or
membrane stabiliser rather than as an osmoprotectant in sugar beet shoots (Bogeat-Triboulot et al.
2007). A significant proline accumulation was consistently observed in sugar beets under water defi-
cit (Gzik 1996; Monreal et al. 2007) and can be seen as another indicator of senescence resulting
from protein degradation (Hajheidari et al. 2005), as well as a protective mechanism contributing to

membrane stabilisation (Mansour 1998).

2.5.2 Osmotic adjustment in young sugar beet taproots

Sugar beet taproots seemed to intensify pathways related to protective compounds during P lll, as
indicated by the abrupt changes in OP and metabolites between days 9 and 11. Taproots are storage
organs characterised by a high accumulation of sucrose up to 19% of the root FW at harvest (Trebbi
and McGrath 2009). The present experiment was conducted when taproots had just started to be-
come a sink for sucrose, indicated by the slow but constant sucrose increase in control roots. The
high sucrose concentration enables sugar beets to establish a much lower OP in roots compared with
shoots, which might partly be responsible for the ability to compensate temporary water deficits.
Together with K*, sucrose was one of the main contributors to OA in roots. However, root sucrose
concentrations did not sufficiently increase under drought to completely account for the strong
drought-induced decrease in OPR. Other compatible solutes also increased during P Ill, but their con-
centrations were low compared with shoots, and their capacity to contribute to OA was limited, as
also indicated by the plateaus observed for proline and malate from days 11 to 15 when OPR still
continued to decrease. Despite the fact that these metabolites did not significantly contribute to OA
in taproots, their stress-induced increase still indicates other important roles, e.g. protective func-
tions against reactive oxygen species and thus membrane damage. Since the contribution of cations
to root OA also decreased over time, further studies are needed to identify other compounds con-
tributing 58—-69% of root OA during drought stress. Metabolites previously reported to increase in
taproots under drought are glycine betaine and glutamine (Mack and Hoffmann 2006), which were

not determined in this study, but may play a major role in OA of sugar beet roots.

2.5.3 Dynamics of the recovery process after transient drought stress

Even though it is commonly observed that field-grown sugar beets have a high capacity to recover
from temporary drought periods, very little is known about the underlying metabolic responses and
to what extent such recovery is complete (Choluj et al. 2008). In the present study, rewatering was
initiated when membrane leakage of the leaves started to intensify and cellular damage was con-
firmed by histological analysis. Wilting of young leaves and shrinkage of leaf tissues disappeared
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within 1 day of rewatering, but water status and metabolic changes for osmoregulation required
more time to return to control levels. Shoot and root growth resumed only after RWC and OP values
of both organs had nearly reached control levels, indicating that a sufficient cell turgor has to be es-

tablished before cell elongation resumes.

During the first 6 days of rewatering, leaf hexoses and sucrose concentrations increased beyond con-
trol levels, indicating that photosynthetic activity was immediately, at least partly, resumed. Howev-
er, growth was still inhibited and therefore sink capacity of shoots and roots was low, probably re-
sulting in the observed accumulation of soluble sugars in source tissues. Sugars returned to control
levels approximately at the same time as growth resumed, which indicates that accumulated sugars
served as energy and C source to facilitate the onset of growth after a transient drought period. Con-
tinuously decreasing shoot proline concentrations indicate proline turnover, and possibly the use of

proline as an alternative energy source during this initial recovery phase (Leprince et al. 2015).

We noted that AT required at least 9 days of rewatering before it returned to control levels and
adapted to the increasing water availability, even though cellular structures appeared fully functional
and RWCs returned to control levels after 7-8 days. This is in accordance with reports of persistently
reduced photosynthetic CO; assimilation following transient water stress (Chaves et al. 2009). The
physiological limitations for photosynthetic recovery after drought are not fully understood, but the
slow recovery of cellular membranes as indicated by ELs, supports the idea that photosynthetic elec-
tron transport in chloroplasts may have been impaired for a longer period of time due to membrane
damage (Sofo et al. 2004). Sustained (partial) stomatal closure, which was observed for different
species (Boyer 1976; Bogeat-Triboulot et al. 2007; Gallé et al. 2007) and lasted up to several weeks
after rewatering (Galmés et al. 2007), might be an alternative explanation for the observed slow re-
covery of leaf transpiration. Actually, stomatal limitations were most important in delaying photosyn-
thesis recovery of Vitis vinifera after rewatering, where stomatal closure recovered more slowly than
mesophyll conductance to CO2 (Flexas et al. 2012). It was hypothesised that sustained stomatal limi-
tation might be a physiological adjustment to prevent further water loss in anticipation of future
stress events (Gallé et al. 2007). Reduced CO; fixation and additional growth restriction due to sus-
tained stomatal closure could be alleviated by induction of malic enzyme activities (Guo et al. 2009),
providing an increased internal leaf CO, concentration (Doubnerova and Ryslava 2011). In the pre-
sent study, the rapid reduction of malate concentrations in roots upon rewatering and the transient
malate peak in shoots might be interpreted as malate export from roots to leaves, where it could

serve as an additional source of CO..

The lag phase for the recovery of OPR, proline, and malate concentrations in roots indicates that the

reversal of adaptive metabolic responses in roots occurs more slowly than in shoots. This makes
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physiological sense, because under field conditions, the root environment is less exposed to rapidly
changing environmental conditions, e.g. drought usually develops more slowly in the soil compared
with the air. A slow reversal of metabolic responses would keep the root ‘prepared’ for a subsequent
drought spell, which might be an energy saving mechanism under unfavourable conditions like re-

peated drought spells.

The sugar yield depends on the replacement of non-sucrose compounds by sucrose during taproot
growth under balanced water and nutrient supply, and it was suggested that sucrose storage was
likely constrained by elevated levels of osmolytes (Hoffmann 2010) or cations like K*, Na* and Mg?
(Saftner and Wyse 1980). This is consistent with the present results, where peaks of compatible so-
lutes and increased concentrations of cations during P Ill, coincided with a continuous decrease in
root sucrose concentration. Apart from reducing sucrose yield, high levels of osmolytes and ions ad-
ditionally impair the technical quality of the root by diminishing sugar crystallization (Van der Poel et
al. 1998). In a field study, 2 months of recovery were not sufficient after a 35 days drought stress to
prevent accumulation of Na* and a-amino-N compounds (Chotuj et al. 2008). In the present study,
however, osmolyte and cation concentrations of taproots returned to control levels within 8 days
after rewatering, indicating that transient drought stresses during early sugar beet development are
unlikely to result in negative effects on technical quality, unless the drought extends into the final
stage of beet development.

Overall, the presented results indicate that the analysed cultivar Pauletta almost completely recov-
ered during a rewatering period of 11 days after a transient drought spell of 9 days, which caused
alterations in water relations as well as significant membrane damage. However, different parame-
ters required different timespans for a full recovery to control levels, which might be relevant if
plants face repeated drought spells with only short recovery times. This study also indicates that a
single transient drought spell during the youth stage of sugar beet might affect the further plant de-
velopment not just by a temporary inhibition of root and shoot growth during the stress, but also by
reduced CO; assimilation lasting beyond the stress situation. Whether this may also affect final yield,
or can be compensated during the remaining growth period, likely depends on the subsequent water
availability. Further work is under way to establish whether (i) the dynamics of recovery are different
if rewatering is started before severe cellular damage occurs (i.e. during P Il), and (ii) genotypic dif-
ferences in speed and completeness of recovery can be used as traits for breeding sugar beets with a

high potential to compensate drought spells during early development.

