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Summary

Summary

According to United Nations estimates, the world population will continue to grow and the climate
will become more unpredictable over the next decades. On the one hand, this places high demands on
agricultural production and, on the other hand, challenges for stable production under unstable
growing conditions. Plant breeding is crucial to provide cultivars that produce high yields under
unstable conditions such as drought stress. Climate require adaptation to unstable conditions.
Therefore, it is a valuable approach to consider plant genetic resources (PGR) and deciding on the
choice of crop. PGR are necessary to provide a basis of genetic variation for plant breeding. High-
throughput phenotyping (HTP) is a useful tool for testing PGR for drought tolerance. Although the
costs of genotyping have fallen in recent decades, phenotyping is still costly and time-consuming.
With HTP, plants are imaged repeatedly in the greenhouse or in the field without being destroyed.
These images are evaluated for traits characteristics such as biomass (estimated biovolume), plant
height, mean color value or even the yellow to green color ratio. HTP can be supplemented with an
imaging system for photosynthesis using chlorophyll fluorescence, so that physiological traits can
also be precisely recorded.

The PGR of wheat also includes wild emmer. Genotypes of wild emmer were selected to integrate the
advantageous phenotypes for drought stress in elite cultivars. With targeted backcrossing it takes
several generation cycles to create the Near-isogenic lines (NIL). These carry only a quantitative trait
locus (QTL) from wild emmer wheat and are otherwise the elite cultivar. This means that the
disadvantages of wild emmer wheat, such as spindle brittleness, were excluded. An HTP experiment
was conducted to test this material over its entire life cycle. This confirmed the effect of the QTLs,
which had already been documented in field experiments, and provided further insights. One QTL
causes the stay-green effect, i.e. delayed ripening and thus a longer grain-filling phase, which in turn
led to an increased thousand-kernel weight during the drought stress. This effect could be determined
exclusively via color traits with HTP for single days.

Chickpea is a protein-rich, robust crop that can fix nitrogen from the air. Currently, chickpea
production is focused on India and Australia. As a result of climate change and increased demand, the
cultivation of chickpeas in southern Europe is becoming more attractive. In the usual growing regions
in India and Australia, drought stress is prevalent during the final growth phase. However, with
unpredictable climatic conditions, tolerance to drought stress in the vegetative development phase is
essential. 60 genotypes of chickpea PGR were tested for the first time on an HTP system in drought
stress with subsequent rewatering. Phenotypic variation was observed. In addition, the two types of
chickpea, desi and kabuli, were compared. Desi is the predominant commercial type in India, with
black, green or beige seeds. In addition, the plants and chickpeas are smaller and have a rough surface.
Kabuli is the type marketed in Europe. The chickpeas and plants are larger and have an exclusively
beige, smooth seed coat. Genotypes of the desi type were significantly more tolerant than kabuli
genotypes under drought stress and showed more dynamic growth when rewatering.

Chlorophyll fluorescence measurements most often include the maximum quantum yield (F,/Fn) and
the operating efficiency of photosystem II (®PSII), as these traits are practical to measure. The heat
emission of photosynthesis, non-photochemical quenching (NPQ), is rarely measured. To measure
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NPQ, fully dark adaptation is necessary, as well as a phase in which the plants re-adapt to the light,

followed by a further dark adaptation. Since the first measurement point for dark-adapted plants is
the very constant value F,/Fn for healthy plants, it can be measured once for the plants in the
experiment and does not have to be measured every time for NPQ. Furthermore, further adaptation
to darkness can be accelerated by applying far-red light (700-750nm wavelength). Far-red light
ensures that the electrons move from photosystem II to the next electron acceptor, plastoquinone.
These aspects bring a temporal advantage. An adapted measurement protocol for theoretical NPQ
(NPQm)) was successfully implemented for HTP with the 60 genotypes of chickpeas. NPQ has recently
been put in a new light by two publications with tobacco and soybeans. It was found that the plants
had significantly higher yields and biomass production if they were able to quickly shut down the
NPQ protective mechanism during the transition from high light to low light. The tolerance of the desi
genotypes to drought stress could also be further dissected using NPQ(r). A more efficient release of
excess energy and a higher plasticity of desi for NPQ could contribute to the better tolerance under
drought stress.

HTP can be engaged to screen PGR for breeding under drought stress. It was shown how chickpeas
can be selected for drought stress tolerance. Furthermore, NPQ was measured for the first time with
HTP and further highlighted the drought tolerance of desi chickpeas. There will always be challenges
when combining or comparing two experiments. This applies to field as well as greenhouse studies.
Therefore, experiments in different environments should complement each other and be conducted
in accordance with good scientific practice. HTP can be used to screen for PGR or to examine advanced
breeding material NIL or contrasting genotypes precisely and with traits from daily image recordings.
In addition, HTP studies in controlled environments are leading the way, as studies can be conducted
in simulations of future climate conditions.
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Zusammenfassung

In den nichsten Jahrzehenten wird die Weltbevolkerung laut Schatzungen der Vereinten Nationen
weiter zunehmen und das Klima unbestindiger werden. Das stellt zum einen hohe Anforderungen an
die landwirtschaftliche Produktion und andererseits Herausforderungen an eine stabile Produktion
bei unsteten Bedingungen. Pflanzenziichtung ist entscheidend um Sorten bereitzustellen, die hohe
Ertrage unter unsteten Bedingungen wie Diirre bringen. Die klimatischen Anbaubedingungen fordern
Anpassungen an unstete Bedingungen. Daher ist es ein wertvoller Ansatz, Pflanzen Genetische
Ressourcen (PGR) in Betracht zu ziehen und auch iiber die Wahl der Kulturpflanze zu entscheiden.
PGR sind notwendig um eine Grundlage an genetischer Variation fiir die Pflanzenziichtung zu geben.
Um die PGR hinsichtlich ihrer Diirretoleranz zu testen, bietet sich High-throughput Phenotyping
(HTP) an. Zwar sind die Kosten flir Genotypisierung in den letzten Jahrzehnten gesunken,
Phénotypiserung ist immer noch Kkostenintensiv und zeitaufwadndig. Mit HTP werden im
Gewdchshaus oder im Feld Pflanzen zerstorungsfrei und wiederholt fotografiert. Diese Bilder werden
fiir zahlreiche Merkmale wie die Biomasse, das geschitzte Biovolumen, Pflanzenh6he, den mittleren
Farbwert oder auch das gelb zu griin Farbverhaltnis ausgewertet. Erganzt werden kann HTP mit
einem Bildgebungssystem fiir Photosynthese mittels Chlorophyll Fluoreszenz, sodass auch
physiologische Merkmale prazise erfasst werden.

Zu den PGR von Weizen gehort auch der wilde Emmer. Genotypen vom wilden Emmer wurden
ausgewahlt, um die vorteilhaften Phinotypen wihrend Diirre in Elitesorten zu integrieren. Bei einer
gezielten Riickkreuzung dauert es mehrere Generationen, bis die Near-isogenic Lines (NIL)
entstehen. Diese tragen nur einen Quantitativen Trait Loci (QTL) von wildem Emmer und sind
ansonsten die Elitesorte. Das bedeutet, das Nachteile vom wilden Emmer, wie zum Beispiel
Spindelbriichigkeit ausgeschlossen werden. Um dieses Material iiber den gesamten Lebenszyklus zu
testen wurde ein HTP Experiment durchgefiihrt. Damit konnte der Effekt der QTLs, welcher in
Feldexpeimenten bereits dokumentiert wurde, bestétigt und weiter aufgeklart werden. So bewirkt
der eine QTL den stay-green effect, also eine verspétete Abreife und damit langere Kornfiillungsphase,
die wiederum zu einem erhéhten Tausendkorngewicht wahrend der Diirre gefiihrt hat. Diesen Effekt
konnte man ausschliefdlich iiber Farbmerkmale mit HTP fiir vereinzelte Tage bestimmen.
Kichererbsen sind eine proteinreiche, robuste Kulturpflanze, die Stickstoff aus der Luft binden kann.
Derzeit fokussiert sich der Anbau auf Indien und Australien. Im Zuge der klimatischen Veranderungen
und erh6hten Nachfrage wird der Anbau von Kichererbsen in Siideuropa interessant. In den iiblichen
Anbauregionen in Indien und Australien ist Trockenstress wahrend der finalen Wachstumsphase
vorherrschend. Mit unsteten klimatischen Bedingungen, ist jedoch eine Toleranz zu Trockenstress in
der vegetativen Entwicklungsphase essentiell. Sechzig Genotypen der PGR der Kichererbse wurden
erstmals auf einem HTP System im Trockenstress mit anschlief3ender Wiederbewdasserung getestet.
Es konnte eine phinotypische Variation festgestellt werden. Zudem wurden die beiden Typen der
Kichererbse desi und kabuli verglichen. Desi ist der vorherrschende Vermarktungstyp in Indien, hat
schwarz, griin oder beige Kérner. Zudem sind die Pflanzen und Kichererbsen kleiner und haben eine
raue Oberflache. Kabuli ist der Typ der in Europa vermarktet wird. Die Kichererbsen und Pflanzen
sind grofier und besitzt eine ausschliefdlich beige glatte Samenschale. Genotypen des Typen desi

Dissertation — Madita Lauterberg



6
Zusammenfassung
waren signifikant toleranter als Genotypen von kabuli im Trockenstress und zeigte ein

dynamischeres Wachstum bei der Wiederbewasserung.

Mit Chlorophyll Fluoreszenz werden meistens die maximale Quantenausbeute (F,/Fn) und die
Nutzungseffizienz des Photosystem Il (operating efficiency ®PSII) gemessen, da diese Merkmale
praktikabel zu messen sind. Die Warmeabgabe der Photosynthese, das non-photochemical quenching
(NPQ) wird selten gemessen. Um NPQ zu messen, ist vollkommene dunkel-adaptation notwendig
sowie eine Phase in der sich die Pflanzen wieder an das Licht adaptiert, gefolgt von einer weiteren
dunkel-adaption. Da der erste Messpunkt bei dunkeladaptierten Pflanzen der sehr konstanter Wert
fiir Fv/Fn fiir gesunde Pflanzen ist, kann dieser auch einmal fiir die Pflanzen des Experimentes
gemessen werden und muss nicht jedes Mal fiir NPQ gemessen werden. Zudem kann die weitere
Adapation an Dunkelheit mit der Applikation von Far-red light (700-750nm Wellenldnge)
beschleunigt werden. Far-red light sorgt dafiir, dass die Elektronen sich von dem Photosystem II
weiter zum nachsten Elektronenakzeptor, dem Plastoquinone bewegen. Diese Aspekte bringen einen
zeitlichen Vorteil. Ein angepasstes Messprotokoll fiir theoretischen NPQ (NPQ(r) wurde fiir HTP mit
den sechzig Genotypen der Kichererbsen erfolgreich umgesetzt. NPQ wurde erst kiirzlich durch zwei
Publikationen mit Tabak und Sojabohnen in neues Licht geriickt. Es konnte festgestellt werden, dass
die Pflanzen einen deutlich hoheren Ertrag und Biomasse Produktion haben, sofern sie den
Schutzmechanismus NPQ beim Ubergang von viel Licht zu wenig Licht schnell wieder runterfahren
konnten. Auch fiir Trockenstress konnte die Tolerance von den desi Genotypen mittels NPQr) weiter
aufgeschliisselt werden. Eine effizientere Abgabe der tberfliissigen Energie und eine hdhere
Plastizitat von desi fiir NPQ kénnten zu der besseren Toleranz unter Trockenstress beitragen.

HTP kann angewendet werden um PGR fiir die Ziichtung unter Trockenstress zu untersuchen. Es
konnte gezeigt werden, wie Kichererbsen fiir Trockenstresstoleranz selektiert werden koénnen.
Dariiber hinaus wurde NPQ das erste Mal mit HTP gemessen und hat die Toleranz von desi
Kichererbsen gegentiber Trockenstess weiter herausgestellt. Es wird immer Herausforderungen
geben, wenn zwei Experimente kombiniert oder miteinander verglichen werden sollen. Das gilt fiir
Feld- sowie Gewdchshausstudien. Daher sollten Experimente in unterschiedlichen Umwelten
einander erginzen und im Sinne der guten fachlichen Praxis durchgefithrt werden. HTP kann
verwendet werden, um PGR zu sichten oder um gezielt Zuchtlinien wie NIL oder kontrastierende
Genotypen prazise und mit Merkmalen aus tdglichen Bildaufnahmen zu untersuchen. Zudem sind
HTP Studien in kontrollierten Umwelten wegweisen, da Studien in der Simulation von zukiinftigen
Klimabedingungen durchgefiihrt werden kénnen.
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General Introduction

1. General Introduction

1.1 Agriculture in a changing climate

Modern civilization was founded on agriculture. Today, agricultural and horticultural products are
used for food, in the pharmaceutical industry, as a source of energy in industry, as animal feed and as
fiber. Ensuring sustainable and equitable production to feed nourish a growing population is a global
challenge for agriculture in a changing climate (Godfray et al., 2010).

Drought and the unpredictability of precipitation constitute a particular challenge. Globally, an
increase in days without precipitation and the duration of drought stress periods as well as an
increase in the intensity and frequency of wet extremes is expected (Giorgi et al., 2019). Along with
an increase in temperature, that less precipitation is to be expected in Europe and the Mediterranean
area (Figure 1) (Shiogama et al., 2022; Spinoni et al., 2018).
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Figure 1: Spatial patterns of differences in future temperature and precipitation changes. Differences in future
temperature changes (2051- 2100 minus 1851-1900 of hist+4.5, °C) between the OWM and the CWM of CMIP5
and CMIP66-8 (OWM minus CWM). The black hatches indicate that differences are significant at the +10% level
based on Welch’s t-test. Figure adapted from figure 3b in reference (Shiogama et al., 2022)

It was estimated that global wheat production falls by 6% with each degree of warming (Asseng et al.,
2015). A yield increase would be necessary, but in the recent decades yield stagnation in major
production areas for wheat has been documented (Ray et al., 2012). This is due to socio-economic or
political reasons, due to climate change and the genetic yield potential. It essential to adapt crops to
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upcoming environmental conditions (Tester & Langridge, 2010). To increase the production of high-

quality food under challenging conditions, legumes should be considered (Cullis & Kunert, 2016). Due
to limited economic supply chain and other dominant crops, legumes, such as chickpea, received little
attention of researchers, breeder, producers and consumers (Cullis & Kunert, 2016). Since they are
more tolerant to harsh conditions and harbor valuable nutrients, it is time to investigate and improve
their potential and give them the attention they deserve (Bellucci et al., 2021).

1.2 Chickpea— orphaned legume with potential

Next to soybean (Glycine max), common bean (Phaseolus vulgaris) and common pea (Pisum sativum),
chickpea (Cicer arietinum L.) is the fourth most important legume (Semba et al., 2021).