2.5.4 Benefit of combining IRT and destructive analyses
The reliable detection of early stages of stress development is highly important in breeding pro-

grams, where a large number of cultivars need to be characterized under high-throughput condi-
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tions. IRT allows non-invasive high-throughput monitoring of plants under limited water supply
(Maes and Steppe 2012; Costa et al. 2013), implementable for field (Prashar and Jones 2014) and
greenhouse conditions (Grant et al. 2006). Its suitability to detect very early drought responses was,
however, not yet demonstrated. Similarly, invasive measurements have not been used successfully in
combination with non-destructive approaches to detect initial stress responses, and even though
they can be adapted to high-throughput conditions using robot based platforms (Gibon et al. 2004),
they are still time consuming and do not allow continuous measurements. The present study has
shown that IRT does indeed enable monitoring of the initial reduction in transpiration upon onset of
drought stress, which is before significant changes can be detected using destructive measurements.
Therefore, IRT might be a promising tool for rapid screening of initial stress responses of large num-
bers of genotypes and could accelerate large scale high-throughput phenotyping under controlled
environments (Munns et al. 2010). However, IRT alone is not able to distinguish later stress phases,
and thus fails to select genotypes differing in their response to more severe drought stresses. Care
should be taken when transferring results from greenhouse studies to field conditions, since plant
temperature in the field is influenced by various external factors such as plant architecture, soil tem-
perature, and weather conditions (Prashar and Jones 2014). However, the use of IRT technology in
the field is continuously improved (Zarco-Tejada et al. 2012; Lima et al. 2016), and may become a
valuable tool for pre-symptomatic detection of drought stress and optimised irrigation management,

e.g. in highly productive irrigated agricultural systems.

Non-destructive methods can assess genotypic differences of whole plant responses, e.g. early clo-
sure of stomata upon stress onset, or time required for recovery, but they provide limited infor-
mation on the underlying metabolic processes or genetically tractable traits (Berger et al. 2010).
Whether a slow recovery of transpiration is a genotypic trait, providing a sort of ‘predictive protec-
tion’ against future drought spells, or whether it is just a response to the extent of cellular damage of
the photosystem, cannot be assessed by non-invasive measurements alone. By combining non-
invasive and destructive measurements, the present study seems to indicate that slow recovery of
transpiration is correlated with cellular damage (ELs). This might open an opportunity to use non-
invasive measurements of recovery by IRT to select promising genotypes, which are less affected by
cellular damage during a preceding drought stress. Future experiments should be used to determine
whether the recovery time of transpiration depends on the stress intensity for a larger set of geno-
types, and whether sufficient variability exists between cultivars to be used in breeding programs

and/or phenotyping facilities.
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2.6 CONCLUSION

IRT was suitable to detect the initial drought-induced reduction in transpiration before significant
changes were identified by invasive (metabolic or physiological) analyses. However, IRT alone was
not able to distinguish more severe stress phases. During ongoing drought stress in young sugar
beets, initial stomatal closure was followed by a phase of protective metabolic adaptation, and finally
intensified metabolic responses coinciding with increasing cellular damage. Although most metabolic
parameters returned to control levels within 10 days of rewatering, leaf transpiration and membrane
damage recovered only slowly. This might have long-lasting effects on CO; assimilation during the
remaining growth period and thus final yield, and/or keep plants prepared to cope better with sub-
sequent drought events. For breeding purposes, speed and completeness of recovery could become
a useful trait. Combining non-invasive (IRT) phenotyping methods with the analysis of selected me-

tabolites can speed up the selection of better drought-adapted cultivars.
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3.1 ABSTRACT

Yield formation in regions with intermittent drought periods depends on the plant’s ability to recover
after cessation of the stress. The present work assessed differences in metabolic recovery of shoots
and roots of drought-stressed sugar beets with high temporal resolution. Plants were subjected to
drought for 13 days, and rewatered for 12 days. At one to two-day intervals, material was harvested
for untargeted 'H-NMR metabolomic profiling, targeted analyses of hexose-phosphates, starch, amino
acids, nitrate and proteins, and physiological measurements including relative water content, osmotic
potential, electrolyte leakage and malondialdehyde concentrations. Drought triggered changes in pri-
mary metabolism, especially increases in amino acids in both organs, but shoots and roots responded
with different dynamics to rewatering. After a transient normalization of most metabolites within 8
days, a second accumulation of amino acids in shoots might indicate a stress imprint beneficial in up-
coming drought events. Repair mechanisms seemed important during initial recovery, and occurred at
the expense of growth for at least 12 days. These results indicate that organ specific metabolic recov-
ery responses might be related to distinct functions and concomitant disparate stress levels in above-
and belowground organs. With respect to metabolism, recovery was not simply a reversal of the stress

responses.

3.2 INTRODUCTION

Yield stability under changing and variable water conditions is of strategic importance in securing food
for a still growing world population (Cattivelli et al. 2008). Although the yearly amount of precipitation
in Europe changed only marginally during the last 100 years, meteorologists observe a larger shift be-
tween the seasons, i.e. longer drought periods occur during spring and summer (EEA 2015). Hence,
crops are under increasing strain to cope with changing environmental conditions still maintaining high
productivities. In sugar beet production, climate change scenarios for the period 2021-2050 predict
drought-related yield decreases of about 1 t sugar ha-1 in northern France, Belgium and west/central
Poland (Jones et al. 2003). While the impact of progressive drought on the physiological and metabolic
processes of plants is frequently described, studies of metabolic plant responses to rehydration are
limited (e.g. Meyer et al. 2014; Morari et al. 2015; Lyon et al. 2016). Rapid recovery after drought
spells is a desirable trait for crops, particularly since plants are usually exposed to repeated drought

events throughout their life cycle, which may even progress in severity.

Recovery defines the time period after cessation of a stress until a new physiological and metabolic

equilibrium is established, and is a crucial step in metabolism. In response to a stress, physiological
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adaptations and modifications of the metabolism lead to the accumulation of metabolites, including
protective compounds that may confer tolerance or resistance to drought stress (Bhargava and Sawant
2013). Once the stress is terminated, recovery processes set in, and the plant must strike a balance
between the investment of resources into damage repair, maintained acclimation (priming for upcom-
ing stress events), or into new growth/reproduction (resetting) (Crisp et al. 2016). While resetting max-
imizes growth and yield under favorable conditions, it carries the risk of major and possibly fatal dam-
age if the stress recurs. Maintained acclimation, on the other hand, makes the plant “alert” for future
stress events (stress imprint), but comes at the cost of reduced growth or development and reduced
yield (Crisp et al. 2016). The latter authors argue that such a “stress imprint” is a rather rare event and
that return to the initial (pre-stress) metabolic and physiological state is more common, but metabolic
studies confirming this hypothesis are still scarce. It seems likely that intermediate forms of recovery
(to some extent, but not to the pre-stress level) might be more common, since they would represent
the most promising response strategy at least in regions where recurring stresses are usually erratic
and not predictable. Indeed, in a recent study it was shown that drought stress and subsequent recov-

ery in Medicago had distinct dynamics and were independently regulated (Lyon et al. 2016).

Under recovery the metabolic energy flows into preparation and adjustment for the reactivation of
photosynthesis and respiration (Chaves et al. 2009), highly-synchronized and sensitive processes that
are delicate to manage. For sugar beet, available studies of recovery processes after a drought spell
are mainly restricted to describe changes of the biochemical composition and sucrose accumulation of
the root (Bloch et al. 2006a; Hoffmann 2010), or handle the effect of transient and continuous drought
on yield, photosynthesis and carbon discrimination (Monti et al. 2006). To maintain a high yield, it is of
particular importance that shoots and roots recover quickly after drought to assure water and nutrient
uptake and to continue sugar accumulation. A better understanding of the similarities and specificities
of shoots and roots in metabolic adjustment and recovery after a transient drought is required, and is

a major objective of the present study.

The current work aimed at the identification and characterization of major metabolites of the primary
metabolism to uncover the metabolomic strategy of the transiently stressed sugar beets. The integrat-
ed use of metabolomic tools such as proton nuclear magnetic resonance spectroscopy (*H NMR) and
systems biology are powerful tools to gain a comprehensive overview of the involved pathways and
the identification of crucial compounds of the metabolic response (Obata and Fernie 2012). Since plant
metabolites are extremely diverse in their biological function as well as in their chemical structure, *H-
NMR analysis is an excellent tool to study not only the composition of compounds of the plant me-

tabolism, but also dynamic aspects as recently reviewed by Deborde et al. (2017).
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3.3 MATERIALS AND METHODS

3.3.1 Plant growth conditions

Seeds of Beta vulgaris L. cultivar Pauletta (KWS Saat AG, Einbeck, Germany) were cultivated in a com-
plete randomized block with four biological replicates for each harvest day and treatment as described
in Wedeking et al. (2016). During the experiment plants were grown under controlled conditions at
24°C day/18°C night temperature, 75 + 10% relative humidity and a photoperiod of 16 h light (> 250
umol m? st: SON-T Agro, 400W, Philips, Germany). Three times a day water and nutrients (1.4%o
Hakaphos blue, Compo Expert, Miinster, Germany) were supplied for 3 minutes each using a time con-
trolled, automated irrigation system, which resulted in a water content of 65-69% (w/w based on sub-
strate fresh weight (FW)) during pretreatment growth, corresponding to substrate pH values between

1.8 and 2.3.

3.3.2 Treatments and sampling

Treatments were initiated at BBCH 14-15 (Enz and Dachler 1997). Plants were then either watered as
before (control) for 25 days or subjected to intermitted drought, that means 13 days of progressive
desiccation with subsequent rewatering for 12 days (recovery period). For control plants, a substrate
suction of pF=2.3 was maintained, which corresponds to a substrate water content (WCsy) of 65 £ 1%
(w/w; based on substrate FW) and can be was considered as an optimum water supply (Wedeking et
al. 2016). Under desiccation, WCs,, decreased slowly to 52 + 4% (w/w) within 7 days, and then quickly
further to 27 + 1% (w/w; day 9). Finally, WCs reached 4 + 1% (w/w) at day 13. Under rewatering,
WCup resumed to 54 + 1% (w/w) after 9 days. To confirm that neither water logging nor water deficit
during the experimental period occurred, a subset of 15 pots was weighed every second day. Plants
were kept free of pests and diseases by integrated plant protection. To avoid uncontrolled side effects
triggered by circadian rhythm and metabolite concentrations plants were sampled 2 h after beginning

of the photoperiod.

During the desiccation period, plant sampling was every second day. Under recovery, plants were har-
vested daily for the first 4 days (days 13-16) and every second or third day until the end of the experi-
mental period. The youngest fully expanded leaf pair (YEL) and the root part 1.5 cm below the crown
were sampled for leaf and taproot analysis, respectively. The first YEL was used for the metabolite
analysis and the determination of malondialdehyde (MDA). The second leaf was halved. One half was
used for the analysis of osmotic potential (OP) and from the other half, six leaf discs (diameter 9 mm)
were punched out avoiding leaf veins, and used for the determination of relative water content (RWC)
and electrolyte leakage (EL) (Figure 3-1). For the analysis, plant material was directly processed (RWC,

EL), stored at -20°C (OP) or Plant material for the MDA determination and the
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metabolite analysis was immediately frozen and ground under liquid nitrogen (leaf) or lyophilized
(root), and stored at -80°C until further analysis. For TH-NMR analysis leaf material was also lyophilized
and stored at -80°C until further analysis. Material for OP was frozen at -20°C or directly processed

(RWC, EL).

First leaf Second leaf

Youngest first
fully expanded
leaf (YEL) matabolite
analysis
(HexP, starch,
TH NMR)

2% half:
9 mm leat
dises for the

determination
of EL and RWC

1% half:
Determination
of the osmotic
potential

/

Harvested part for the
taproot analysis

Figure 3-1: Harvest scheme of the young sugar beet plant and how the leaves were processed.
(A) Overview of the entire plant. The first leaf pair of the youngest fully expended leaves were sampled for physiological and
metabolomic analysis as shown in (B).

3.3.3 Biomass, relative water content, electrolyte leakage and osmotic potential
Fresh weights (FW) of shoots and taproots were recorded directly after harvest and dry weights (DW)
after drying at 70°C until constant weight was reached. The determination of EL, RWC and OP was

determined previously described in Wedeking et al. (2016).

3.3.4 Malondialdehyde

The analysis of Malondialdehyde (MDA) in leaves was determined according based on the thiobarbitu-
ric acid assay of Hodges et al. (1999), with modifications. All solutions were prepared fresh before use
and samples were determined in duplicate. For the extraction, 20 mg of frozen ground plant material
were homogenized with 500 uL 0.1% trichloroacetic acid (TCA). After centrifugation (3,500 g, 15 min,
RT) 150 L of the supernatant was mixed either with 150 pL of reagent 1 (Reagent 1 (R1): 0.01% 2,6-di-
tert-butyl-4-methylphenol in 20% (w/v) TCA), or reagent 2 (Reagent 2 (R2): R1 plus 0.65%
2-thiobarbituric acid). All samples were heated (at 95°C; for 30 min), cooled, and briefly centrifuged
(<1 min, 3,500 g, RT) and immediately measured at 440, 532 and 600 nm using a microplate reader
(Power Wave XS2, BioTek, USA). Malonaldehyde equivalents in nmol mL? were calculated according as
follows

A= [(AbS 532R2 - Abs 600R2) - (AbS 532R1 - Abs 600R1)]
B = [(Abs 440g; - Abs 600r2) X 0.0571]

MDA [nmol mL1) = 2= 5 16
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where 0.0571 corresponds to the ratio of the molar absorbance of 1'2® mM sucrose at 532 nm and 440
nm (Hodges et al. 1999) and, 41448 refers to the molar extinction coefficient (¢) of MDA calculated for
dloow_ = 0.264.

3.3.5 Proton NMR metabolomic profiling

Polar metabolites were extracted from beet root and leaf samples. Briefly, polar metabolites were
extracted from 20 mg of ground lyophilised powder with an ethanol-water series at 80°C (adapted
from Moing et al. 2004) using a pipetting robot (Hamilton, Bonaduz, Switzerland) with two technologi-
cal replicates per sample. The supernatants were combined, dried under vacuum and lyophilised. Each
lyophilised extract was solubilized in 500 pL of 100 mM deuterated potassium phosphate buffer solu-
tion pH 6.0, containing 3 mM ethylene diamine tetraacetic acid disodium salt (EDTA), adjusted with
KOD solution to pH 6 when necessary, and lyophilised again. The lyophilised titrated extracts were
stored in darkness under vacuum at room temperature, before *H-NMR analysis was completed within

one week.

For H-NMR analysis, 500 pL of D,O with sodium trimethylsilyl [2,2,3,3-d4] propionate (TSP, 0.01%
mg/mL final concentration for chemical shift calibration) were added to each lyophilised titrated ex-
tract. The mixture was centrifuged at 17,700 g for 5 min at room temperature. The supernatant was
then transferred into a 5 mm NMR tube for acquisition. Quantitative *H-NMR spectra were recorded at
500.162 MHz and 300 K on a Avance Il spectrometer (Bruker Biospin, Wissembourg, France) using a 5-
mm ATMA broadband inverse probe, a 90° pulse angle and an electronic reference for quantification
(Digital ERETIC, Bruker TopSpin 3.0). The assignments of metabolites in the NMR spectra were made by
comparing the proton chemical shifts with literature (Fan 1996) or database values (MERy-B: Ferry-
Ferry-Dumazet et al. 2011; Deborde and Jacob 2014; HMDB: Wishart et al. 2013; BMRB
http://www.bmrb.wisc.edu), by comparison with spectra of authentic compounds and by spiking the
samples. For assignment purposes, *H-1H COSY, *H-13C HSQC and 3C NMR spectra were acquired for
selected samples. The identified metabolites are indicated in Table 1. For absolute quantification three
calibration curves (glucose and fructose: 1.25 to 50 mM, glutamate and glutamine: 0 to 15 mM) were
prepared and analysed under the same conditions. The glucose calibration was used for the quantifica-
tion of all compounds, as a function of the number of protons of selected resonances except fructose,
glutamate and glutamine that were quantified using their own calibration curve. The metabolite con-
centrations were calculated using AMIX (version 3.9.10, Bruker) and Excel (Microsoft, Redmond, WA,

USA) software.
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3.3.6 Hexose phosphates