Legumes, also known as pulses, are rich in protein and minerals and can play an important role in
intercropping or crop rotations as they are capable to fix nitrogen from the air (L6pez-Bellido et al,,
2011). They are a part of the global diet and are gaining in importance as an alternative to reduced
meat consumption (Foyer et al., 2016). This could be seen in the increase in the global production of
legumes by 548.6 % between 1961/63 — 2014/16 (Nigam et al., 2021). The production of chickpea
increased from 7.7 mio tin 1961 to 18.2 mio t in 2022 of which 13.5 mio t were produced in India
(FAOSTAT, 2024) (Figure 2). Furthermore, chickpeas are produced in East and North Africa. In
Europe, production is mainly located in Russia, Spain, Italy and the Balkan. In Europe, the cultivation
of chickpeas was higher in the in the 1960s or 1990s. Cultivation declined due to falling demand and
the difficult growing conditions caused by pathogen Ascochyta rabiei or Ascochytes blight (Bretag et
al,, 2008; Fanning et al,, 2022; Singh et al., 2022).

- HarvestedArea
= Production

16! - Yield /

v
12+ \/

Yield [dt/ha]
HarvestedArea [million ha] / Production [million t] /

1960 1980 2000 2020
Year

Figure 2: Harvested area, production and yield of chickpea worldwide. FAO STAT, 19.02.2024

Chickpea have the wild ancestor C .reticulatum and originate from the fertile crescent around 7,000
to 8,000 years ago (Gupta et al, 2016; Tanno & Willcox, 2006; Varshney et al.,, 2019). During

Dissertation — Madita Lauterberg



9
General Introduction
domestication, loss of seed dormancy, larger and more erected growing plants, larger seed sizes and

reduced pod shattering were changed subsequently.

Chickpea is an annual and self-pollinating crop and reach a height of 0.2 - 0.5m with a bushy growth
type, needs no vernalization and a minimum temperature of 12 °C for growth (Duarte, 2022). The
yield components include the plant per square meter, the pods per plant, the number of seeds per pod
and the seed weight. There is usually one seed per pod, but sometimes two seeds per pod, called
double podding (Eker et al., 2022; Rubio et al., 2004). It is not certain whether double podding leads
to higher yields.

Nowadays, two types of chickpea are differentiated: desi and kabuli. Desi is multi-colored and has less
biomass and yield than kabuli, but is more tolerant to drought. Seeds of kabuli are of beige color with
a larger size. Plants tend to be bigger. Based on the growth and seed morphology, desi is closer to the
wild type C. reticulatum than kabuli (Gupta et al., 2016). One could assume, that crossing the two types
of chickpea would lead to an improved intermediate type (Bayahi & Rezgui, 2018). Problematic is that
an intermediate type is not requested by the consumers.

The genome of chickpea and the super-pangenome, based on eight annual Cicer wild species, have
been published (Khan et al,, 2024; Varshney, Song, et al., 2013). The chickpea genome is diploid (2n
= 2x = 16), has a size of 738 Mbp and about 28,269 estimated genes. This published genome of
chickpea and super-pangenome of Cicer wild species can be helpful for a more targeted crop
improvement for challenging climate conditions.

1.3 Wheat — feeding the world population

Bread wheat (Triticum aestivum) and durum wheat (T. durum) are one of the most important crops
worldwide. They provide feed and food for billions of people every day. In 2022, the worldwide
production of wheat was 808 million tonnes and wheat was consumed mainly in baked goods such
as bread or in pasta (FAOSTAT, 2024). Wheat is grown worldwide, with India and China being the
main producers.

Wheat belongs to the famility of Poacea and originates from the fertile crescent. Bread wheat and
durum wheat developed through allopolyploidization 10,000 years ago (Avni et al. 2017).
Allotetraploid wild emmer (7. turgidum ssp. diccocoides, BBAA) originates from a hybridization of T.
urartu (AA) and a now extinct, closely related species of Aegilops speltoides (B-like genome) (Avni et
al. 2017). Domesticated emmer (7. turgidum ssp. dicoccum, BBAA) was developed by selecting
spontaneous hulled seed mutants from wild emmer. Further selection for free-threshability during
the domestication led to durum wheat (T. turgidum ssp. durum, BBAA). In addition, a hybridization
of domesticated emmer and diploid Aegilops tauschii (DD) resulted in bread wheat (T. aestivum,
BBAADD).

Besides, it was selected for grain size and a non-fragile rachis was one of the most important traits
of domestication (Charmet, 2011).
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T .urartu related with A. speltoides

AA BB progenitor

T turgidum ssp. dicoccoides
wild emmer
BBAA

T turgidum ssp. dicoccum

domesticated emmer A. tauschii
BBAA DD
T turgidum ssp. durum T aestivum
durum wheat bread wheat
BBAA BBAADD

Figure 3: Model of evolution of Triticum. Modified after Avni etal. 2017.

This complex evolution of bread wheat resulted in a 14.1 gigabases genome with 107,891 high-
confidence genes (The International Wheat Genome Sequencing Consortium (IWGSC) et al., 2018).
The genome of durum wheat is smaller than the one of bread wheat (Maccaferri et al., 2019). The size
of the reference genome of the cultivar Svevo is 10.45 gigabases and contains about 133,741 genes.
The close genetic distance among the species of Triticum makes it possible to transfer quantitative
trait loci (QTL) across the genepool of Triticum and has the potential to improve the adaptation and
tolerance to stress factors (Nevo & Chen, 2010; Sahrawat et al., 2003).

1.4 Plant Genetic Resources to enrich the narrowed genetic diversity of crops

Plant genetic resources (PGR) have been defined by the Food and Agriculture Organization (FAO) as
the diversity of genetic material that includes everything from field-grown cultivars to landraces, wild
relatives of crops and other wild plant species (FAO, 1998). All this material provides the raw material
for breeding new cultivars.

Genetic diversity is influenced by recombination, mutation, genetic drift and gene flow.
Recombination of selected genotypes is the base for breeding programs. Careful selection for many
traits and over generations determines the best genotypes. As the best available cultivars are used
for recombination in breeding programs, breeding narrowed the genetic base of modern cultivars
(Tanksley & McCouch, 1997). Therefore, the exploitation, evaluation, conversation (in situ, ex situ)
and utilization is of most importance for breeding cultivars resilient to upcoming climate scenarios
(Zamir, 2001).

There is a classification of gene pools that reflect interspecies hybridization and evolutionary distance
(Feuillet et al., 2008; Schoen et al., 2024). The species in the primary and secondary genepool share
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homology in their genome and are sexually compatible. However, the crossing of species from the

primary gene pool with the secondary gene pool is less successful than with species within the
primary gene pool (Feuillet et al.,, 2008; Schoen et al,, 2024). Examples for the primary genepool
would be T. aestivum (AABBDD) and T. turgidum (AABB) and of the secondary it would be T.
monococcum (AA) or Ae.speltoides (SS) (Figure 3). Species of the tertiary genepool would be rye
(Secale cereale; RR) or barley (Hordeum vulgare; HH).

Another reason for a narrowed genetic diversity of crops is the founder effect associated with
domestication for major traits such as non-brittle rachis in wheat, and the replacement of locally
evolving landraces by elite cultivars (Abbo et al., 2003; Charmet, 2011). For chickpea, there are two
factors which eroded the diversity: the limited distribution of the wild progenitor C. reticulatum and
the early shift from winter to spring sowing, which was conducted to use the residual soil moisture
instead of the rainfall. In fact, when resequencing 429 chickpea genotypes, of which 268 were
landraces, 100 elite line, 44 breeding lines and 7 wild genotypes, based on the distribution of
nucleotide diversity per kb, an 80% reduction in genetic diversity between wild genotypes and
landraces and breeding lines has been revealed (Varshney et al., 2019). In addition, 122 candidate
regions with 204 genes were identified and selected for post-domestication diversification and plant
breeding. As these are associated with stress response, DNA repair, protein kinase activity, seed
development, germination and flower development, they suggest a selection for stress resistance and
phenological traits. This genotypic data has been combined with phenotypic data for drought and
heat tolerance of 272 genotypes tested in 6 locations and 262 marker-trait associations have been
detected by genome wide association study (GWAS), which highlighted the value of PGR for breeding
for future climate scenario.

1.5 High-throughput Phenotyping with chlorophyll fluorescence

Genotyping has become an affordable technology in the recent years. However, a genotype (G)
exhibits different phenotypes (P) which are dependent on environmental influences (E; P = G + E).
Testing the plasticity of a genotype's phenotype in different environments is more complex than
genotyping (Furbank et al., 2019; Walter et al., 2015). In the last decade, phenotyping has evolved
with High-throughput Phenotyping (HTP) (Fiorani & Schurr, 2013; Furbank & Tester, 2011; Tardieu
etal, 2017).

There are indoor and outdoor phenotyping systems. For outdoor imaging unmanned aerial vehicle
(UAV) can be used (Khan et al., 2018). UAV-based systems can image plants in field conditions, but
are limited by the size and weight of sensors and by the weather conditions. A permanently installed
imaging system, is less dependent on the weather and can document the development of the plants
with numerous sensors (Kirchgessner et al, 2017). Furthermore, there are several indoor HTP
systems with different imaging set-up. Single plants are planted in one pot and on a daily basis
transported to am imaging and watering system. The infested leaf area was determined using small
HTP systems or three-dimensional imaging was also carried out (Hinterberger et al., 2022; Jahnke et
al,, 2016). Several imaging systems have been constructed to investigate large populations of small
size plants such as lettuce to large plants, like maize (Amitrano et al., 2022; Cabrera-Bosquet et al,,
2016). Usually the shoot is investigated, but root phenotyping systems are available, too (Shi et al,,
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2023). Based on image analysis software, the shoot biomass, color ratios or color mean values are

calculated (Das Choudhury et al.,, 2019; Klukas et al., 2014). The Digital Biomass or the Estimated
Biovolume are proxies for the biomass, calculated of images from three different side views

(Dhanagond et al.,, 2019; Shi et al,, 2023). More advanced, plant organs, like the maize ear and silks
can be captured and described by HTP (Brichet et al., 2017). HTP systems have been equipped with
pulse amplitude modulation (PAM) fluorometers to measure chlorophyll fluorescence (Schreiber et
al,, 1986; Tschiersch et al,, 2017). Chlorophyll fluorescence is used to measure photosynthetic activity
of photosystem II (Murchie & Lawson, 2013).

An advantage of HTP in glasshouses with one-plant-per-pot experiments is that environmental
factors can be changed to simulate different environments. For example, studies were carried out
with salinity stress and 245 accessions of chickpea, to reveal vegetative growth of 477 spring-canola
accessions or to dissect drought stress tolerance of 100 barley accessions (Atieno et al., 2017; Knoch
et al, 2021; Meyer et al.,, 2023). These studies showed that HTP was useful to study the spatio-
temporal effects in different stress conditions of PGR.

1.6 Impact of drought stress on plant development

Drought stress means that less water than necessary is available for the plants (Farooq et al., 2018;
Tardieu et al,, 2018). A plant's drought stress tolerance can be measured by whether biomass and
yield are maintained despite the stress (Tardieu et al., 2018). The impact of drought stress on plants
differs in terms of at which developmental stage the drought stress starts and how long it lasts.
There are several effects of drought stress (Nadeem et al., 2019). First of all, drought stress can inhibit
germination and thus, reduce the germination rate. Depending on the humidity the stomata close to
avoid further water losses, but this means the CO; is limited and photosynthesis inhibited (Buckley &
Mott, 2013). The osmotic pressure in the cells decrease, causing osmotic stress, disturbed ion balance,
reactive oxygen species can form and damage of cell membrane and large molecules (Buckley & Mott,
2013; Farquhar & Sharkey, 1982). Drought stress reduced the operating efficiency of photosystem II
(@PSII) and has an impact on non-photochemical quenching (NPQ) (Saglam et al.,, 2011; Zait et al,,
2024). Dried out soil and a missing transpiration lead to decrease in water and nutrient uptake
(Barzana etal,, 2021). Taken together, limited water availability leads to a reduction in shoot biomass,
root growth, flowering and finally limited yield (Nadeem et al., 2019).

The response of plants to drought stress is various. The hormone abscisic acid (ABA) is an important
signaling hormone for drought stress and is involved in gene expression induction (Aslam etal., 2022;
Fabregas & Fernie, 2019). There is a decrease in leaf expansion and increase in antioxidant enzymes
(Nadeem et al, 2019; Saglam et al., 2011). In particular primary metabolites accumulate under
drought stress (Fabregas & Fernie, 2019). During drought stress, there is initially an increase in
sugars, followed by antioxidants such as ascorbate and dehydroascorbate and amino acids such as
proline at a later stage of drought stress.

Various strategies for drought resistance have been discussed (Kooyers, 2015). When annual plants
often suffer from terminal drought stress, rapid growth and early flowering are important for
escaping drought. To avoid drought, high water-use efficiency, low stomatal conductance and high
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root-to-shoot ratio or epicuticular waxes on leaves are associated phenotypes (Barzana et al., 2021;

Kosma et al., 2009). Osmotic adjustments, the accumulation of sugars and osmoprotectants are
important in the event of more frequent and more severe droughts.

A deeper and more extensive root system is relevant for drought resistance (Lynch, 2013; Uga et al,,
2013). However, investing in root growth for water and nutrient uptake is a trade-off because it could
limit shoot growth (Kurepa & Smalle, 2022; Tardieu et al., 2018).

The effects of drought stress and a plant's response or tolerance are a complex topic that requires a
precise and comprehensive investigation.
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1.7 Objectives

The present dissertation aims to find answers for four questions about High-throughput phenotyping

of Plant Genetic Resources under drought stress. Firstly, the use of HTP for breeding for drought

stress tolerance. Secondly, to demonstrate the use of HTP to adapt chickpeas to other cultivation

areas. Thirdly, to discuss how HTP pot experiments and field experiments complement or contradict

each other. And finally, how chlorophyll fluorescence imaging with HTP is indicative for yield

potential.

Therefore, the present dissertation is based on three parts:

IL

III.

Application of HTP to validate and specify the spatio-temporal effects of wild
emmer wheat QTLs on growth and drought resistance across the life cycle
Near-Isogenic Lines of wheat, carrying a QTL f wild emmer wheat has been tested under
drought stress with HTP. Image-derived and yield traits have been compared to field
experiments and the effect of the QTLs was further examined in a spatio-temporal manner
(Lauterberg et al., 2022; Chapter 2.1).

Identify superior genotypes of chickpea plant genetic resources under drought
stress by HTP

Sixty genotypes of chickpea have been tested under drought stress during vegetative
growth phase with HTP. The impact of drought stress and recovery on biomass
development, changes in color, photosynthesis traits and water-use efficiency have been
investigated and approved for evaluate plant genetic resources of chickpea (Lauterberg
et al,, 2023; Chapter 2.2).