The determination of the glycolytic intermediates glucose-6-phospahte (G6P) and fructose-6-
phosphate (F6P) was based on Cross et al. (2006) with modifications. For the ethanolic extraction 20
mg and 10 mg of shoot and taproot was used. The powdered material was extracted as previously
described in Wedeking et al. (2016). For the analysis of G6P, 75 uL of assay mix 1 consisting of 0.2 M
tricine/KOH pH9 with 10 mM MgCl,, 100 u mL* glucose-6-phosphate dehydrogenase grade Il (G6PDH,
E.C. 1.1.1.49), 2.5 mM NADP and ultrapure water were added to 5 puL of the ethanolic extract. After 20
min incubation at RT, 20 uL of 0.5 M sodium hydroxide (NaOH) was added and samples were incubat-
ed for 10 min at 98.5 °C in a dry bath. Then, 20 pL of 0.1 M Tricine/KOH pH 9 containing 0.5 M hydro-
gen chloride (HCI) were added to the cooled and briefly centrifuged (1 min, 1000 g, RT) samples. Final-
ly, assay mix 2 consisting of 0.2 M Tricine/KOH pH 9 with 10 mM MgCl,, 500 u mL? G6PDH grade | (EC:
1.1.1.49), 200 mM EDTA pH 8, 250 mM G6P, 10 mM phenazine methosulfate (PMS) and 10 mM thiazol
blue tetrazolium bromide (MTT) were added, and samples were immediately measured at 570 nm
(37 °C, kinetics: one read every 30 s) using a microplate reader (Safas M96, Monaco). For the analysis
of F6P, 30 pL of assay mix 1 consisting of 0.2 M Tricine/KOH pH 9 with 10 mM MgCI2, 100 u mL?
G6PDH grade Il, 2.5 mM NADP and ultrapure water were added to 10 uL of the ethanolic extract and
incubated for 20 min at RT. Subsequently, 10 uL 0.25 M HCI were added and samples were incubated
for another 5 min at RT, before 10 pL of assay mix 2, consisting of 100 u mL™* G6PDH grade I, 20 u mL™*
phosphoglucoisomerase (PGl, EC: 5.3.1.9) and ultrapure water were added. After incubation for 20 min
at RT, 20 uL 0.5 M NaOH were added and samples were incubated for 10 min at 98.5 °C in a dry bath.
Before 20 pL of 0.1 M Tricine/KOH pH 9 with 0.5 M HCl were added, samples were cooled and briefly
centrifuged (1 min, 1000 g, RT). Finally, 52 uL of assay mix 3 consisting of 0.2 M Tricine/KOH pH 9 with,
10 mM MgCl,, 1000 u mL* G6PDH grade I, 200 mM EDTA pH 8, 250 mM G6P, 10 mM PMS and 10 mM
MTT were added and samples were immediately measured at 570 nm (37 °C, 1 read every 30 s) using a
microplate reader. Both, G6P and F6P concentrations were calculated based on the regression equa-

tions of standard solutions (0 to 10 uM G6P and F6P respectively).

3.3.7 Starch

Starch was determined in form of glucose equivalents, using the pellet from the ethanolic extraction of
the hexose phosphates. After resuspension in 400 puL 0.1 M NaOH, samples were heated at 95°C for 30
min, cooled, homogenized and centrifuged (1000 g, 5 min). Subsequently, samples were hydrolyzed by
adding 0.5 M HCI with acetate/0.1 M NaOH buffer, pH 4.9. For the starch degradation, 35 pL of the
thoroughly mixed sample were transferred into a new 96-well plate, adding 65 pL of a degradation mix

consisting of 250 uL Amyloglucosidase (EC: 3.2.1.3), 3 uL a-amylase (EC: 3.2.1.1) and 50 mM acetate
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buffer pH 4.9. Finally, samples were digested for 10-16 h at 37°C. Before the determination of the glu-

cose as previously described (Wedeking et al. 2016), the plate was centrifuged (1000 g, 10 min, RT).

3.3.8 Nitrate

Root and shoot samples were diluted with 0.1 M potassium phosphate buffer, pH 7.5. Standards were
prepared with 10 pL (0/0.25/0.5/0.75/1/1.5/2 mM mL? sodium nitrate in 96 % EtOH). For the analysis,
95 uL of the assay mix containing nitrate reductase (NR; EC: 1.7.1.2) were added to the samples. Blanks
were prepared with the assay mix without NR to determine the nitrite amount in the samples. In case
of the assay mix for the blanks, NR was replaced with 0.1 M potassium buffer, pH 7.5. Afterwards, all
samples were homogenized and incubated for 30 min at RT in the dark. Then, 15 pL of 0.25 mM PMS
were added, samples were mixed again and incubated for another 20 min at RT. Subsequently, 60 pL
of 1 % sulfanilamide (w/v) in 3 M phosphoric acid and 60 uL of 0.02 % (w/v) N(1-
Naphtyl)ethylemdiamine dihydrochloride (NNEDA) in 3 M phosphoric acid were pipetted and samples
were mixed. After 10 min of incubation in the dark (RT), samples were measured immediately at

540 nm.

3.3.9 Total amino acid content

For the analysis, 3 uL of ethanolic extract for all samples and SDs (0/0.032/0.063/ 0.125/0.25/0.5/1
mM mL? glutamate sodium salt in 70 % EtOH (v/v) 0.1 M HEPES/KOH, pH 7) were added with 15 pL0.1
M sodium borate buffer, pH 8, 100 pL of ultrapure water and finally 90 uL 0.1 % fluorescamine (w/v) in
acetonitrile. Due to its light sensitivity fluorescamine was added in the last pipetting step, and the fluo-
rescence was measured after incubation for 5 min at RT in the dark, at 405 nm for the excitation and at

485 nm for the emission. The glutamate SD was always prepared fresh.

3.3.10 Statistical analysis

Statistical analyses were performed with SPSS 23.0 (SPSS Inc., New York, USA). Significant differences
between the treatments were analyzed using a non-parametric test for independent scores. Hence, a
one-factorial ANOVA according to Kruskal-Wallis (Duncan, a=0.05) with the stepwise step-down pro-
cedure, was performed. To explore the multidimensional data set, a correlation based principal com-
ponent analysis (PCA) was performed. A Kaiser-Meyer-Olkin (KMO) value of >0.80 and a significant
Bartlett test (p<0.001) for sphericity indicated that PCA after unit variance scaling was suitable. The
analysis was done with a matrix of 84 samples for each plant part (2 treatments, 14 harvests, 3 biologi-
cal replicates), 2 factors (treatment, day) and 27 or 26 variables for shoot and root, respectively. Ro-
tated orthogonal components (Varimax rotation) with eigenvalues >1 were extracted and relative
scores were determined. Values calculated for the heatmaps represent the change of each analysed

metabolite relative to the control for the respective day.
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3.4 RESULTS

3.4.1 Plants overcome drought-induced impairments of plant water status and membrane
stability

During progressive drought, the soil water content (SWC) decreased slowly within the first 7 d and

then faster until d 13 (Figure 3-2) Under these conditions shoot dry weight (DW) was not significantly

reduced compared to controls (Figure 3-2), which developed slowly from BBCH 16-17 (6-7 leaves, d 1)

to BBCH 17-19 (7-9 leaves, d 25), but plants subjected to drought had a significantly higher root DW at

the end the drought period (Figure 3-2).
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Figure 3-2: Change of biomass of sugar beet shoots and roots.

Plant dry weight of sugar beets shoots (A), roots (B) of control (closed circles) and rewatered (open circles) plants. Plants were
rewatered after 13 d as indicated by the dashed line. The area plot represents the gravimetric soil water content based on
substrate (SWC w/w %). All values are means * s.e. (n=4). Significant differences to the control plants (Duncan, a=0.5) are
indicated by *P < 0.05.

The RWC (Figure 3-3 A) dropped significantly after d 7 and reached a minimum value of 37 +2 % on d
11 of drought, while the largest decrease in OP (Figure 3-3 B) was observed between d 9 and 13 of
drought with final values of 1.56 + 0.2 MPa. Leakage (Figure 3-3 C) and MDA (Figure 3-3 D), both indi-
cators of membrane damage due to lipid peroxidation, were measured and first signs of membrane

damage in the shoot were observed after 7-9 d of desiccation.
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Figure 3-3: Parameters of plant water status and membrane damage.
Relative water content (RWC, A) osmotic potential (OP, B), electrolyte leakage (EL, C) and malondialdehyde (MDA) concentra-
tions (D) of the shoot under regular water supply (closed circles) and temporary drought (open circles). The area plot repre-
sents the gravimetric soil water content based on substrate (SWC w/w %). Plants were rewatered after 13 d as indicated by
the dashed line. All values are means = s.e. (n=4). Significant differences to the control plants (xx, a=0.5) are indicated by *P <

0.05.

After the onset of rewatering, younger leaves of stressed plants regained turgor within 2 d, but oldest
leaves did not fully recover until the end of the experiment (Figure 3-4). A lag period of 5 d was ob-
served before stressed plants started regrowth, but they maintained a low relative growth rate of only
26% (shoots) and 31% (roots) of the control growth rates between d 14 and 25 (Figure 3-1 A). Both,
RWC and OP showed a lag-phase of 2 d after the onset of rewatering, before they started to recover,
and then reached control levels within 1 d (RWC) and 2 d (OP), respectively (Figure 3-3 A, B). MDA
returned to control levels within 4-6 d. However, EL continued to increase for 1-2 d into the rewatering

period, but then recovered more quickly compared to MDA and reached control levels within 3 d

(Figure 3-3 C, D).
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Control - ; Temporary drought before rewatering B
Day 13 W A\ Day 13

Control Temporary drought before rewatering D
Day 15 Day 15 — 2 days after rewatering

Control Temporary drought before rewatering F
Day 25 Day 25 — 12 days after rewatering

Figure 3-4: RGB Images of temporarily drought-stressed sugar beets.
Young Beta vulgaris plants under regular water supply (control) at day 13 (A), 15 (C) and 25 (E) with the respective drought
stressed (B) and rewatered plants (D, F).

3.4.2 Temporary drought leads to changes in primary metabolism

Overall, 30 metabolites were identified by *H-NMR, including five carbohydrates, 17 amino acids (AA),
five organic acids, two quaternary ammonium compounds and one alkaloid (Table 3-1, Figure 3-5 for
representative spectra). For the comparison of drought induced changes (1-13 d) and the differences

between shoots and roots (13-25 d) under rewatering, metabolic maps were created showing the log2-
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fold change between well-watered and drought-stressed/rewatered plants for each harvest day
(Figure 3-6).

Table 3-1: Chemical shifts used for identification and quantification of metabolites in *H-NMR spectra.
Chemical shifts of sugar beet roots and leaves polar extracts (in D,0), expressed as relative values to the TSP resonance at 0

ppm. s: singlet, d: doublet, dd: doublet of doublets, t: triplet, m: multiplet.

8'H (ppm) Shoot (S) Identification

Compound Group Multiplicity D20 pH 6 Root (R) status?
Soluble sugars
Fructose o(C3H+C5H)+BC5H m 4.12 S 2
a-Glucose C1lH d 5.22 SR 1
B-Glucose C1H d 4.65 SR 1
B-Glucose C2H t 3.25 SR 1
Raffinose Galactosyl-C1H d 5.00 SR 1
Sucrose Glucopyranosyl-C1H d 5.42 SR 1
UDP-glucose-like C1H ribose m 5.98 R 3
Organic acids
Citric acid C2H»+C4H; dd 2.58 SR 1
Formic acid ClH s 8.46 S 2
Fumaric acid C2H+C3H s 6.52 R 2
Malic acid C2H dd 4.30 SR 1
Amino acids and other amino compounds
Alanine C3H3 d 1.48 SR 1
Arginine C7H2 m 1.63 S 1
Asparagine % (C3H2) m 2.88 SR 1
Aspartic acid % (C3H2) % dd 2.82 SR 1
GABA C2H2 t 2.30 R 1
Glutamic acid C3H2 m 2.36 SR 1
Glutamine C4H; m 2.46 SR 1
Isoleucine C6Hs s 1.02 SR 1
Phenylalanine C5H+C6H m 7.41 SR 1
Proline C4H> m 2.33 SR 2
Pyroglutamic acid C2H dd 4.17 SR 1
Serine C2H> m 3.97 SR 1
Tryptophan C7H d 7.55 SR 1
Tyrosine C3H; d 6.91 SR 1
C2H> d 7.19 S 1
Valine C4H3 d 1.04 SR 1
C5H3 d 1.00 SR 1
Choline N-C3H3+N-C4H3+N-C5H3 s 3.20 R 1
Glycine betaine N-C3H3+N-C4H3+N-C5H3 s 3.27 SR 1
C2H2 s 3.83 SR 1
Trigonelline C2H s 9.17 S 2
Other compounds
Xanthine_like C2H s 8.46 R 3
UnknownS8.29 s 8.29 S 4
UnknownS5.35 s 5.35 R 4
UnknownS5.25 s 5.25 S 4
UnknownS2.75 s 2.75 R 4

UnknownD1.84 d 1.84 S 4

2 |dentification level according to MSI (Sumner et al. 2007): 1, Identified compounds (checked with standard); 2,
Putatively annotated compounds; 3, Putatively characterized compound classes; 4, Unknown.
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Representative 'H-NMR spectra of sugar beet shoots and roots.

Figure 3-5
Two representative 'H-NMR spectra in different magnifications of polar extracts of shoots (A) and roots (B) of well-watered

Beta vulgaris plants at day 15 of the experimental period. Numbers in the left upper corner correspond to the magnification

of the selected section. Resonances are annotated according to Table 3-1.
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Temporary drought caused a change of several metabolites including sugars, organic acids, compatible
solutes and especially AA in both organs (Figure 3-6 A). In leaves, opposite effects were observed for
sucrose and starch, where sucrose levels increased, while starch concentrations decreased towards
the end of the desiccation period (Figure 3-6 A; Figure 3-7). The quantifiable intermediates of the TCA
cycle (citrate, malate, fumarate) were only marginally affected during drought, with the exception of a
reduction of fumarate levels in roots (Figure 3-6 A). Drought induced metabolic reprogramming result-
ed in an increase of total amino acids (AAt), as well as decreases in nitrate and protein (Figure 3-8). The
most significant increase was observed for branched chain amino acids (BCAA: leucine, isoleucine,
valine), alanine derived from pyruvate, and aromatic amino acids (AAA: tryptophan, phenylalanine,
tyrosine) derived from phosphoenolpyruvate, with the maximum change observed for phenylalanine
(>200 fold in shoots, >70 fold in roots). Especially in shoots, drought-induced increases in glutamine,
pyroglutamate, arginine, and proline were associated with a decrease of their precursor glutamate
(Figure 3-6 A). Correspondingly, an increase of asparagine in shoots was accompanied by a decrease of
its precursor aspartate. The quaternary ammonium compound glycine betaine (GB) and proline also
accumulated towards the end of the stress in shoots, but only marginally in roots, where the GB in-
crease was nevertheless associated with a decline of its precursor choline (Figure 3-6 A). Overall, the
metabolic pathway map indicates that under drought stress, glycolysis and TCA cycle were rather

downregulated, while levels of AA were significantly enhanced.
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Caption Figure 3-6

Differences in the IH-NMR metabolomic profile during 13 days of progressive drought and rewatering. (A) Drought treatment,
day 1-13, (B) Rewatering day 14-25. The first row indicates the metabolic alterations in the shoot, the second row indicate the
changes in the root. Red and blue colors indicate the log,-transformated abundance (log2 Fold change, log,FC) of each me-
tabolite relative to the controls. Grey boxes indicate that the respective metabolite was not identified (shoot only: Fructose,
starch, formic acid, gallic acid, unkS5.25, unkD1.84. Root only: UDPG-like sugar, choline, GABA, xanthine-like metabolite,
unkS2.75, unkS5.35.). Asterisks (*) indicates that metabolites were determined by robotized enzyme assays (G6P, F6P, starch,

total amino acids (AA total), nitrate, total protein).
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Figure 3-8: Targeted analysis of nitrate, totoal amino acid content and total protein content.
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3.4.3 Different dynamics in shoots and roots during the recovery process
The majority of the increased metabolites under drought approached or returned to control level be-
tween d 15-18 (2-5 d after rewatering, DAR), with the notable exception of starch, which increased
throughout the recovery period and reached significantly higher values at the end of the experiment
compared to controls (Figure 3-6). Some distinct differences were observed between shoots and roots
(Figure 3-6 B). In shoots, glucose (and similarly fructose) quickly dropped below controls at the begin-
ning of rewatering, but then showed a second transient peak, from d 15-16, while in roots, glucose
only slowly returned to control levels (d 23).