Implementing theoretical non-photochemical quenching NPQr)to further decipher
drought tolerance with HTP

A new promising protocol for non-photochemical quenching has been implemented for
HTP. Genetic resources of chickpea have been precisely phenotyped under drought stress
and the image-derived traits have been combined with yield traits and for the first time
with non-photochemical quenching (Lauterberg et al., 2024; Chapter 2.3).
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Drought events or the combination of drought and heat conditions are
expected to become more frequent due to global warming, and wheat yields
may fall below their long-term average. One way to increase climate-resilience
of modern high-yielding varieties is by their genetic improvement with
beneficial alleles from crop wild relatives. In the present study, the effect of two
beneficial QTLs introgressed from wild emmer wheat and incorporated in the
three wheat varieties BarNir, Zahir and Uzan was studied under well-watered
conditions and under drought stress using non-destructive High-throughput
Phenotyping (HTP) throughout the life cycle in a single pot-experiment.
Plants were daily imaged with RGB top and side view cameras and watered
automatically. Further, at two time points, the quantum yield of photosystem |l
was measured with a top view FluorCam. The QTL carrying near isogenic lines
(NILs) were compared with their corresponding parents by t-test for all non-
invasively obtained traits and for the manually determined agronomic and yield
parameters. Data quality of phenotypic traits {repeatability) in the controlled
HTP experiment was above 85% throughout the life cycle and at maturity.
Drought stress had a strong effect on growth in all wheat genotypes causing
biomass reduction from 2% up to 70% at early and late points in the drought
period, respectively. At maturity, the drought caused 47-55% decreases in
yield-related traits grain weight, straw weight and total biomass and reduced
TKW by 10%, while water use efficiency (WUE) increased under drought by 29%.
The yield-enhancing effect of the introgressed QTLs under drought conditions
that were previously demonstrated under field/screenhouse conditions in
Israel, could be mostly confirmed in a greenhouse pot experiment using HTP.
Daily precision phenotyping enabled to decipher the mode of action of the
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QTLs in the different genetic backgrounds throughout the entire wheat life
cycle. Daily phenotyping allowed a precise determination of the timing and
size of the QTLs effect (s) and further yielded information about which image-
derived traits are informative at which developmental stage of wheat during
the entire life cycle. Maximum height and estimated biovolume were reached
about a week after heading, so experiments that only aim at exploring these
traits would not need a longer observation period. To obtain information on
different onset and progress of senescence, the CVa curves represented best
the ongoing senescence of plants. The QTL on 7A in the BarNir background
was found to improve yield under drought by increased biomass growth, a

higher photosynthetic performance, a higher WUE and a “stay green effect.”

high-throughput phenotyping, wild emmer wheat, near-isogenic lines, drought
resilience, stay green, stay-green effect

Introduction

Wheat is one of the three most important staple foods
worldwide and is consumed daily in the form of baked goods or
pasta. Baked goods such as bread and flat bread are an important
source of carbohydrates and protein for a large part of the
human population (Shiferaw et al., 2013). The ongoing climate
change threatens wheat yields, as with every degree of
temperature, world wheat production decreases by 6% (Asseng
et al,, 2015). In 2020 the global wheat production was 760
million tons according to the FAOSTAT (2020), a warming of
1.5°C would mean a loss of 68 million tons. As the climate
warms, droughts or dry and hot conditions are expected to
become the norm by mid-century in major growing regions
such as parts of Europe, the USA and Canada, and wheat
production will accordingly fall below its long-term average
(Leng and Hall, 2019; Toreti et al., 2019).

Drought is an extreme, prolonged condition in which less
water or precipitation is available than is necessary for the plants’
needs. Due to the parched soil, transpiration needs are not met, so
less water and nutrients can be taken up by mass flow or diffusion
and development processes are severely impaired (Barzana et al.,
2020). Photosynthesis requires CO, as well as water and light. CO,
flows through the stomata into the mesophyll at a rate described
by stomatal conductance, which is related to turgor pressure and
osmotic potential (Buclkley and Mott, 2013). Plants close their
stomata with increasing drought stress to reduce water loss. If dry
conditions prevail, water is lost through the stomata openings due
to physical compensation. The osmotic pressure within the plant
cell decreases and the resulting osmotic stress, a disturbance of the
ion balance, damages the cell membrane and large molecules.
Strategies to osmotically adjust or open stomata regulate
intercellular solute levels under water limitation, promoting
maintenance of turgor and integrity of metabolic functions
(Blum, 2017).
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In Mediterranean climates, of which Israel is one, water deficit
and high temperatures are common during the final stage of wheat
growth, hence the grain filling phase is mainly affected (Saranga
etal, 2008). Escape from drought is a common strategy to prevent
the effects of such terminal drought. The strategy involves rapid
plant development with a high metabolic rate. The stomata are open
to allow the necessary high gas exchange. This leads to a moderate
but effective photosynthetic rate, low water use efficiency (WUE)
and rapid expansion and division of cells (Wang et al., 2017).

Phenotyping is known to be a time-consuming and partly
subjective procedure. Non-invasive high-throughput phenotyping
(HTP) offers a precise and rapid way to study genotypes in an
objective and standardized manner (Chen et al., 2014). It can
be carried out in the field or in the greenhouse, with greenhouse
experiments under controlled conditions being particularly
suitable for climate change scenarios such as drought stress
(Langstroff et al., 2022). Modern phenotyping technology provides
better experimental opportunities to identify key loci and
mechanisms for the complex stress response (Langridge and
Reynolds, 2021). Precision phenotyping has allowed a deep
characterisation of individual drought tolerance components in
barley with high phenotypic data quality even under drought and
thus the breakdown of their genetic architecture (Neumann et al.,
2015; Dhanagond et al., 2019; Pham et al., 2019).

However, up to now, HTP experiments have only been
conducted until about flowering time. Insight into the senescence
phase could previously be obtained by mobile field phenotyping
from flowering to final maturity (Christopher et al., 2016) during
some days between anthesis and final maturity (Kipp et al,, 2014;
Christopher et al,, 2016). Nevertheless, the entire life cycle from
plant establishment to final maturity has not yet been assessed by
non-destructive phenotyping.

Wild species represent an important genetic resource to
identify beneficial alleles from landraces and wild relatives and
incorporate these into modern varieties (Mascher et al., 2019).
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Wild emmer wheat is the ancestor of bread and durum wheat. It
is well adapted to the dry climate of the levant and thus represents
a valuable source of genetic diversity to improve drought resilience
(Nevo and Beiles, 1989; Peleg et al., 2005; Krugman et al,, 2018),

In a recombinant inbred line (RIL) population derived from a
cross between durum wheat (cv. Langdon) and wild emmer wheat
{(acc. G18-16), two beneficial QTLs originating from wild emmer
wheat were identified (Peleg et al., 2009; Fatiukha et al., 2021), A
QTL on chromosome 2B confers higher grain yield under drought
stress and control conditions and a QTL on chromosome 7A
confers higher total and spike dry matter under drought stress,
referred to hereafter as higher productivity (Merchuk-Ovnat et al.,
2016a). Near isogenic lines (NILs) carrying these QTL regions
have been developed for the 2B and 7A QTLs by marker assisted
breeding backcross procedure to three Israeli cultivars. The
advantageous effect on yield components in the elite cultivar
background has been confirmed previously under well-watered
and drought conditions {Merchuk-Ovnat et al,, 2016a,b).

In the current study, we investigated the NILs carrying the two
wild emmer QTLs along with the parental cultivars in an HTP
experiment using the previously established protocol to simulate
drought stress (Dhanagond et al., 2019). For the first time, a HTP
experiment captured the whole plant life cycle. The study aimed
to validate the QTL effects during drought stress observed in the
field/screenhouse, in a pot experiment and to specify the spatio-
temporal effects of wild emmer wheat QTLs on growth and
drought resilience across the entire life cycle.

Materials and methods
Plant material

A marker-assisted backcross program was employed for the
introgression of the wild donor (T turgidum ssp. dicoccoides, acc.

G18-16) alleles in selected QTL regions into durum and bread

TABLE 1 Overview of used plant material.

Name

Location of QTL

10.3389/fpls.2022.965287

wheat cultivar., as described previously by Merchuk-Ovnat et al.
(2016a). All the recurrent parents were elite Israeli cultivars,
widely used commercially and well adapted to the Israeli semi-
arid condition, The parental lines have very similar heading times,
with only few days differences (Merchuk-Ovnat et al,, 2016a).
We studied three Near-Isogenic Lines (NIL) at a stage of BC,F,
and their recurrent parental cultivars: NIL-B-7A-2 and NIL-Z-
7A-5 both carrying the 7A QTL with a size of 46cM in the
background of bread wheat cultivars BarNir and Zahir,
respectively, and NIL-U-2B-3 carrying the 2B QTL comprises
43,5 cM the background of durum wheat cultivar Uzan (Table 1).
In a new genetic map generated by 15 K SNP array (TraitGenetics,
Gatersleben) the 7A QTL is designated as QVegdm.huj. uh-7A and
the 2B QTL is designated as QGy.hyj. uh-2B.1 (Fatiukha et al,,
2021). Furthermore, the size of the QLT on chromosome B7A in
BarNir measures 115Mbp (Deblieck et al., 2020).

‘The name of the NIL is derived from the first letter of the
parental variety, the number of the chromosome containing the
introgression, and the line number.

These lines were previously evaluated in two consecutive
years, under contrasting water regimes in a field/screenhouse
expetiment in Israel and were found advantageous under drought
for the respective traits (Merchuk-Ovnat et al., 2016a).

HTP system

‘The High-throughput Phenotyping (HTP) system (LemnaTec-
Scanalyzer 3D) used in the current study is installed in an
environmentally controlled greenhouse at IPK Gatersleben
(51°49'23" N, 11°17°13" E, altitude 112m). On this system, each
plant is transported by conveyor belts to the imaging chambers
equipped with top and side view RGB and fluorescence cameras,
where the lifter allows imaging from different angles in side view.
The balance-watering station enables controlled watering and
thereby defined drought setups. The system has been upgraded

Generation Recurrent parents . . Associated traits Flanking markers
introgression
BarNir Israeli cultivar
T. aestivum
NIL-B-7A-2 BC;F; BarNir 7A Total & Spike Dry Matter ~ Xgwm60, Xwmc422
T. aestivum under Drought
Zahir Israeli cultivar
T. aestivum
NIL-Z-7A-5 BC,F, Zahir 7A Total & Spike Dry Matter Xgwm60, Xwmc596
T. acstivum under Drought
Uzan Israeli cultivar
T. durum
NIL-U-2B-3 BG,F; Uzan 2B Grain Yield & Harvest Xgwml128, Xgwm1177
T. durum Index
Modified after (Merchik-Ovnat et al., 2016a).
Frontiers in Plant Science 03 frontiersin.org
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with a chlorophyll fluorescence camera (FluorCam) from PSI to
measure photosynthetic performance from top view (Tschiersch
etal, 2017).

HTP experiment

All wheat lines were phenotyped on the HTP platform under
contrasting water supply with 10 biological replicates per line in
each treatment. The HTP experiment took place from July 2019
to November 2019 and covered the entire life cycle of the wheat
plants from sowing until maturity. Seeds were provided by Prof.
Y. Saranga, the Hebrew University of Jerusalem, Israel. To ensure
the presence of one plant in each pot even, two seeds per pot were
sown and thinned after germination to leave one seedling per pot.
Each pot (18.5cm height x 14.9cm diameter) was filled in with
Klasman substrate no. 2 and supplemented with 7g fertilizer,
containing 19% total nitrogen, 9% P,0;, and 10% K;0. Below each
pot is a container to collect water in case not all water during
automated watering can be fully absorbed immediately. Since the
growing conditions are not homogenous within a greenhouse, all
pots were randomized by the modus “Random 208, which
exchanges randomly positions of 208 plants with the position of
another plant, included in the operating software of the
commercial system, several times a week. Plants were imaged and
watered daily, imaging was performed from three side view angles
(0, 45 and 90°) and top view. In the well-watered treatment, plants
were always watered to 90% plant available water content
according to Dhanagond et al. (2019). The day length of
supplementary greenhouse lights was set to 15h per day during
the whole experiment. The chosen temperature and watering
setup during the HTP experiment aimed to mimic the Israeli field
situation where temperatures increase over time and a drought
period is slowly establishing and progressing. However, it should
be noted that technical limitations of the greenhouse climatization
prevent to match the exact temperatures as in Merchuk-Cvnat
et al. (2016a) or the daily temperature gradients. Here, maximal
temperatures of around 47 degrees were achieved in the field/
screenhouse, which is not feasible in a greenhouse. Until 30 days
after sowing (DAS), plants grew without any stress for plant
establishment. The temperature during this first phase was 12°C
at night and 16°C during the day. To induce drought stress, the
irrigation of the plants in stress treatment was reduced to 30%
plant available water content on DAS 31. This level that does not
cause plant wilting or visual stress symptoms, but results in
reduced growth and is therefore considered a mild drought level.
With the onset of drought, the temperature was increased to 20°C
during the day and 16°C at night. At DAS 62 (about a week after
heading), a further temperature increase was made to 24°C during
the day and 20°C at night. From DAS 64 onwards, irrigation was
further reduced to 20% plant available water content to induce
severe drought in the grain filling phase based on the barley
threshold from Dhanagond et al. (2019). Drought level and
temperature regime were persisted until maturity.
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Measurements of chlorophyll flucrescence were made with the
FluorCam at two time points during severe drought stress (DAS 69
and 74). Regular plant recordings and irrigation were carried out at
night, starting at midnight. The first saturating light flash
(4,000 pmol/m?/s) is used to measure the working efficiency of
photosystem. two under strong light influence (800pmo/m?/s),
shortly followed by a second light flash to measure the quantum yield
after a lower light intensity (80 pmeol/m?/s) (Grieco et al,, 2020). If the
quantum yields of the second and the first light flash are put in
relation to each other, one can measure how the photosystem can
adapt to the changing light flashes, i.e., what plasticity it possesses.

Several additional traits were measured during the HTP
experiment. Number of tillers were counted at DAS 28 before the
drought, at DAS 53 (about 3weeks of mild drought) and at
DAS 70 about one week after the onset of severe drought
(Supplementary material 1). Heading time (BBCHS5) was
determined by visual inspection of the raw images, when half of the
first developing ear protrudes from the flag leaf (Witzenberger et ol.,
1989). At DAS 67 flag leaf of the main tiller from each plant was
measured for length and width at the widest point to calculate flag leaf
area (length*width*0.75=area). Then the distal half of the same flag
leaf was sampled to determine osmolality (Osmotic Potential MPa;
Table 2) using a vapor pressure osmometer (model 5520; Wescor Inc.,
Logan, UT, USA) as described by Merchuk-Ovnat et al. (20162).