Citrate and malate increased slightly during rewatering in shoots and roots, while fumarate
(only detectable in roots) remained lower than control levels throughout the recovery. In shoots, re-
watering mostly reversed the drought induced increases of AA within 5 d of rewatering (d 18), while
accumulated AA decreased more slowly, but constantly, in roots and reached control levels at d 23.
Notably the AAAs, and less pronounced leucine, valine and GB, showed a second strong increase to-
wards the final days of the rewatering in shoots, but not in roots.

A major difference between roots and shoots was the response of serine, which was more
strongly induced by drought in roots, where it only slowly returned to control levels during rewatering,
and also showed a strong second increase towards the end of the rewatering period, similar to the

dynamics observed for AAAs in shoots. Summarized, the observed dynamics in the metabolite abun-
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dance indicate distinct alterations in the metabolic activity of the involved pathways under drought

and recovery, and between shoots and roots.

In order to search for metabolites that were the most important indicators for stress and recovery, and
to assess whether and how the drought induced changes were reversed under rewatering, a principal
component analysis (PCA) was performed for each plant part using a matrix containing the data of 27
(shoots) and 26 (roots) quantified metabolites in 84 samples for each shoots and roots (Figure 3-9).
The PCA allowed to visualize the separation of the different time points, and to identify the metabo-

lites involved in the dynamic response.

For the shoot PCA (Figure 3-9 A, B), the first two principal components (PCs) explained 53.6% of total
variability, with 40.0% for the first principal component (PC1) and 13.6% for the second principal com-
ponent (PC2). In the scores plot (Figure 3-9 A), PC1 separated a large group containing control, mildly
stressed (<d 9) and late rewatered (>d 15) samples on the negative side from a group containing sam-
ples taken at later stages of drought and early rewatering (d 9 15, positive side), indicating that PC1
seems related to drought stress intensity. PC2 tended to separate younger (~d 1-15, negative side),
from older plants (~d 16-25, positive side), suggesting that PC2 seems related to shoot development.
However, this separation was less clear than for PC1, in line with a more gradual change in metabolism
throughout development. The trajectories (Figure 3-9 A) visualize the differences in metabolic patterns
over time between control and drought stressed/rewatered plants.

Comparison of the scores plot (Figure 3-9 A) and loadings plot (Figure 3-9 B) showed that the
samples taken at later stages of drought and early rewatering tended to have higher contents in a
range of AA including tyrosine, tryptophan, phenylalanine, pyroglutamate, leucine, isoleucine, valine
and glutamine. Along PC2, the younger plants seemed characterized by higher contents of trigonelline,

and the older ones by higher contents of citrate.

For the root PCA (Figure 3-9 C, D), the first two PCs explained 68.3% of total variability (PC1 50.6%, PC2
17.7%). In the scores plot (Figure 3-9 C), PC1 separated one large group containing control plants, mild-
ly stressed (<d 11) and plants of late rewatering (>d 16) on the negative side, from a smaller group
characterized by samples taken at later stages of progressive drought and early rewatering (d 11-16)
on the positive side, which indicates that PC1 also seems related to stress intensity. PC2 tended to
progressively separate samples at early stages on its negative side from samples at late stages of de-
velopment on its positive side. Comparison of the scores plot (Figure 3-9 C) and loadings plot (Figure
3-9 D) showed that the samples taken at later stages of drought and early rewatering tended to have
higher contents in a range of amino acids similarly to leaves and also sucrose and GB. Roots at the later

stages had higher contents in aspartate, glutamate and raffinose.
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Figure 3-9: PCA scores and loadings of drought-stressed sugar beets.
Result of the principal component analysis (PCA) of the IH-NMR profiles. Scores plot of the shoot (A) and root (C), loadings

plot of shoot (B) and root (D); samples size n=3. The PC1 x PC2 plots represent 53.6% and 68.3% of total variance for shoots
and roots, respectively. In the scores plot circles represent control plants and triangles represents temporary stressed plants.
Trajectories in the scores plot represent the temporal development of metabolic response during the treatments (blue arrow,
control; bicolored arrow: red: drought, green: rewatered. Abbreviations: Asn, asparagine; Asp, asparagine; Gaba, y-
aminobutyric acid; GB, glycine betaine; GIn, glutamine; Glu, glutamate; lle, isoleucine; Leu, leucine; Val, valine; Phe, phenylal-
anine; Pro, proline; Pyro-Glu, pyroglutamate; Ser, serine; Trp, tryptophan; Tyr, tyrosine; UDPG-like, uridine diphosphate glu-
cose-like; unk, unknown compound.
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The PCA of both roots and shoots confirms that major stress-induced metabolic changes occurred dur-
ing the final 3-5 d of progressive drought and lasted for another 3 d into the recovery period, which
exactly mirrors the response of water relations (RWC, OP) and of membrane damage (EL, MDA) during
the stress and the recovery phase. In both organs the rewatered samples showed a reversed trajectory
(Figure 3-9 A, C) and rewatered samples clustered again with controls between d 16-17, indicating the
transitory nature of the metabolic changes triggered by progressive drought. However, in roots, sam-
ples taken between d 23-25 showed a tendency to separate again from the control plants along PC1
(Figure 3-9 C), suggesting that after 10 DAR (d 23), roots were metabolically distinct from non-stressed

conditions, whereas this did not seem to be the case in shoots.

3.5 DiscussioN

3.5.1 Damage repair was important during recovery and involved glycine betaine
Drought stress triggers various physiological and biochemical responses in plants. For sugar beets,
which have only a limited ability to regulate transpiration (Hanson and Hitz 1982), the adaptation of
the metabolism after a drought spell is especially relevant. While drought induced metabolic changes
have been extensively described (Bloch et al. 2006b; Choluj et al. 2008; Wu et al. 2014), little is known
about the dynamics and completeness of metabolic recovery in Beta vulgaris. In the present study,
young plants suffered from significant membrane damage and lipid peroxidation after 13 d of progres-
sive drought before the onset of rewatering. Based on a previous study, sugar beets are severely, but
not lethally stressed under these conditions (Wedeking et al. 2016).

The typical accumulation of primary metabolites such as soluble carbohydrates, organic and
amino acids as well as amides was observed at the end of the drought period in both organs (Figure 3)
and is consistent with other studies (Meyer et al. 2014). While after 12 d of rewatering physiological
parameters had returned to control levels, metabolites, especially AAAs, recovered only slowly. This is
not surprising, since many processes need to be rearranged under rewatering to reach a new balance,
and metabolic adjustments are needed to coordinate investment of resources into damage repair and
resumed growth (Sims et al. 2012). In addition, shoots ensure photosynthesis to maintain energy sup-
ply, while roots warrant water and nutrient uptake. This requires different sets of metabolites even
under well-watered conditions, and during and after drought, resources need to be re-distributed to
ensure efficient recovery strategies in each organ (Gargallo-Garriga et al. 2014). The distinct functions
of shoots and roots likely result in different stress levels and consequently distinct dynamics of meta-

bolic responses as outlined below.
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Lipid peroxidation caused by reactive oxygen species (ROS) is commonly observed under severe
drought. As functional membranes are indispensable for photosynthesis, nutrient and water uptake or
respiration, it can be assumed that the repair of membranes has priority during recovery. However,
detoxification of ROS is an energy consuming process and requires large amounts of reductive power
for enzymatic and non-enzymatic scavenging (Pinheiro and Chaves 2011). The continued increase of EL
in shoots during the first two days of rewatering and the slow recovery of MDA indicate that either the
supply of reductants was not available or that ROS scavenging systems were not fully recovered shortly

after the onset of rewatering.

Chen and Murata (2002) argue that the fate of cellular components under stress depends on the bal-
ance between damage and repair rather than the severity of the damage alone, and that elevated ROS
levels hinder repair processes, even before the damage is measurable. They suggest that compatible
solutes such as GB and proline protect the protein-synthesizing machinery from oxidative stress, thus
maintaining conditions under which repair mechanisms occur at high rates. Compatible solutes thus
fulfil a double role by conferring osmotic adjustment (OA) under drought, as well as contributing to a
high rate of repair during recovery. In Beta vulgaris, GB is a constitutive cytoplasmic compatible solute,
and can accumulate to considerable amounts under stress conditions (Chen and Murata 2011). It is
likely that shoot membranes suffer more severe damage than those of roots, since a drought-induced
imbalance between photosynthetic activity and growth results in an enhanced production of ROS. In
the present study, both GB and proline increased in both organs very late during the drought period,
and their accumulation was higher in shoots compared to roots. In summary this may indicate that
they were involved in protection rather than OA during the final phase of drought, and enabled neces-

sary repair mechanisms as suggested by Chen and Murata (2002).

Elevated GB levels in sugar beet roots could negatively affect sugar yield in two different ways. Firstly,
GB reacts with sucrose during processing and thus impairs sugar crystallization (van der Poel et al.
1998) and secondly, its biosynthesis is energy consuming, since the synthesis of 1 mol GB requires ap-
proximately the same energy input as 1 mol sucrose (Hitz et al. 1982). Hence, energy and photosyn-
thates used in this reaction are neither available for sucrose storage nor for other processes related to
economic yield. In the present study GB concentrations returned to control levels within 12 d of rewa-
tering, but it remains to be seen whether additional drought events might lead to maintained high GB

concentrations and thus lower sugar yields.
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3.5.2 Metabolic adjustment occurred at the expense of regrowth

Drought affects plant growth and yield and even short-term water deficits can induce significant yield
losses in sugar beet, particularly when arising during early development (Brown et al. 1987). Here,
plants resumed growth under rewatering, but maintained a lower growth rate in both organs until the
end of the experiment, suggesting a need for allocating C to metabolic adjustment, continued energy
supply and an efficient damage repair after cessation of the stress.

The transient increase in root biomass compared to controls during the final days of drought
was mainly due to the progressive formation of a network of fine side roots, rather than an increase of
the taproot (data not shown). A dense mat of side roots increases the soil volume that can be exploit-
ed for water, but redirection of resources into side roots occurs at the expense of taproot formation
and ultimately reduced incorporation of sucrose (Hoffmann 2014). It is therefore likely that an early
impairment of the taproot formation might contribute to sucrose yield losses at harvest (Brown et al.
1987), and it remains to be determined whether this can be compensated during development, espe-

cially if future drought spells arise.

3.5.3 Drought-induced carbon re-allocation is only partly reversed during rewatering

Under drought, C allocation patterns are changed in order to distribute resources to the sites where
they are most needed during acclimation and, after stress release, restauration processes (Bohnert
and Sheveleva 1998). Here, drought led to elevated levels of soluble sugars in shoots, which were par-
alleled by a decrease in starch. Decreasing starch levels in drought-stressed shoots have been previ-
ously observed in sugar beet (Fox and Geiger 1986) and other crops (Zrenner and Sitt 1991), and result
from an inhibited starch biosynthesis (Geigenberger et al. 1997) or enhanced turnover to provide solu-
ble sugars for OA (Usadel et al. 2008).

Rewatering reversed the drought induced changes of sucrose and starch, clearly indicating that
photosynthesis quickly recovered after rewatering. Interestingly, starch levels reached and maintained
values which were significantly higher than the controls throughout the second half of the rewatering
period. Since growth resumed only after d 18 (5 DAR) and at reduced rates, it is possible that inhibited
growth contributed to the observed accumulation of starch. It would be interesting to see whether
starch concentrations return to control levels after a longer recovery period, or whether this is a long-
lasting stress imprint affecting sugar metabolism throughout development. Alternatively, starch syn-
thesis and degradation follow a circadian regulation, which can be compromised under drought
(Greenham and McClung 2015). Under regular water supply, leaves accumulate starch during the day
and remobilize it at night to support metabolism and growth (Zrenner & Sitt, 1991). It cannot be ruled

out that drought-induced perturbations of the diurnal pattern of starch metabolism were involved in
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the observed starch accumulation during rewatering, and further studies should include measure-

ments of diurnal starch variations.

3.5.4 Amino acids accumulate during drought and respond differently to rewatering

The PCA indicates that AA represented the dominant loadings under severe stress in both roots and
shoots (Figure 3-9). In other words, the increase in AA was indicative for the transition from mild to
severe drought stress. Increasing AA concentrations, and especially AAAs and BCAAs, were frequently
observed under drought in leaves and roots of several species (tomato: Semel et al. 2007; Arabidopsis:
Binder 2010; barley: Bowne et al. 2012; maize: Witt et al. 2012). Due to their slow catabolism, these
AA represent an excellent pool to rebuild proteins after the stress ends. The AA pool can be fed either
by N assimilation, or by chlorophyll and protein turnover. Here, the increase in AA was accompanied
by decreasing total protein concentrations in both organs, which might indicate enhanced proteolysis
provoked by the stress in combination with a slow catabolism of AA (Aradjo et al. 2011). However, the
AA accumulation under drought was preceded by a significant drop in NOs™ concentrations (Figure 3-6).
Since NOssupply and uptake into the root are likely inhibited under drought (Ruffel et al. 2014), such a
drop in plant NOs™ levels could be an indicator for continued N-assimilation, at least during the first
days of drought and as long as the NOs™ pool was not exhausted. Indeed, this would be an excellent
valve to get rid of excess energy caused by drought-induced growth inhibition, while photosynthesis is
still functioning. However, other studies indicate rapid inhibition of nitrate reductase (NR) activity un-
der drought in different species (Foyer et al. 1998; Robredo et al. 2011). Additional experiments are

under way to assess N-assimilation and NR activity in drought stressed sugar beet.

Under rewatering, levels of BCAAs and AAAs returned to control levels within several days, but more
slowly in roots compared to shoots. Under conditions of limited resources, BCAAs as well as AAAs play
a role in mitochondrial respiration (Araujo et al. 2011; Pires et al. 2016), and can be catabolized into
the TCA cycle to contribute to the cellular energy metabolism (Galili et al. 2016). In addition, BCAA-
derived metabolites such as fatty acids and acyl sugars contribute to plant growth, defense and flavor
(Ding et al. 2012), which may be beneficial for the recovery process. The more rapid decrease of BCAA,
aspartate, asparagine and phenylalanine levels in shoots during rewatering might indicate that these
AAs were important in contributing to the energy supply in photosynthetic tissues, which were severe-
ly damaged by ROS formation, while newly assimilated C was first used to repair essential structures
before being translocated to roots. Longer maintenance of elevated AA levels in roots might also be
attributed to an overall slower recovery of protein synthesis and growth in belowground organs

(roots).
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Surprisingly, AAAs only transiently returned to control levels in shoots, and a second strong in-
crease was evident towards the end of the rewatering period, which was not observed in roots. Aro-
matic AAs serve as precursors of secondary metabolites including anthocyanins, which in turn are pre-
cursors of lignin and suberin, and auxin, which plays a leading role in plant organ formation. At this
point it can only be speculated that the second increase in AAAs in shoots could indicate an increased
demand for these substances during the onset of regrowth or represents a stress imprint, which might
confer a competitive advantage during future drought events (Crisp et al. 2016).

Another difference between roots and shoots was the stronger drought-induced increase of ser-
ine in roots. Serine is involved in various biological processes such as cell proliferation, C-1 metabolism,
signaling and sphingolipid biosynthesis and serves as precursor for tryptophan biosynthesis (Benstein
et al. 2013) Hence, sufficient serine concentrations are fundamental for all tissues to ensure plant de-
velopment, and evidence for its involvement in abiotic and biotic stress responses is increasing (Galili
et al. 2016). However, an explanation for the observed additional increase towards the end of the re-

watering period is currently not known.