At the ripening phase, plants were inspected and taken off the
system for harvest when having reached full maturity. The first
plants were removed from the system at DAS 96, while the last
mature plants were removed at DAS 121. The day of final maturity,
called final estimated biovolume (EB), was considered to be the
day when, for the last time, seven out of ten biological replicas
were still on the platform. As plant appearance only slowly
changed in the ripening period, images were only taken every
2days from DAS 96 onwards, while watering was still continued
daily. At plant maturity, several growth and yield parameters were
recorded manually (Table 2). We determined plant height (PH)
without awns, culm length (CL) was from the soil surface to the
base of the three first spikes, ear length, peduncle length and the
length of the last internode below the flag leaf. In addition, the
total number of spikes and the number of fertile spikes were
counted. The above-ground plant biomass, the grain, and the
straw weight were determined, and the harvest index (HI) was
calculated. The main ear was harvested separately. Thousand
kernel weight (TKW) was determined for the seeds of the main
ear and for the seeds from the rest of the plant. Since the water
sum for each pot is recorded by the system, the water use efficiency
(WUE) for the entire biomass was calculated from the ratio of
final biomass to water sum.

Comparison of the HTP experiment with
the screenhouse/field experiment

In order to evaluate to what extent, the data from the HTP
studies correspond to the results in the two field/screenhouse
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TABLE 2 Non-imaging traits measured before and at maturity.

Traits measured before Traits measured at
maturity maturity
TN DAS28 Main Ear Awn Length (cm)
TN DAS53 Far Length (cm)
TN DAS70 Culm Length (cm)
Gain of TN DAS28 and 53 Peduncle length (cm)
Gain of TN DAS53 and 70 Last Internode length (cm)
Gain of TN DAS28 and 70 Plant height (cm)
BBCHS55 in DAS Numbet of Spikes
Flag Leaf Width (mm) Number of fertile Spikes
Flag Leaf Length (cm) Plant Biomass (g)
Plag Leaf Area (cm?) Plant Grain Weight (g)
Osmotic Potential (MPa) Plant Straw Weight (g)
QY-H DAS 69 Plant Harvest Index
QY-HDAS 74 Biomass WUE (/1)
QY-L DAS 6% Plant TKW (g)
QY-LDAS 74 Plant Seed area {mm?)
QY-LH Ratio DAS 69 Plant Seed width (mm)
QY-LH Ratio DAS 74 Plant Seed length (mm)
Plant Grain Number
Grains per Ear
Main Ear Spikelet Number
Main Ear Grain Number
Main Ear Grains per Spikelet
Main Ear Biomass (g)
Main Ear Grain Weight (g)
Main Ear Straw (g)
Main Ear Harvest Index
Main Ear TKW (g)
Main Ear Seed Area (mm?)
Watezsum(1)
TN, tiller number; QY-H, q yield of photosystem IT under high-light and QY-L

under low light; QY-LH, ratio of QY-L to QY-H; DAS, days after sowing.

experiments, the comparable traits were used: Culm Length (cm;
CL), Days Planting to Heading (here referred to BBCH55), Grains
per Ear, Grain Yield (g), Harvest Index, Osmotic Potential (Mia),
Number of Spikes per Plant, TKW and Plant Biomass (g;
Merchuk-Ovnat et al, 2016a). The absolute values with
significance between the parents and the NIL were compared.
Additionally, the average value of each individual NIL was
compared to the corresponding parent in percentage (NIL/
Parent*100).

Image analysis

The image analysis was carried out with the Integrated
Analysis Platform (IAP; Klukas et al. 2014). Due to the long
observation time, the data set was more than two Terabyte and
could initially not be handled by IAP. This problem was overcome
with the release of IAP version 2.3.0. The FluorCam data were
analyzed using the manufacturer’s software.
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Our focus in image data processing was on parameters from
the RGB camera: the EB [voxel], plant height (PH) [mm)] and the
mean color value (CVa) [hue] from the side view. This average
color value is part of the HSV color space, which is described by
the hue, saturation and value of a color. To simplify the analysis of
colors, different hue values are combined in a 20-bin model. Based
on this model, an average hue of 0.23 corresponds to an image of
agreen plant. The EB is calculated based on images from top view
and three different angles of side view.

Estimated Biovolume [Voxel]

=4Javerage pixel side area” * top area

Statistical analysis

For the statistical analysis of the HTP experimental data,
R Studio was used as described by Dhanagond et al. (2019).
For the estimation of variance components and Best Linear
Unbiased Estimations (BLUEs), the R package ASReml was
used and consequently a mixed model with Residual
Maximum Likelihood applied. In terms of plant establishment,
all plants grew under identical conditions until DAS 31.
Consequently, there was still no stress or control treatment, so
all 20 biological replicates for each parent and each
corresponding NIL were considered for subsequent data
analysis. From DAS 31, the start of the mild drought treatment,
the two treatments drought and well-watered were
analyzed separately.

The outlier test was performed according to the Tukey method
(Anscombe and Tukey, 1963). BLUE values were calculated for
each day and treatment separately using the model Y=(u+G+é¢),
where Y is the vector of observed phenotypic values, u is the
intercept, G is the effect of genotype and e is the residual value for
each plant. y and G were treated as fixed effects.

‘The variance components were calculated using the mixed
linear model Y= G+ e, where G is the effect of genotype and e is
that of residual. There is also the assumption that all effects are
random effects. Since this is a single experiment, repeatability is
calculated from the variance of the genotype the error variance
and ten biological replicates.

R= "761)
v+ —
¢ nRep
R Repeatability
V¢ genotypic variance
V, error variance

nRep number of biological replicates.
Values for the EB were analyzed with the downscaling factor
of 10° during all calculations. Further, due to a management error,
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the FluerCam was forgotten to pull back and therefore blocked the
view of the RGB top view camera from DAS 28 to 32. Therefore,
these days were excluded for EB that is calculated from side and
top view areas but could be analyzed for PH (from side view
images) and side view CVa. As FluorCam measurement on the
first time point before the onset of drought was not successful,
we did not consider this day in the analysis and only used the data
from DAS 69 and 74.

Results

High repeatability of biomass related
traits under drought stress

Data quality, represented by repeatability, was very high
throughout the life cycle for PH and EB, i.e., above 85%. Except
for a few days between DAS 60 and 80, repeatability was also
higher than 80% for CVa (Figure 1).

To determine how well EB predicts the true value of plant
biomass and its components, final EB was correlated with straw
weight, grain weight, and biomass parameters measured manually
at maturity (Figure 2). With a coefficient of determination of 92%,
the correlation of EB with total plant biomass was the highest,
closely followed by the correlation with straw weight, where the
coefficient of determination was 91%. For Grain weight (GW), the
correlation was slightly lower than the other two parameters,
i.e.85%.

10.3389/fpls.2022.965287

Impact of drought stress on evaluated
traits

Drought stress treatment had a strong effect on growth in all
wheat lines. Regarding EB and PI significant differences between
the control and the stress treatment were observed after one week
of drought, from DAS 38 to harvest (Supplementary material 2).
'The reduction of the traits varied for selected days during mild
stress (DAS 33, 40, 47 and 54) and severe stress (DAS 70, 80 and
90) from 4 t070% (Supplementary material 3). The CVa differed
between treatments only during the maturation period from DAS
67 to harvest, indicating a faster maturation under drought stress
(Supplementary material 2). At maturity, drought-induced losses
were most severe, amounting to 47-55% decreases in biomass-
related traits such as total biomass, grain weight and straw weight
(Supplementary material 4).

The mean time to reach BBCH55 under stress
conditions was DAS 48, 2days earlier compared to control
(Supplementary materials 4, 5). BarNir, NIL-U-2B-3, and Uzan
showed a slightly but significantly earlier heading under stress
conditions than under control conditions. However, significant
differences between the NILs and the parental lines within the
stress treatment were only present for BarNir and NIL-B-7A-2
which headed significantly 1 day later than BarNir.

The effect of drought stress was also evident for the trait “time
to maturity” The stressed plants matured on average 18days
earlier than control plants with larger variation in stress treatment
compared to control (Supplementary material 6).
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FIGURE 1
{A) Repeatability of the Estimated Biovolume. (B} Repeatability of the Plant Height. (C) Repeatability of the Color Value
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FAGURE 2
Coefficient of determination (£?) of manually measured traits at maturity with final estimated biovolume for all 120 plants. {A) Coefficient of
determination with plant straw weight. {B) Coefficient of determination with plant grain weight. (C) Coefficient of determination with plant
biomass.

QTL effects on traits measured before
and at maturity

Effect of QTL on chromosome 7A

For the traits recorded before maturity, significant
differences were found between the parents and the
corresponding NILs in a few traits (Table 3). Against the
background of BarNir, the QTL on chromosome 7A in NIL-B-
7A-2 proved to be superior in terms of flag leaf size both under
control conditions with an increase of 18% and under drought
conditions with 12%. Moreover, the 7A QTL in BarNir
background improved the efficiency of photosystem II in both
treatments under high light conditions (Quantum Yield under
High light QY-H) on both time points under severe drought
(DAS 69 and 74), while the QY in the transition to low light
conditions (Quantum Yield under Low light QY-L), was only
higher in the NIL on DAS 74 in the well-watered treatment. The
QY-LH ratio, which describes the plasticity of photosystem II,
was lower on both days, indicating a lower stress effect in the
NIL. However, NIL-Z-7A-5 containing the same QTL in the
background of Zahir, showed no difference compared to Zahir
for all these traits. In both backgrounds, no influence of the
7A-QTL on the osmotic potential was detected.

The treatment has a significant effect on the time of heading
(BBCHS55; Table 3, Supplementary material 5). For the control
treatment, the median of all six lines is at DAS 48 and for the stress
treatment at DAS 50. However, this effect also depended on the
genetic background and the treatment. NIL-B-7A-2 showed a
significantly later heading of 1day under stress conditions
(Table 3). In contrast, in the NIL-Z-7A-5, also carrying the QTL
7A but in the Zahir background, a significantly earlier heading
was observed in the control treatment. In the line NIL-U-2B-3 a
significantly earlier heading under stress was detected compared
to Uzan. For the osmotic potential, no significant differences were
found for any of the lines (Table 3).
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The 7A-QTL segment introduced in BarNir, NIL-B-7A-2,
conferred significantly 25% higher plant biomass in the control
and 33% higher plant biomass in the drought stress treatment at
maturity (Table 4). In addition to increased PH, the 7A QTL in
BarNir background increased also awn length, peduncle length
and the length of the last internode in both treatments, while the
ear length was decreased in well-watered conditions. In the Zahir
background, no effect of the 7A QTL on height, awn length and
ear length was detected, while the peduncle was longer only in
well-watered conditions but the last internode was longer only in
drought conditions in the respective NIL. In the BarNir
background, the QTL caused increased grain and straw weight in
both treatments, while HI was unaffected. These traits were not
affected in the Zahir background (Table 4). Moreover, in the
BarNir background, the 7A QTL significantly improved WUE,
TKW and seed size parameters in both treatments. In the Zahir
background improved WUE and TKW was observed only under
drought stress, the higher TKW resulted from a higher seed area,
or seed length.

Effect of QTL onh chromosome 2B

The wild emmer wheat QTL on chromosome 2B in NIL-U-
2B-3 caused a more pronounced tiller number of 35% more
tillers under stress compared to the recurrent parent Uzan
(Table 3). Furthermore, a small effect on heading was found,
the NIL-U-2B-3 headed about 1day earlier under drought
stress compared to Uzan. No effect of the 2B QTL was detected
for the osmotic potential. At maturity, the NIL-U-2B-3 plants
were smaller in both treatments (Table 4). In accordance with
the higher tillering during growth, a higher number of fertile
spikes was also observed under drought stress, along with an
improved WUE. Besides, a higher HI in both treatments was
obtained. However, the higher number of tillers was linked
with a lower TKW and its components and a lower grain
number per ear.
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TABLE 3 Averages and standard deviation and significant differences ({-test) between parents and corresponding NIL of traits measured before

maturity.

BarNir NIL-B-7A-2 p-value Zahir NIL-Z-7A-5 p-value Uzan NIL-U-2B-3 p-value
Control
TN DAS28 3.000.67 290+1.10 0.81 2301048 2.10£057 041 2901032 2.9010.74 100
TN DAS53 6.3011.25 5.90+1.60 0.54 3.40+0.52 3.00+047 0.09 3.70+1.06 4.50+1.27 0.14
TN DAS70 6.60+1.07 710+ 1.60 0.42 3.80+0.79 3.80+0.63 1.00 5.70x0.95 740+2.32 0.05
Gain of TN DAS28 and 53 3.3011.06 3.00+1.05 0.53 L10+057 0.90+057 0.44 0.80x1.14 1.60+1.26 0.15
Gain of TN DAS53 and 70 0.20+048 1.20+0.79 0.01 0.40+0.70 0.80+0.63 0.20 2.00+1.49 290+242 0.33
Gain of TN DAS28 and 70 3.60+0.97 420+1.03 0.20 1.50+0.85 1701067 0.57 2801092 4.50+1.84 0.02
BBCHSS in DAS 46.60+0.97 47.00+£149 0.49 55.60+2.99 54.00+2.87 0.24 50.0010.67 49.801 1.40 0.69
Flag Leaf Width (mm) 14,50+ 0.53 15.80£1.75 0.04 18201114 18.00£0.82 0.66 1800+ 1.15 18.10 1.66 0.88
Flag Leaf Length (cm) 32.28+1.40 33.89+340 0.18 24.76+2.53 25.60+2.17 044 2645+1.94 2540+ 1.39 0.18
Flag Leaf Area (em?) 156.53+6.12 188.03 +26.44 0.00 2441342029  242.93+14.08 0.88 239.93+21.03 241.88+31.82 0.87
Osmotic Potential (MPa) —1.5310.08 —1.5210.09 0.76 —1.34+0.13 —1.3810.13 0.45 —1.5410.14 —1.58+0.13 0.57
QY-HDAS 69 0.4410.01 0471001 0.00 0.4610.01 0471001 0.50 0.4710.01 0471001 0.86
QY-HDAS 74 0.44+0,01 0461002 0.09 0461001 0461001 074 0461001 0461001 100
QY-LDAS 69 0.51+0.01 0.51+0.01 0.57 0.51+0.01 0.51+0.01 0.18 0.53+0.02 0.53+0.01 0.66
QY-LDAS 74 0.52+0.01 0.53+0.02 0.04 0.51+0.02 0.51+0.01 0.88 0.52+0.02 0.53+0.01 0.16
QY-LH Ratio DAS 6% L15+0,03 1091002 0.00 1091004 110£003 0.70 1.12+0.04 1.120.02 0.75
QY-LH Ratio DAS 74 1.1710.03 1.1610.03 0.98 1.1210.04 1121004 0.90 1.13+0.04 1.1516.03 0.18
Stress
TN DAS28 2.60£0.52 2801042 0.36 220079 2.00£0.67 0.55 240£052 33010438 0.00
TN DAS53 4.10£0.99 440+ 107 0.53 2701048 2.80+£0.63 0.70 3.00£047 3.8010.42 0.00
TN DAS70 4404097 460+126 0.70 3.00+067 3.00+047 1.00 3301048 5.10+0.88 0.00
Gain of TN DAS28 and 53 1.501+0.97 1.601097 0.82 0.50+0.53 0.801£092 0.38 0.60+0.70 0.50+06.53 072
Gain of TN DAS53 and 70 0.30£0.48 0.20+1,03 0.78 0.30£0.67 0.20+£042 0.70 0.30+0.82 130+ 1.06 0.03
Gain of TN DAS28 and 70 1.80£0.92 1801132 1.00 0.80£0.79 1001082 0.58 0.90£0.74 18011.03 0.04
BBCHS5S5 in DAS 45.20+0.63 46.20+0.92 0.01 52.60+1.84 52.80+2.39 0.84 48.30+0.67 47.50+1.27 0.10
Flag Leaf Width (mm) 15.00+1.15 15.70+1.16 0.19 16.50+1.72 1590+1.37 0.40 16.60+0.97 16.40+2.07 0.78
Flag Leaf Length {(cm) 31.46+1.05 35.7811.81 0.00 16281343 17.55£5.30 0.53 23.2810.67 229613.21 0.76
Flag Leaf Area {cm?) 168.53115.57  189.98126.62 0.04 204.60122.68  189.83125.46 0.19 213.08+2228 182.66172.86 022
Osmotic Potential (MPa) —1.86+0,14 —1.89+0.11 0.52 —1,73+£0.22 —-1.7210,18 0.93 —1.82+0.07 —1.89+0.12 0.15
QY-HDAS 69 0.42+0.02 0.46+0.01 0.00 0.45+0.02 0.44+0.02 0.57 0.44+0.02 043+0.02 0.11
QY-HDAS 74 0.41+0.01 0.45+0.01 0.00 0.44+0.01 0.44+0.01 0.82 0.42+0.02 0.39+0.07 0.14
QY-L DAS 69 0.4910.02 0.5110.02 0.16 0.5010.02 0.501£0.01 0.45 0.51+0.02 04910.01 0.18
QY-LDAS74 0.49+0.03 0511002 0.18 0.50+0.02 0501002 0.85 0.4810.03 0.4710.01 0.17
QY-LH Ratio DAS 69 1.18+0.03 1.12+0.04 0.00 1.11+0,03 1.14+0.05 0.20 1.14+0.04 1.16+0.05 0.43
QY-LH Ratio DAS 74 1.20+0.06 1.14+0.05 0.02 1.14+0.05 1.15+0.04 0.72 1.15+0.04 1.29+0.43 0.31

'The mean followed by the standard deviation is shewn. TN, tiller number; QY-H, quantum yield of photosystem II under high-light and QY-L under low light; QY-LH, ratio of Q¥-L to
QY-H; DAS, days after sowing, for both =for control and stress treatment. A #-test with a significance level of p < 0.05 was used to detect significant differences between lines and has been

highlighted here in bold.

Comparison of HTP experiment with the
field/screenhouse experiment

The QTL effects for common traits between the HTP study
and the field/screenhouse experiments from Merchuk-Ovnat et al.
(2016a) were compared by calculating the relative percentage
difference of the respective NIL and the corresponding parent in
the HTP and each of the two field/screenhouse experiments and
by looking at the phenotypic mean values in HTP and the two
field/screenhouse experiments (Supplementary material 7;
Table 5). Mostly, the advantageous effect of the QTL was visible in
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HTP and in at least one of the field/screenhouse experiments.
However, the magnitude of the effects differed, sometimes the
effect was more pronounced in the HTP experiment, in some
cases more in the field/screenhouse. Most consistent were the
results of both studies for the QTL effect in NIL-B-7A-2 compared
to BarNir, while for the 7A QTL in the background of Zahir, more
significant differences for yield-related traits were found in the
field/screenhouse that were not detected in the HTP experiment.
Notably, also the QTL effects between the 2years of field/
screenhouse experiments varied. Considering the absolute values,
the BBCHS55 stage occurred 10-15 days earlier in the controlled

frontiersin.org

Dissertation — Madita Lauterberg



24

HTP of NILs across the entire crop lifecycle

10.3389/fpls.2022 965287

Lauterberg et al.

(pamuguoD)

000 STEFOLEY ITTFOL'TS 6€°0 LSEFLYSS 0E'EFI8'65 000 60 F E0'65 8OFSTYE (wd) Fuay wpn)
840 9 TFETT TLTF98Y LAY BTEFETE 0TEFGL8 LOO sREFRIE TFOFLS01 (um) pBua e
600 88°0FS9°0T 6O TFSFTT €80 95'0FZ9°G 80T L9C 00°0 L0Fo08 650F 919 () iueT UMy reg TrEW
000 STTTEDSY 6TTTBOBS 60 LYTTERLO 6L1TTLBY 000 YSTTITLO 660F Z8FY (w) 3oy Jeld
ssang
160 91 F3T6 AUIFIT6 1Z0 1L0F07'8 29'1¥96'8 00 STTFI66 660F V18 (1) wmszaepm
100 SSOFTLLT ITTFSEBT 1eo S60FTLOT Te0FLT9T 000 BTTFES9T S60FBETI (ww) Baxy paag e TR
90 ETTFLECS L&ELFETTS €0 Wy FL86F 09 € FF08F 000 19¥F9TL¥ 09FFIT'8E Amw ML Teg T
9€°0 00T ERD H0TI80 ¥60 100F€80 160F£8°0 68°0 POOTIE0 F00FZ80 XOPU] JSIATCH] Teq TR
90'0 LO0FTED POOTLED or'o SO0T8Y0 OT0F¥50 0o 8007 9E0 90°0F £20 (8) meng reg T
61°0 SU0F8ST BTOFLLT 800 STOFITT £P0FSGT 000 9TOFEIT ITOFITT (8) WSropm urersy reg T
jan] FTOF06'T 8C0F60T 800 BTOFELT 790¥80E 000 STOFI0T LTOF8FT (8) sseworg Teg TEW
€20 PEEFEITE S6SFITER wo STETFITHOL 9TEIFFTHIL 0o THSFITLY 08 TIFT695 RS 12d sUrRID Y TEN
9T'0 £SETO0'TE ET'TTO6ZE 100 PLYTOVSE 9997 08°ZS €0 ITFTO8TE 1L9F0TTE FOqETNN TTEID) Fed TTE
00 6£07 0771 THOTO0RHT 600 SETF09ET T9TTFO8'ET ¥10 E0'TT 08T 66'0F 0T8T 33quIn 19oy1ds e TR
90 YOPFSSOT 0£'9FSERT 90°0 TEVFIEOV 6TRF LYY 650 OT'SFE6ZE LYTFORIE ey 12d supes
620 FLLEFODTST TELTFOTIET zro 6T'ETF0E'95T ST SFF0SZ81 ¥€0 8669 F 08'LTT I0FEFO6H0T I3qUmMN URRIS Jeld
000 I0F559 9T0F 69 w00 PIOF6TS £T0FL09 000 STOFIEY OT0F¥6S (wurer) yaSuay pasg yeld
€0 TroF9LE ETOFIRE €0 S00789°€ EI0TELE 000 0T0T8YE 0T0FSTE (o) Yipla paag yae]d
100 TLOTLVLT L60799'8T ¥T0 ¥ 0T69°91 £6'07 6291 000 19TFHE'ST FSOFTEEL (jurom) eare pa3g Jweld
i)} SOEFTESY 0L5F 5005 56'0 SITFSELY SLYFEVLY 000 SEIF09TE IITFOELE (8) ML Yueld
o 6I0FEET ETO0FLTT £L°0 PLOFEFT 0T0F S ¥I0 9TDF99'T 600F €S (1/3) A.M sseworg
950 SO0F9¥0 LOOFFFO 870 SOOFSHO FOOF5H0 880 SO0FISO0 FO0F 150 X2PU] 152472 10e[d
80 SSTFL69 550F989 £€0 00TFL6'9 0gIFISL 00 fa2344] WIFSEY (8) yfam meng Iued
#50 661TOVL 0LT706'9 sT0 SOTFOSL FETTOLS 00 SEET0S0T FTIFOYL (8) 1Brom, uTesn) yeld
6¥'0 TTEFISTI EFTT6YTI 670 SETFILTI 00% T LTET 00 68'CTHETT OTFISTT (8) sseworg 10eyd
e OV IFO8'S 66'0F 06'F 6L0 LSOF06E SOTF00% ¥50 ELTFO06'9 80TF059 s d[pap 3O AU
w00 STIF0E9 L9OFOES 6.0 LEOFO6E SOTF00F 880 ELTF069 FITF089 sards Jo Jaquinn
6¥0 LLOFSETT YTTIFTOTI L0°0 65°07F€8°LI TLOFSTLI 870 00LFFEET 09°0F 6091 (w2) (pSua] apowsauy 35
200 OE'ZFHYTI €TTITRT6T 100 PIZFOTEI 1617 £F7'01 000 STSTITET 9TTTOLY (wo) YiBus] spounpag
00°0 STETEL6F 6T F8TLS 600 66'CTFO6'F9 SLTFLETY 000 SEFTFFTTY 6 1 FSFLE (o) 8ua mmy
090 0E0F10G 80 TF0TS ¥oo LY OFE86 6SOFLIOT o 0°EF098 SFOFETOT {um) \pfuay ey
o LOTFSTTI I60FILTI L0°0 ETOFILY ISOFSEY 000 0L0FSER 650F9T9 () 3uaT UMy oy TR
000 TFEFPLYS 98T F8FT9 LT0 TIEFBLYL LTEFYLTL 000 SETFISUL 8STFBYLY (@) 7y 3wl
fonuo)

snpea-d €-4T-0-TIN UEZ() onpea-d SVLZ-TIN ez anes-d TVL9-TIN TINTeq
*AjlAmew je painseaw Ajjenuew syes jo N Buipuodsalloo pue syuaied q (3593-3) IP JuesyiuBIS pue uopReIASp piepuels pue sabriaay b I18VL

frontiersin.org

09

Frontiers in Plant Science

Dissertation — Madita Lauterberg



25

HTP of NILs across the entire crop lifecycle

10.3389/fpls.2022 965287

Lauterberg et al.

“P1oq U 2137 PYSAYSTY T32q S PUE SAUY] U234 SOTLIFTP FULOGIUEE 10313p 0} PIstL SeM G(°0 > d JO [243] 0WEIFLUTS 2 GHiM 1533 ¥

980 BEOFPEE 0E0FIEE €70 120+58°T LT0FTET 0070 EFOFELE FI0+28°C (D) wWnsIsjepm
000 0S0FPT L 690FSERT 100 SFIF89°¢1 SOTFE6'ET 000 LUTFST9T LLOFIFFL (pww) eaxy pasg Jeq U
800 BSTFILSY FPLEFOFTS 100 OT'9FQT ST LETFLELE 000 19SFZ8EY 99TFTLEE (8) MOLL, Zed TR
000 TO0F¥80 Z00F 180 590 TO0FZ8 0 ZO00FZ80 80°0 0¥ €80 TO0F 180 XIpu] ISIATRH Te TR
00’0 FOOFIT0 POOTSED P20 SO0FIFO S00FTF0 00 90°0FSED €00FIE0 (8) meng reqg TR
[4ixi] €T0F9¢'T TT0+95T LT0 IT0F281 €T0FS6'1 0070 GT0FILT 0T0FIE'T (3) 1o, TTRID) TR TR
000 LTOFZYT ETOFI6T 810 LI'DFETT STOFLET 000 T0F90T 60°0F 291 (3) ssewory g TR
o010 E08FETRL SOSFIT'08 000 £6°LIFEI06 G9ETFBETZI [irA] POITFELEL STOTFET'LY 1pdg 1od suressy Teq U
SO0 £CTF06°LT 9TFOT0E 000 BLLFOI TV 6 EFCFIS YA 4] 169F0L°6E 89°SFQILE N TrerD ey e
700 LUTF09€T TE0T08FT 940 9'1IF0TTT LTTFOFTT 00'1 SO TFOLBT 8¥0F 0481 TQUINN 111G e TR
10°0 ITEFSTHT LTETFLIBT 10°0 €L'STFO00'8¢E 68 FFELTFE 18°0 PRTFLETE 08 FF10'5E Teq 13d surern
60°0 0E' LI FOS'T6 96 FOTI8 oo 6T 1ZF08°06 BELIF06°S01 S0°0 L99TF09°0PT ETIIFOE0TT ISQUITIN UTBIL) W8
00'0 OT'0F 619 ITe+89'9 100 9T 0F90°'% FEOFL9S 000 QTOF8I9 0T'0FP6'S (urr) pSuaT pasg Jur[d
¥70 G0F¥9E EICF69E 600 ET0FIGE 0T oFece 000 800F0EE IT°0F80¢ (wrm) YIpLs paas e[
00 £S0FSL9T FLOTFEV LT w00 0T IFIFSI LT TFO8ET 000 CLOFIL®T LOOFLTET (L) Bage pa3s 1THRd
760 BFEFILOF 1Ty TS89 P00 LTSTFIOPR TEOTLT'SE 000 TT'TF6T6EE EEEFSOEE B ML Jaeld
00 GI'0FI61 TT6FOLT €0 ST'0F6LT 1T0F0L1 €00 STOFLIT 0T0FE6'T (1/8) AOLM Sseworg
00 £00F9%0 £0'0F CF 0 280 SO0FIF0 900F 1%°0 LE'O FO'OF 60 E00F 050 I3PU] ISSATBH JUB[
8L0 £S0F69°C SEQFE9E 690 0E0F6EE IE0FPEE 00°0 090F 87 ¥ 1€0F20¢ (8) WBrem sens 1welg
8710 SLOFOVY SSCT06E 880 £0F00T 790F00F 000 T160F0L°S FEOFO0F (8) Wom urers 1oelg
[1X1] OT'I FE¥9 SL0F99S 650 9OFIIS QL OFLET 00°0 GE'TT608 CCOF VS nmv ssemong 1med
000 FOF08E Q0’0 F00'E o't TS0F0Ve TS0FOF'T €00 SROFOIY 0S0FEEE saxd§ o[us) Jo JaquInN
000 THOF08¢ 00°0F00°E L0 TE0FOVT £90F 05T 120 2ROFOIY ¥EOF09E sefid Jo saqumpy
L0 BOFFSF I FTITF100T 990 FEOFOLST ECITFSOTI 00°0 FEOFITGL LEOFLEST (w2} {pBua] spowau 158
o QTP FE86 LISFSFYI €90 €L0TFOT9 PEFTFOL 000 06 CFIBFT LEOFBET () pBus] spunpag
anpea-d €-4g7-N-TIN uvz() anpea-d S-VL-Z-TIN ez, anpea-d T-VL-9-TIN TNTeg

(penunuo)) ¢ 319YL

frontiersin.org

10

Frontiers in Plant Science

Dissertation — Madita Lauterberg



HTP of NILs across the entire crop lifecycle

26

Lauterberg et al.

environment of the HTP experiment. Compared to the field,
plants in the HTP experiment were smaller and had a lower grain
yield and lower values for other grain-yield related parameters
across all genotypes and treatments such as TKW or HI (Table 5).