3.6 CONCLUSION

The untargeted H-NMR metabolomic approach delivered a detailed metabolic picture of temporarily
drought stressed Beta vulgaris plants. Drought-induced changes in primary metabolism as well as im-
pairments of plant water status and membrane stability were mostly reversed within 12 d of recovery,
but clearly different recovery dynamics were observed in roots and shoots, possibly related to the
distinct functions and the need for efficient recovery strategies in each organ. This difference is re-
flected in the PCA results, which indicated that roots sampled at the end of the rewatering period were
metabolically distinct from non-stressed plants, while this was not the case in shoots. Only in shoots
we detected a second increase in AAAs towards the end of rewatering. At this point it remains unclear
whether this indicates an increased demand for AAAs during the onset of regrowth, or whether it rep-

resents a stress imprint which might be beneficial during an upcoming drought spell.

Damage repair seemed to be particularly important during the initial recovery phase. The late increase
of GB and proline towards the end of the drought period especially in shoots might indicate their pro-

tective function specifically for the maintenance of favorable conditions for cellular restauration.

Even though the targeted analysis of further metabolites such as nitrate indicated a continued N-
assimilation at least during the initial days of drought, metabolic adjustments and repair processes

during recovery occurred at the expense of growth for at least 12 days. Whether this reduced growth
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rate or perturbation in the diurnal starch metabolism accounted for the observed significant increase

in starch during the recovery period still awaits verification.

Overall, it can be concluded that drought and recovery are two distinct processes subject to different
regulatory mechanisms actively driven by the plant. While progressive drought leads to acclimation
processes required for a new metabolic steady-state under increasing water limiting conditions, rewa-
tering results in a re-distribution of resources to ensure the recovery process, in an organ specific

manner.
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This thesis focused on the physiological and metabolic characterization of young sugar beets under
progressive drought and during rewatering. One objective was to provide the chronology of physio-
logical and metabolic changes under progressive drought and to demonstrate how these relate to a
phenotypic approach using infrared thermal imaging. Further, the underlying metabolic mechanisms
under rewatering of temporarily drought-stressed sugar beets were studied with special emphasis on
differences between shoots and roots. Here, an untargeted *H-NMR approach in combination with
targeted analyses of hexose-phosphates, starch, amino acids, nitrate and proteins, and physiological
measurements including relative water content, osmotic potential, electrolyte leakage and
malondialdehyde concentrations was performed. To reach these aims, an obligatory requirement
was the development and implementation of a reliable and reproducible test system that allowed
the controlled implementation of progressive drought and recovery during rewatering under green-
house conditions as well as a sufficient, cost-effective and rapid analysis of physiological and meta-

bolic changes.

The underling methodical and analytical setup is presented with detailed background information
and can be used as a handbook for the daily laboratory work. One particular advantage of the target-
ed metabolite assays is that they can be used in small scale as well as for robotized metabolite anal-

yses in high throughput systems.

The protocols of the enzyme based metabolite assays, that were primarily developed for the model
plant Arabidopsis thaliana, were adapted to the different matrices of B. vulgaris and within the net-
work project CROP.SENSe also to barley (H. vulgaris). However, it should be noted that the sample
preparation of sugar beet roots was quite work intensive due to the high water content when it
comes to the homogenization of the fresh plant material by mortar and pestle. An important out-
come is here, that the use of an ultra-turrax® for the homogenization under liquid nitrogen is highly
recommended. Besides a reduced manual work-load, sample preparation is accelerated and thus

degradation processes can be reduced.

In case of the ethanolic extraction of freeze dried root material for the *H-NMR analysis it can be
concluded that the dried and ground powder considerably expands upon addition of the extraction
buffer. While this is easy to handle if samples are prepared ,by-hand” this property is critical when

using pipetting robots. Here, a test run and adjustment of the pipetting unit is highly recommended.

Although sample preparation and analysis of plant material for a metabolic approach by *H-NMR is
time-consuming and more expensive in comparison to other metabolomics technologies such as GC-
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MS or LC-MS, *H-NMR has an advantage regarding metabolites such as the quaternary ammonium
compound glycine betaine, which are difficult or even impossible to detect by other technologies.
Although the applied extraction provided detailed insights into of the metabolic changes in the pri-
mary metabolism, high amounts of glycine betaine in the shoot and the high sucrose content in the
taproot partly hindered the characterization and identification of metabolites. Here, a previous puri-

fication step to get rid of sucrose and glycine betaine might improve the analysis.

By means of the invasive and non-invasive analysis of drought-stressed and rewatered sugar beets it
was possible to characterize the dynamic development of distinct stress phases under drought and
rewatering. Although IRT allowed the detection of the initial impairment of leaf transpiration within
the first day of drought stress, only the destructive approach facilitate the differentiation of a phase
of metabolic adjustment together with redirection of carbon flow into protective mechanisms and a
subsequent phase of membrane destabilization and cellular damage caused by reactive oxygen spe-
cies. Only the combination of destructive and non-destructive methods allowed the differentiation of
the complete sequence of physiological changes induced by drought stress. This finding could be of
special relevance for the selection of phenotypes that are adapted to early drought. Under rewater-
ing, shoots of B. vulgaris rapidly re-established water relations, but membrane damage and partial
stomatal closure persisted longer, which could have an impact on subsequent stress events. Tap-
roots, however, required more time to recover the water status and to readjust primary metabolites

than shoots.

The combined approach of the untargeted *H-NMR and targeted metabolite analysis together with
physiological measurement of growth and the plant water status allowed the allowed the identifica-
tion and characterization of major metabolites of the primary metabolism. While this revealed the
metabolic strategy of the temporarily drought stressed sugar beets it was also shown that drought-
induced changes in primary metabolism, changes of plant water status and membrane stability were
mostly reversed within 12 days of recovery. In particular the clearly distinct recovery dynamics ob-
served in roots and shoots, which were possibly related to the different functions of organs and their
need for an efficient recovery. This was also emphasized by findings of the PCA, indicating that the
roots sampled at the end of the rewatering period were metabolically distinct from control plants,
while this was not the case in shoots. The second increase of AAAs at the end of the rewatering peri-
od was unique for shoots. However, it remains open whether this indicates an increased demand for
these amino acids during the onset of regrowth, or whether it represents a stress imprint which

might be beneficial during an upcoming drought stress event.

While the extent of membrane damage was demonstrated by microscopic investigations, damage

repair of ROS induced injuries of membrane systems seemed to be of particular importance during
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the early recovery phase. The late increase of glycine betaine and proline towards the end of the
drought period especially in shoots might indicate the protective function of these metabolites spe-

cifically for the maintenance of favorable conditions for cellular restauration.

Even though the targeted analysis of further metabolites such as nitrate indicated a continued N-
assimilation at least during the initial days of drought, metabolic adjustments and repair processes
during recovery occurred at the expense of growth for at least 12 days. Whether this reduced growth
rate or perturbation in the diurnal starch metabolism accounted for the observed significant increase

in starch during the recovery period still awaits verification.

Finally, it can be concluded that the metabolism of young sugar beets can efficiently deal with severe
transient drought stress and further, that drought and recovery are two distinct processes subjected
to different regulatory mechanisms which are actively driven by the plant. This is underlined by the

reaction of shoots and roots, reacting in a distinct physiological and metabolic manner.

While progressive drought leads to acclimation processes required for a new metabolic equilibrium
under the increasing water deficit, rewatering results in a re-distribution of resources to ensure the
recovery process, in an organ specific manner. This work provides tools to tailor phenotyping ap-
proaches for drought tolerance and underlying metabolic alteration in particular if invasive and non-

invasive approaches such as IRT are combined.

Further work is on the way, where proteomic and transcriptomic issues are addressed with the aim
to identify regulatory key mechanisms enabling sugar beets to rapidly react to episodic stress events.
The first analysis of the leaf proteome revealed and induced protein adjustment and transcript analy-
sis will hopefully reveal insights of the regulatory processes of stress endurance and the subsequent
recovery process. Here, a complementary analysis of identified key enzymes of the primary metabo-

lism is possible.
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