Significant differences between parents and NILs were found for
several traits across the environments. For example, NIL-B-7A-5 was
significantly larger than BarNir in all environments, as measured by
culm length. NIL-U-2B-3 was significantly smaller in the HTP
experiment and significantly larger in the field experiment. The
increased grain yield and plant biomass for NIL-B-7A-5 was also
significantly greater for all environments between 43 and 69%. For
TKG, the difference between the first field/screenhouse experiment
and the HTP experiment was equally significant. In both
environments, NIL-U-2B-3 showed a number of spikes, but it was
only significant under control for both environments.

Dynamic phenotyping revealed effect of
wild emmer wheat QTLs on drought
resilience

Effect of QTL on chromosome 7A for
NIL-B-7A-2

Significant differences were found for EB between BarNir and
NIL-B-7A-2 for the period from DAS 45-102 in the control
treatment and DAS 33-102 in siress treatment (Figure 3;
Supplementary materials 8, 9). Thus, differences were observed in
both treatments, but they occurred earlier under drought. In both
treatments, the NIL showed a higher EB. Furthermore, when
testing whether the treatment had a significant effect on the EB of
each genotype, NIL-B-7A-2 showed a six-day later response to
drought stress treatment than BarNir (Supplementary materials 10).

Consistent with the observations at maturity, plants of NIL-B-
7A-2 were significantly taller than those of the parent BarNir
throughout the entire life cycle under both conditions (Figure 4;
Supplementary materials 11-14). Similar to EB, the PH in the NIL
showed a response to drought stress 7 days later than in BarNir
(Supplementary material 14).

The QTL 7A affected the CVa. Until around DAS 60, the NIL
in the BarNir background had a significantly slightly lower CVa in
both treatments in the BarNir background. However, in the severe
drought treatment during the late ripening phase, plants of the NIL
had a significantly higher CVa from DAS 90 onwards, showing a
slower ripening of the NIL (Figure 5; Supplementary material 15).

The differences between the treatments were significant from
DAS 70 and 71 onwards for the NIL-B-7A-2 and BarNir,
respectively (Supplementary materials 16-18).

Effect of QTL on chromosome 7A for
NIL-Z-7A-5

NIL-Z-7A-5 produced less EB in both treatments compared
to Zahir, with this effect being more pronounced in the control
treatment than in the stress treatment. However, the difference
between NIL and parent was significant only for a few DAS, such
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as DAS 10 to 13 in the plant establishment phase and during the
mild stress phase from DAS 33 to 43 (Figure 6;
Supplementary materials 8, 11). However, the standard deviation
for EB under control was high for Zahir and NIL, which might
have confounded a larger EB effect of the QTL
(Supplementary material 9). Nevertheless, also in the stress
treatment, the two genotypes had a very similar EB. Only in the
late ripening phase, during DAS 90-96, the EB was significantly
higher under drought in NIL-Z-7A-5, showing a positive effect of
the 7A QTL (Supplementary material 8). Moreover, when testing
if the treatment had a significant influence on EB for each
genotype, NIL-Z-7A-5 showed a seven-days later reaction to the
drought compared to Zahir, similar as seen in the BarNir
background (Supplementary material 10).

In the Zahir background in both treatments, Zahir and
NIL-Z-7A-5 did not differ in PH throughout the life cycle, which
is in accordance with the absent difference for PH at maturity
(Figure 7; Supplementary materials 11-14). The differences in PE
between the treatments became significant for Zahir from DAS 62
onwards and for NIL-Z-7A-5 from DAS 57 on, so the QTL
carrying NIL reduced PH 5 days earlier compared to the parental
line (Supplementary material 17), which contrasts with the
observed later response to drought of EB of NIL-Z-7A-5.

In Zahir background, the 7A QTL showed no effect on CVa
until the ripening stage and the treatment effect was significant
from DAS 69 onwards for Zahir and from DAS 72 for NIL-Z-7A-5
(Figure 8; Supplementary materials 16-18), However, NIL-Z-7A-5
had significantly higher CVa from DAS 98-121 in the control
treatment and DAS 82 - DAS 92 in the stress treatment (Figure 9;
Supplementary material 15), showing a slower ripening arising
from the 7A QTL.

Effect of QTL on chromosome 2B for
NIL-U-2B-3

Regarding the effect of the 2B-QTL in the genetic background
of Uzan, NIL-U-2B-3 produced significantly more EB compared to
Uzan in the stress treatment during DAS 33-79 (Figure 10;
Supplementary materials 8, 9). In the control treatment, the NIL also
showed more EB, especially at DAS 48-90, but this difference was
not significant. A treatment effect, i.¢., a later response to drought in
the biomass differences between control and stress treatment, of the
2B-QTL was also visible for the 2B-QTL, but less pronounced than
in the 7A-QTL. From DAS 33 to 38 and from DAS 46 to harvest, the
EB of NIL-U-2B-3 3 differed significantly in the two treatments,
while in Uzan a significant difference between control and stress EB
was observed from DAS 37 onwards (Supplementary material 10).

In accordance with reduced PH at maturity (Table 4), the
NIL-U-2B-3 remained smaller than its parent Uzan, especially in
the period after heading (Figure 11; Supplementary materials 11-13).
In the control treatment, the difference between the genotypes in
PH was significant from DAS 58 onwards and in the stress
treatment from DAS 53 on (Supplementary material 14), PH in
Uzan differed significantly between control and stress treatment
from DAS 40 onwards, while in the NIL this difference occurred
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TABLE 5 Comparisen of the absolute values {(mean) of the NILs and the parents of common traits of the HTP experiment and field/screenhouse

experiments.
Trait Treament HTP FY1 FY2
BarNir NIL-B-7A-2 BarNir NIL-B-7A-2 BarNir NIL-B-7A-2
Culm Length (cm) Control 37 64 b 60 75 b 59 70 b
Stress 34 59 ek 56 70 ok 50 62 b
BBCHS55 Control 47 47 64 66 h 63 67 b
Stress 45 46 b 63 65 EE 62 66 R
Grains per Ear Control 32 33 57 55 54 48
Stress 35 35 59 63 24 46
Grain Yield (g) Control 7.60 10.50 24 28.00 18.00 16.10
Stress 4.00 570 b 11.80 18.80 * 7.30 11.80 *
Hatvest Index Control 0.51 0.51 0.57 0.56 0.52 0.56
Stress 050 049 0.52 0.56 055 0.53
Osmotic Potential Control —1.53 —1.52 -132 -1.26 -119 -126
(Mpa) Stress —1.86 —-1.89 -176 -161 -133 —1.52 wrE
Spikes per Plant Control 7 7 13 14 10 8
Stress 4 4 7 9 5 7
TKW Control 37 45 S 49 55 e 48 48
Stress 33 39 ok 41 47 ** 48 50
Plant Biomass (g) Control 12,51 16.94 * 4220 50.90 3470 3330
Stress 542 8.09 dk 22.50 34.10 * 13.20 22,10 *
Zahir NIL-Z-7A-5 Zahir NIL-Z-7A-5 Zahir NIL-Z-7A-5
Culm Length (cm) Control 62 65 74 83 ** 68 76 >
Stress 50 58 69 75 * 63 67 *
BBCH55 Control 56 54 64 71 b 61 67 Hokk
Stress 53 53 62 71 R 59 67 wEE
Grains per Ear Control 46 40 63 66 66 62
Stress 45 38 61 69 52 49
Grain Yield (g) Control 870 750 21.00 29.80 ** 15.80 2110 *
Stress 4,00 4.00 12,50 17.00 8.10 11.00
Harvest Index Control 0.46 045 0.56 0.55 0.53 051
Stress 0.41 041 0.54 0.51 0.57 0.53
Osmotic Potential Control —1.34 —1.38 -117 -1.18 -1.12 -1,15
{(Mpa) Stress -1.73 -1.72 —1.46 —1.54 -127 —-1,22
Spikes per Plant Control 4 4 8 10 6 8 *
Stress 3 2 5 7 * 4 5 *
TKW Control 47 48 55 55 52 56
Stress 38 44 49 50 55 55
Plant Biomass (g) Control 13.27 11.76 39.80 54,60 ** 29,50 4120 *
Stress 497 5.12 23.70 33.30 14.10 20.50
Uzan NIL-U-2B-3 Uzan NIL-U-2B-3 Uzan NIL-U-2B-3
Culm Length (cm) Control 57 50 FEE 65 72 *
Stress 52 4 ok 54 60 *
BBCHS55 Control 50 50 67 68
Stress 48 48 65 67
Grains per Ear Control 28 27 55 46
Stress 28 24 * 40 415
Grain Yield (g) Control 6.90 740 13.30 1970 *
Stress 3.90 440 430 11.00 ®
Harvest Index Control 044 046 052 049
Stress 042 0.46 * 045 0.52
(Continued)
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TABLE 5 (Continued)

Trait Treament HTP FY1 FY2

Osmotic Potential Control —154 -1.58 -1.18 -120

(Mpa) Stress —1.82 -1.89 -140 —1.40

Spikes per Plant Control 5 6 * 5 8 i
Stress 3 4 ok 3 5

TKW Control 50 48 62 68 *®
Stress 47 47 60 66 b

Plant Biomass (g) Control 11.69 1251 25.60 40.00 *
Stress 5.66 643 9.60 21.50

The values for the field/screenhouse are taken from Merchuk-Ovnat ¢t al, (20162, Table 3, Supplementary Tables $4, §5), HTP, high-throughput phenotyping experiment; FY, fisld/
screenhouse experiment year 1 and 2; BBCIS55, heading, Significance data is from the original tables of Merchuk-Ovnat et al. (20162) and Tables 3, 4. Mean comparisons by Student’s
t-test between each line and its recurrent parent (*, **, ***) under control and drought siress treatments at p<0.05, 0.01, 0.001, respectively.
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FIGURE 3

A Estimated biovolurne of BarNir and NIL-B-7A-2 based on the calculated BLUES values. DAS, days after sowing: BBCH55. heading day. The: last
DAS for each genotype was chosen for the DAS where the last time 6§0% of the plants were imaged (as mature plants were taken off
subsequently}. The shadows describe the confidence interval; as long as the shadows of the individual lines {parent and corresponding NIL) do not
overlap, the significance level of a=0.05 is not reached and therefore a significant difference exists.

4 days later from DAS 44 onwards (Supplementary material 14), so
the NIL responded later to drought concerning PH.

The 2B QTL showed a minor effect on the CVa. Uzan had a
higher CVa during the mild drought phase than NIL-U-2B-3
(Figure 9; Supplementary materials 15, 16, 18). In the control
treatment this difference was significant until DAS 90 and in
stress treatment until DAS 76 (Supplementary material 15), The
effect between the control and the stress treatment is for both
Uzan and NIL-U-2B-3 significant from DAS 68 onwards
(Supplementary material 17).

Discussion

In the present study, the detailed effects of two QTLs
introduced from wild emmer wheat for higher productivity with

Frontiers in Plant Science
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respect to spike and total dry matter under drought (chromosome
7A) or productivity with respect to grain yield across drought and
control environments {chromosome 2B) were examined under
well-watered and drought stress conditions using non-destructive
HTP, for the first time throughout the whole plant life cycle. Our
daily phenotyping results confirm advantageous effects of yield or
yield parameters of the QTLs which were identified under field/
screenhouse conditions in Israel and enabled us to determine the
QTL effects on growth and their timing.

Suitability of HTP phenotyping for
evaluation of yield characteristics

‘The phenotyping platform used in this study has been used
previously and has proven useful for estimating plant biomass up to
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reached and therefore a significant difference exists.

the flowering stage under well-watered and drought stress
conditions in barley (Neumann et al., 2015). As the plant material
was from Israel, the chosen setup and greenhouse conditions aimed
at mimicking the field situation in Israel, with a rising temperature
gradient corresponding to the seasonal pattern and a slowly
progressing drought reaching severe stress during grain filling.

Frontiers in Plant Science
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With the application of an established standardized
phenotyping protocol, high repeatability was achieved for EB and
PH for each day throughout the life cycle under both, well-
watered and drought stress conditions. Except for a few days, the
data quality of the CVa was also high. The results of this study are
in line with the high data quality throughout the vegetative
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growth period in well-watered and drought stress conditions on
the same HTP system (Neumann et al. 2017; Dhanagond et al.,
2019). The suitability of EB as a true proxy of biomass was also
evident, in agreement with previous studies that were restricted
to vegetative growth stages, though (Munns et al., 2010; Golzarian
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et al,, 2011; Dhanagond et al., 2019; Shorinola et al., 2019). The
results demonstrate the usefulness of this proxy over the entire
plant life cycle. Based on the high-quality data set, statistical
analyses to reveal the QTL effects throughout the life cycle could
be performed.
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therefore a significant difference exists.

Further, the data set allows to make statements about which
imaging traits provide relevant information during or until which
cereal developmental stage for HTP experiments. The EB
increased dynamically until the milk ripening stage, while final
PH was reached already shortly after flowering. After that, PH
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remained constant, while EB decreased with the ripening process
due to the increase in mature plant parts, as these contain less
water and thus the visible area is smaller. The CVa can be used to
visualize and quantify the process of senescence of the plant by
the changing plant color from green to yellow (Mikotajczak et al.,
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2020). If there is sufficient water available, the color of a plant is
green and only changes with progressing senescence. However,
drought stress can cause severe effects on plant pigments and
changed the color of the plant when leaves were wilting during
vegetative growth (Neumann et al., 2015). In the chosen setup of
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the current study of a slowly intensifying drought until maturity,
the drought stressed plants started ripening earlier compared to
the well-watered plants but showed no color changes during the
vegetative phase with mild drought stress. The individual
ripening curves reflected by the CVa of single plants are so clear
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that they represent a promising resource for the application of
mathematic medels. Curve modeling can add valuable insights
into growth dynamics and allows the estimation of further traits.
By growth curve modelling of vegetative biomass formation in
barley, time points of maximal growth or start of wilting under
drought could be estimated and resulted in the detection of
corresponding QTL (Chen et al., 2014; Neumann et al. 2017;
Dhanagond et al,, 2019). By modeling the ripening curve based
on CVa, it may be possible to quantify the ripening speed, which
differed between genotypes and treatments and will shed more
light into this phenology phase.

General effects of drought stress during
HTP experiment

The timing of drought significantly affects plant development.
If drought stress occurs during the tillering stage, biomass, and
the number of tillers per plant are reduced (Dhanagond et al.,
2019). PH is affected when drought occurs during stem
elongation (Thsan et al, 2016) and the seed set is negatively
affected by drought stress at the flowering stage (Schgal et al,
2018). When drought stress occurs in the grain filling phase,
TKW is reduced {V et al,, 2019). As drought in our study started
at the tillering stage and lasted until maturity, all these
components were affected by progressing drought stress. Similar
observations were made in a recent study in spring wheat (Fadoul
et al,, 2021).

In this HTP experiment, the plants of control and stress
treatment started to show significant differences for EB and PH
7 days after the onset of drought. This is in accordance with
previous observations in barley on the same HTP system, where
biomass in control and drought treatment differed after 5 to
7days (Neumann et al, 2015). The slower growth was
accompanied by a decrease in tillering. Notably, the 10% loss in
PH measured on DAS 47 was less than the 20-30% loss in
tillering, Thus, the reduced EB may be mainly explained by
reduced tillering rather than smaller plants. Similar losses caused
by drought were also described in comparable HTP experiments
(Honsdorf et al., 2014; Dhanagond et al., 2019; Pham et al., 2019).
For the first time, a drought HTP experiment was conducted
until maturity to simulate a natural progressing and intensifying
drought. The long-term drought caused reductions of all yield
components such as number of seeds, TKW and number of tillers
and lead to faster maturity of stressed plants. Further, image
capturing allowed to determine the heading date of each plant,
Heading time is known to be affected by drought. Depending on
the timing of the stress and its intensity, it can cause a delay in
flowering (Chen et al., 2020; Gol et al,, 2020) or lead to earlier
flowering as a possible stress escape mechanism (Shavrukovet al.,
2017). In the current study, there was only a small effect on
heading time. This could be attributed to the fact that only mild
drought was applied until flowering. However, a significant delay
in the maturation date was observed in the NILs of 7A QTL,
indicating that these plants are more resilient to drought. In
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addition, the Israeli plant material is already adapted to terminal
drought and hardly changes their flowering time (Nevo
etal.,2012).

Comparison of HTP experiment with the
field/screenhouse experiment

Heading time occurred much earlier in the greenhouse compared
to the field. A significantly earlier flowering of up to 15days in
controlled environments compared to the field has recently been
described in wheat (Sales et al,, 2022). $till, the small but significant
increasing effect of the 7A QTL in the BarNir background on heading
time was detected also in the HTP experiment. The observed general
lower yield parameters for single plants in pots compared to plants
grown in plant stands in the field/screenhouse were to be expected.
However, when averaging the two field years and comparing across
all genotypes and both treatments, we reach between 62% (spikes per
plant) and 87% (TKW) of the average trait values in the field for the
yield parameters and 80% for culm length,

Besides the obvious differences of single plant growth in
pots to growth in plant stands in a field soil, the growing
conditions in terms of temperature, light quantity and quality,
humidity and water availability are not the same. Though the
HTP study incorporated a temperature gradient over the
growing period, temperatures during day and night are stable
in the climate-controlled greenhouse and do not show
fluctuations as in the field and also the maxima in temperature
reached in the two field years are technically not possible to
reach in our greenhouse. Water availability is also difficult to
compare between pot and field, due to the different ways of
measuring in liters per pot in HTP and mm of precipitation in
the field, which are two entirely different systems. According to
Merchuk-Ovnat et al. (2016a), the applied water in the control
treatment was 690-710mm and in the water-limited
290-320 mm, which is about 42% lower precipitation in drought
stress. In this HTP study, an average of 9 liters was watered to
control plants and 3.2 liters to the drought stressed plants,
corresponding to one third of the well-watered amount.

Strikingly, NIL-U2-B-3 in the Uzan background had an
increasing effect on plant height, while having a decreasing effect
in the HTP study in contrast. In general, the plant density in a pot
experiment is much lower than in a field experiment. Poorter et al.
(2016) analyzed in a meta-analysis of 100 trials how plant height is
affected by the different plant densities in the different
environments of pot and field. Genotypes planted in different
environments showed no consistent trend in their height with
respect to environment (Poorter et al., 2016). Thus, the difference
in the 2B-QTL effect on plant height could attributed to the
genotype and environment interaction. While the NIL-B-7A-2 was
significantly taller than the parent BarNir in both HTP and field
study, the effect was more pronounced in the HTP study. Similarly,
the other observed differences in QTL effect occurrence and size
can be interpreted as genotype x environment interaction effects.
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Dissection of wild emmer wheat QTL
effects on shoot growth

In general, we could successfully reproduce the positive
effects of the wild emmer wheat QTLs as had been observed in
the previous field experiments. This demonstrates the suitability
of the system and the applied setup to study complex traits such
as drought resilience. The increased flag leaf area, photosynthesis
and WUE of NIL-B-7A-2 in the HTP experiment have already
been observed under stress and control treatments in the
greenhouse and under control conditions in the field/screenhouse
(Merchuk-COvnat et al., 2016b). Furthermore, photosynthesis was
measured both vig gas exchange and with a portable device via
photochemical quenching during sprouting and grain filling, and
inferences were also made about WUE vig carbon isotopes. In
addition, the higher grain yield, TKW, and total dry matter of
NIL-B-7A-2 (Merchuk-Ownat et al., 2016a) were confirmed in the
present experiment. However, the higher grain yield of NIL-Z-
7A-2 in the control treatment in the field/screenhouse experiment
(Merchuk-Ownat et al., 2016a) was not observed in the HTP
experiment, where TKW was increased under drought
stress conditions.

The effect of the wild emmer wheat QTL on chromosome 7A
revealed a mixed pattern in BarNir and Zahir backgrounds. For some
traits it differed in both cultivars, while for others similar effects were
observed. Thus, in both backgrounds a higher TKW was detected
under drought stress conditions. In addition, a significant delay in the
timing of senescence was observed in both based on CVa. This effect,
known as ‘stay-green’ is advantageous under drought stress as it
extends the photosynthetic activity, thus providing more assimilates
for grain filling (Kamal et al,, 2019). While ‘stay-green’ had a positive
effect on TKW and yield in wheat mutants (Spano et al., 2003), a
negative correlation of the late onset of senescence with yield was
observed by Kipp et al. (2014}, Non-invasive imaging methods such
as those applied here, can visualize the ‘stay-green’ effect. In the field,
the Normalized Difference Vegetation Index (NDVT) turned out to
be suitable for its detection and could be modeled by a logistic model
(Christopher et al,, 2014). In a drought stress study it was possible to
establish a clear relationship between higher yield and delayed
senescence in wheat (Christopher et al., 2016; Rebetzke et al. 2016).
The ‘stay-green’ effect was recently investigated in a GWAS study with
sorghum based on several years of experiments with field-based
drought stress in ten environments (Faye et al, 2021). It was detected
that orthologs of the flowering genes in maize underlie the effect and
thus cause an increased grain weight. HTP experiments until plant
maturity offer the chance to investigate this effect in conjunction with
other important traits to gain a holistic understanding of potential
trade-offs.

The effect of the 7A-QTL may bear on the production and
distribution of hormones at the time of grain filling. In the study
of the ‘stay green’ phenotype in wheat, an association with altered
cytokinin metabolism and the hormone ABA has already been
established (Wang et al., 2016). In a previous transcriptome study
of drought effect in drought resilient vs. susceptible wild emmer
wheat accessions, the involvement of plant hormones, mainly
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ABA, GA, IAA, and prolonged metabolic activity were associated
with drought resilience (Krugman et al., 2010, 2011).

In the background of BarNir the 7A QTL also resulted in
significantly greater EB in both treatments from the seedling stage
on, which was connected with larger plants, higher photosynthetic
rate, and an improved WUE. The slightly lower CVa observed during
a phase when all other plants appeared normally green could
be related to epicuticle growth. A link between leaf color and wax
content has been demonstrated in oilseed rape by overexpressing the
lipid transfer protein gene BraLTP1 and in Spanish juniper (Juniperus
thurifera) by measuring the leaf reflectance of green and glaucous
leaves with a spectroradiometer (Esteban et al,, 2014; Liu et al., 2014).
Several studies have identified a relationship between epicuticular
waxes and reduced transpiration and higher photosynthesis under
drought stress (Guo et al., 2016; Bi et al., 2017). Future studies should
evaluate epicuticular waxes on the leaf surface in more detail in
addition to plant hormones in BarNir and NIL-B-7A-2.

Since these effects in the BarNir background were not found
in the Zahir background, the origin of the QTL was scrutinized.
The QTLs were selected from a RIL population originating from
a cross between wild emmer wheat and the durum wheat cultivar
Langdon. The selection of flanking markers for the QTLs was
based on a DArT map (Peleg et al. 2008; Merchuk-Ovnat et al.,
2016a). In 2020, another genetic map was created based on 15K
SNP array for the RIL 12 and NIL-B-7A-2 (Deblieck et al., 2020;
Fatiukha et al., 2021). Based on this new map, that included 4,015
SNPs, it was found that genetic material from Langdon is also
present in the selected QTL region.

Therefore, there is the potential that the differences of the QTL
effects in NIL-B-7A-2 compared to NIL-Z-7A-5 arise from the
Langdon fragment, Different effects of introgressed QTLs in
different genetic backgrounds are not only caused by genotype-
environment interactions, but are also due to the different
backgrounds (Muellner et al., 2020; Ollier et al., 2020).

The 2B QTL showed a positive effect on the development of EB
from flowering to maturity in stress treatment. In principle, there is
a dear correlation between a higher nurnber of tillers and a higher
yield (Naruoka et al., 2011). However, under stress conditions,
increased tillering can be a disadvantage for the plants because not
all shoots form fertile ears (Wang Z. et al, 2016; Fébidn et al,, 2019).
Nevertheless, NIL-U-2B-3, also showed a higher number of spikes
in both treatments and a higher number of fertile spikes under
drought. Higher grain weight, as observed in the field/screenhouse,
could not be confirmed here, which may be due to genotype-
environment interactions (Merchuk-Ownat 2016a). Although the
plant grain weight was not higher under any treatment in NIL-U-
2B-3 in the HTP experiment, the WUE and the HI were increased
under drought. The higher tillering and WUE may be related to
abscisic acid (ABA; Wang et al,, 2018; Ttam et al., 2020). The plant
hormone ABA is involved in many metabolic pathways. It is an
important regulator of water use because it directly regulates
stomatal aperture, thereby affecting transpiration (Dunn et al,, 2019;
Mega et al., 2019). CIPK genes play an important role as they mediate
between the ABA signaling pathway and drought stress responses
(Cui et al,, 2018). Sensitivity for ABA should be tested in the future.
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The fact that a higher grain weight was not achieved despite
the increased number of fertile ears may be explained by the
source-sink relationship. Although more EB or leaf area is
available as a source and more fertile ears as sinks, the process of
filling the grains was nevertheless interrupted by drought stress or
earlier onset of senescence, which interrupts photosynthesis.

Presumably; many resources were invested in tillering, which
is far higher for single plants than for plants in field stands, leaving
fewer resources in the form of water-soluble carbohydrates
available for grain filling (Abdelrahman et al., 2020).

Conclusion

This study demonstrates that non-invasive imaging under
controlled conditions and a well-chosen setup can shed light on
complex traits such as yield formation under drought even with the
drawbacks of a pot experiment. For the first time, an HTP experiment
was conducted over the whole plant life cycle in wheat and was able
to not only confirm the effect of improved yield and dry matter of two
wild emmer wheat QTLs introgressed into Israeli wheat cultivars but
also resulted in further insights of their effects during plant
development and their temporal dynamics. Thus, it is clear that HTP
and field experiments can be combined to complement elucidation
of intogressed QTLs in NILs, as in this study, and serve to further
decipher mechanisms. Lessons from this experiment can also
be drawn with respect to the useful phenotyping period for traits such
as PH and EB. Maximum PH and EB were reached about a week after
heading, so experiments that only aim at exploring these traits can
be stopped at that time. To obtain information on different onset and
progress of senescence, the evaluation period should be extended,
accordingly. Here, the CVa curves represented best the ongoing
senescence of plants. This process can be subjected to modelling of
growth curves to obtain parameters for the rate of maturation as the
curves of CVa of individual plants are very clear at that time.

'The effects of beneficial QTLs of wild emmer wheat in drought
and also in control conditions demonstrate the importance of using
wild alleles for crop improvement. The differences in the effect of the
7A QTL in the two genetic backgrounds need to be further evaluated
in the future. Since the effect of wild emmer wheat QTLs was
confirmed in field/screenhouse and pot trials, the NILs were recently
crossed with elite German cultivars for future research.
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Abstract: Precise and high-throughput phenotyping (HTT) of vegetative drought tolerance in chick-
pea plant genetic resources (PGR) would enable improved screening for genotypes with low relative
loss of biomass formation and reliable physiological performance. It could also provide a basis to
further decipher the quantitative trait drought tolerance and recovery and gain a better understanding
of the underlying mechanisms. In the context of climate change and novel nutritional trends, legumes
and chickpea in particular are becoming increasingly important because of their high protein content
and adaptation to low-input conditions. The PGR of legumes represent a valuable source of genetic
diversity that can be used for breeding. However, the limited use of germplasm is partly due to a
lack of available characterization data. The development of HIP systems offers a perspective for the
analysis of dynamic plant traits such as abiotic stress tolerance and can support the identification of
suitable genetic resources with a potential breeding value. Sixty chickpea accessions were evaluated
on an HTP system under contrasting water regimes to precisely evaluate growth, physiological traits,
and recovery under optimal conditions in comparison to drought stress at the vegetative stage. In
addition to traits such as Estimated Biovolume (EB), Plant Height (PH), and several color-related traits
over more than forty days, photosynthesis was examined by chlorophyll fluorescence measurements
on relevant days prior to, during, and after drought stress. With high data quality, a wide phenotypic
diversity for adaptation, tolerance, and recovery to drought was recorded in the chickpea PGR panel.
In addition to a loss of EB between 72% and 82% after 21 days of drought, photosynthetic capacity
decreased by 16-28%. Color-related traits can be used as indicators of different drought stress stages,
as they show the progression of stress.

Keywords: chickpea; image-derived traits; growth dynamics; plant genetic resources; drought stress;
chlorophyll fluorescence

1. Introduction

In addition to the rising global population, the changing climate poses challenges
for agriculture [1]. In Europe, droughts will be 11-28 times more frequent in different
regions and will become much more severe in terms of their spatial and temporal spread [2].
However, there is already a high variability in the severity, timing, and intensity of droughts
with severe consequences for Europe [3]. This is especially true for legumes, as they are
summer crops, which are more yield-instable than winter crops [4-6]. Many studies among
several crop species have employed plant genetic resources (PGR) tc detect quantitative
trait loci (QTL) that can harbor beneficial alleles at loci for relevant phenotypic traits
under challenging environments [7-10]. In chickpea, valuable QTLs from landraces against
abiotic and biotic stress factors and improved root growths have been introgressed by
marker-assisted backcrossing into cultivars [11,12]. Other methods for the introgression
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of regions of interest or more specific genes include CRISPR [13,14]. However, besides
drought tolerance per se, it is also essential to further investigate the ability to recover from
drought, as precipitation is becoming more extreme and unpredictable [15]. Hence, it is
necessary to evaluate PGR not only for drought tolerance but also for drought recovery
and to analyze drought stress in the vegetative stage in addition to the drought stress at
the end of the season [16]. So far, it is not sufficiently understood how planis respond
to drought stress at different growth stages and during recovery to contribute to a more
resilient agricultural system.

Chickpea (Cicer arietinum 1.) is one of the legumes of the future [17-19]. Global
production was 15 million tons, with cultivation being carried out primarily in India and
Turkey, followed by Pakistan, Myanmar, and Ethiopia; an increasing preduction can be
observed in Europe [20,21] (FAQ, 2021). With their high protein content and important
nutrients, they are not only in line with the dietary trend towards less meat consumption
but because they form symbiotic nodulation with bacteria, they require less fertilizer and
thus fit into an agriculture in which the use of fertilizers is viewed critically [22-24]. There
are two different types of chickpea: desi and kabuli. The rough grains of desi are different in
color and smaller than the beige and softer-coated kabuli. In addition, there are differences
in biomass formation, in the metabolomic response to drought stress, and in anthocyanin
synthesis [25-27]. To increase chickpea production in Europe, studying drought stress
during the vegetative stage is crucial, as is the development of genotypes that are less
sensitive to cold and more tolerant of Ascochyta blight [28-31]. The response of chickpea
to drought stress depends on its duration and intensity, as well as the growth stage of the
plants [18]. Terminal drought stress, which occurs from the early pod set, reduces biomass,
reproductive growth, the harvest index, and final seed yield [32]. A higher abscisic acid
content was also found in the seeds, which presumably leads to pod abortion. Reduced
grain yield could be explained by a reduced growth rate, the leaf area index during the
pod-filling stage, and reduced biomass during the reproductive growth stage [33]. Field
studies have shown that chickpeas develop a deeper and denser root system to absorb
water from deeper soil regions and that they tend to deposit lignin in the root xylem when
exposed to drought stress [34-36]. Furthermore, drought stress has a negative impact on
nodulation, which has a negative impact on yield [37]. Animoacids, especially asparagine,
and organic acids such as malate accumulate in the nodules and lead to inhibition of
respiration, nitrogen accumulation, an imbalance in the cell redox status in the nodules,
and reduced nitrogenase activity [38].

Until now, little has been known about drought tolerance during the vegetative stage,
because most studies have focused on terminal drought stress, which is prevailing in
the major production areas and to which chickpea is adapted. In addition to the rooting
ability, a low relative loss of above-ground biomass is an important criterion to assess
drought tolerance. Losses in biomass production due to drought stress are primarily
due to the inhibition of photosynthesis since it is the basic process for maintaining plant
growth [16,32]. To evaluate photosynthesis, the pigments, chlorophyll, and carotenoids,
which. play a role in light trapping and photoprotection of the photosynthetic apparatus,
were considered [39]. Recently, chlorophyll fluorescence traits were studied and provided
insights into photosynthetic activity, especially under stress conditions [40-42]. To keep up
with the progress of other technologies, the measurement of chlorophyll fluorescence was
implemented in high-throughput phenotyping (HTP) [43].

The field of genotyping has developed tremendously in recent years with decreasing
costs and increasing precision, but the acquisition of phenotype expression is often even
more complex, objective, and costly [44,45]. HTP is a way to evaluate genotypes in detail,
particularly under controlled greenhouse conditions [46]. Traits such as plant height, color-
related traits, or most importantly, the Estimated Biovolume (EB) are assessed [47]. So
far, in chickpea, HTP has only been employed to evaluate salinity tolerance and to detect
genetic loci for growth rate, water use efficiency (WUE), and the number of seeds under
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salinity and control conditions, among others [48,49]. No study on chickpea for drought
stress tolerance employing HTP has been conducted yet.

Numerous HTP studies with high data quality on cold, heat, or drought stress, for
example in pea (Pisum sativum), Arabidopsis thaliana, barley (Hordeum vulgare), and maize
(Zea mays), were conducted to search for tolerance traits or combined with genetic data
in a genome-wide association study (GWAS) to decipher relevant QTL with spatial and
temporal precision [50-53]. HTP has the strength to assess the temporal dynamics of
agriculturally important traits such as biomass or plant height and reveal traits related to
plant physiology such as WUE and the efficiency of photosynthesis [50,54]. Furthermore,
color-related information was used to study the progress of drought stress and senescence
in barley (H. vulgare), rice (Oryza sativa), maize (Z. mays), and wheat (Triticum aestivum,
T. durum) [47 53-55].

The study is aimed at the investigation of vegetative drought tolerance and recovery
in a panel of PGR of chickpea by employing HTP. The panel is balanced for the two types of
chickpea, desi and kabuli, and was selected to maximize the genetic diversity of the species
on the basis of passport data. The study will reveal (1) how drought during the vegetative
stage affects chickpea growth performance and physiology, (2) how chickpea is able to
recover from this type of drought, and (3) how to identify superior genotypes for further
studies within the panel of PGR.

2. Results
2.1. Data Quality and HTP Experiment

The data quality, represented here as heritability, was high for the EB throughout the
whole experiment (Figure 1). Heritability for the stress treatment was higher than that of
the control treatment, averaging 0.80 compared to 0.55 in the control.

1.00- i i
0.75- | |
z | |
5 | |
8 0.50- : |
o ! .
T : :
0.25- i i Treatment
| i - Control
! ! = Stress
O_OO-establishmient drought i recovery
0 10 20 30 40

DAT
Figure 1. Heritability of Estimated Biovolume (EB).

The heritability of the manually determined plant weights was in line with EB results
(Figure S1). The data quality of the PH was very high with a heritability of over 0.75
throughout all days (Figure 52). Similarly, the heritability for the MCV was approximately
0.7, except for some initial days and the last days during the recovery phase in the drought
stress treatment. Furthermore, the heritability for r2g was very high with over 0.75 for
the control treatment, but generally lower in the drought stress treatment. In contrast,
heritability for y2g was higher in the drought stress treatment, primarily towards the end.
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For the traits obtained from chlorophyll fluorescence imaging, the heritability was also high,
with averages of 0.76 and 0.65 in control and stress treatments, respectively (Figure S3).

The EB of the last imaging day DAT 43 has been correlated with the manually measured
plant weights; high coefficients of correlation (r = 0.96 and 0.97) were revealed for plant dry
weight and fresh weight, respectively (Figure 2; Figure 54).
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Figure 2. Correlation of Estimated Biovolume (EB) from DAT42 and dry weight from DAT43. Based

on BLUESs across both experiments of all 60 genotypes. p indicates the level of significance and r is
the coefficient of correlation.

In conclusion, all investigated traits have sufficient data quality for almost all days
and can be used to gain further insights into drought effects and trait relations.

In the first experiment, no nodulation was observed in a single plant. Since the second
experiment was a repeat of the first experiment with the same conditions, it was assumed
that no nodulation occurred here either.

2.2. Impact of Drought

When looking at the EB and the manually recorded plant weights in both treat-
ments, it is clear that lowering the PAW had a significant influence on the formation of EB
(Tables 51-53). Thus, a negative RGR for drought stress was observed at DAT 22 (Figure S5
and Table S4). This was followed by another week of very low RGR until it finally increased,
with the onset of re-watering for the recovery (Table 54).

Thus, plants in the two treatments differed significantly in EB after seven days of
drought from DAT 14 onwards (Figure 3). EB was 18.5 x 10~ voxels for the drought
stress treatment at DAT 28, the last day of drought, and 85.1 x 10~° voxels in the control
treatment. Therefore, the drought period resulted in an average of 78% loss of EB (Table 52).

The CV for EB was similar for both treatments up to DAT 12, but in the further course,
the CV for the control treatment was 30% higher than that for the drought stress treatment,
which was only approximately 20% (Figure S6).

Drought stress also had a significant effect on PH, MCV, r2g, and y2g (Figure 4
and Table 52). For PH, stressed plants were significantly smaller than unstressed plants
from DAT 16 onwards. At the end of the drought period, the stressed plants were 32%
smaller than those in the control treatment. A significant treatment difference in MCV was
observed between DAT 16 and DAT 36. Initially, the MCV in stress increased but then
the loss remained relatively constant at —6.4 to —5.79% during the last days of drought
stress from DAT 24-28. With the onset of re-watering, the MCV in stress decreased again
until there was no significant difference to control from DAT 36 onwards. The r2g ratio
was significantly higher in stress treatment from DAT 17 until the end. It was 0.005 for the
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control and 0.013 for the stress treatment on the last day of drought, representing a loss of
—160% and indicating an increase compared to the control. As the recovery progressed,
the r2g of stressed plants decreased again, so that the r2g on DAT42 was 0.004 for stressed
plants and 0.006 for non-stressed plants. A very similar pattern was observed for the y2g.
For y2g, on DAT 28, the control was 0.029 and the drought stress treatment was 0.069,
showing a loss of —138%.
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Figure 3. Estimated Biovclume (EB) in drought stress and control treatments. The dotted line
indicates the plant available water (PAW) to which the secondary axis refers to The shadows describe
the 95% confidence interval; as long as the shadows of the individual lines do not overlap, the
significance level of # = 0.05 was reached and therefore a significant difference exists. Based on means
of BLUES across both experiments of all 60 genotypes.
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Figure 4. Further image-based traits under drought stress and control treatments. (A) Plant Height
(PH); (B) Mean Color Value (MCV); (C) red to green ratio (r2g); (D) yellow to green ratio (y2g). The
dotted line indicates the plant available water (PAW) to which the secondary axis refers to. The
shadows describe the 95% confidence interval; as long as the shadows of the individual lines do not
overlap, the significance level of & = 0.05 was reached and therefore a significant difference exists.
Based on means of BLUEs across both experiments of all 60 genotypes.
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The CV for PH was relatively constant throughout the whole experiment in the control
treatment but increased continuously from DAT 16 onwards in stress up to 18% at DAT 42
(Figure S6). For the MCV, the CV was higher for the drought stress treatment compared to
the control treatment for DAT 12-22 and 41 and 42, but for the remaining days, from DAT
22-40, the opposite was true. Overall, the CV for MCV was the lowest of all considered
fraits, ranging between 1.5 and 2.5%. The CV for the r2g increased in both treatments
from 13% on DAT 2 to 25% on DAT 15. For the following DATS, it was higher for the
control treatment by up to 7% unitil, finally, for the last DAT 4042, the CV was higher
in the drought stress treatment. The CV pattern for y2g was similar to that of r2g, but
continuously higher in the drought stress treatment from DAT 22 onwards.

The WUE in the three different drought phases was evaluated (Figure 5, Tables S5 and 56).
The mean during DA was 0.038 voxel /mL for the control and 0.039 voxel/mL for drought
stress (Tables S5 and 56). During DR, the WUE was lower in drought (0.026 voxel/mL)
compared to the control treatment (0.04 voxel/mL). In DT, WUE was significantly higher
in drought stress (9.63 voxels/mL) than in the control treatment (0.033 voxels/mL).

B Control T
10.001 £l Stress
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©
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=
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[2)
= 0.10;
S .
© NG LN
0.01/ | - |
DA DR DT
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Figure 5, Water Use Effidency (WUE} in different drought phases for drought stress and con-
trol treatments. Estimated Biovolume (EB) was based on BLUEs across both experiments of all
60 genotypes. The shape around the boxplot is a violin plot and describes the continuous distribution
of the data at different values. DA = drought adaptability DAT 8-42; DR = drought recovery DAT
29-42; DT = drought tolerance DAT 8-28.

The $PSII imaging results showed differences between the two treatments, some
of which were significant (Figure 6, Tables 57 and 58). ®FSIlh decreased with continued
drought stress and increased again with re-watering. At DAT 20 and 27, after 13 and 19 days
of drought stress, respectively, the control treatment and the drought stress treatment
differed significantly. The loss in the stressed plants was 7% on DAT 20 and 20% on DAT 27
of the &PSITh in the control treatment (Table $7).
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Figure 6. ¢PSIIh for drought stress and control treatments on several DATs. Based on BLUEs across
both experiments of all 60 genotypes. The shape around the boxplot is a violin plot and describes
the continuous distribution of the data at different values; 1 day before drought = DAT 6, 7 days of
drought = DAT13, 13 days of drought = DAT20, 19 days of drought = DAT 27, 6 days of recovery = DAT34.
$PSIIh = operating efficiency of photosystem II under high-light conditions.

For the ®PSIIr and ®PSIh, comparable results and significances were found
(Tables S7 and S8 and Figure 57).

2.3. Correlations belween Traits

Correlation coefficients » between EB and PH, 12g, and y2g traits over each phase of
DA, DT, and DR have been calculated (Table 59). For PH and EB, r ranged from 0.56 to 0.87
in all phases and both treatments. In contrast, there was a negative correlation between the
MCYV and EB in both treatments, for DA and DR. In DT, there was a significant difference
between the treatments. For the control treatment, r was —0.54, but for DT in the drought
stress treatment, it was 0.53. Considering the EB and r2g traits, r was strongly negative
(approximately —0.7 for all combinations of treatment and phase); only for the DR phase in
the control treatment did r result in —0.54. All r values for all the pairs of traits for each
phase and treatment yielded significant results, with the only exception being r between
EB and y2g for the DR phase and control treatment (r = 0.005; p = 0.88). In contrast, for DR
in drought stress, there was a strong negative correlation between y2g and EB (r = —0.74;
p < 0.0001); for the DT, r between y2g and EB was —0.75 for the control treatment but only
—0.33 in the drought stress treatment, even if both were significant.

The coefficient of correlation r between ®PSITh and ®PSII was 0.5, while r between
OPSIr and PSITh was significantly higher, equal to —0.94 (Figure S8).

Furthermore, some correlations between ©PSITh and image-based traits were signifi-
cant with persistent drought stress (Table 510). On DAT 27, after 19 days of drought stress,
the correlations of ®PSITh to EB and PH were significantly positive (r = 0.69 and r = 0.55),
and to the color-related traits, MCV, r2g, and y2g were significantly negative (r = —0.62;
r=—0.7 and r = —0.68; Figure S9). In addition, on DAT 27, a strong positive correlation
between the color-related traits and between EB and PH was visible as well (Figure S10).
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2.4. PGR under Drought Stress

The set of 60 genotypes could be grouped on the basis of biological status and desi and
kabuli types. In particular, the differences in kabuli and desi in terms of their tolerance to
vegetative stage drought stress were of interest and were evaluated based on the drought
stress period DAT 8-28 (Figure S11). In the control treatment, principal component (PC)
1 explained 75%. The EB and PH traits were approximately opposite to y2g and r2g, re-
spectively. For PC2, which explained 15.3% in the control treatment, the genotypes are
subdivided primarily for MCV. A clear separation of the two chickpea types or even a ten-
dency to be different was not detected. PC1 explained 57% of the drought stress treatment,
which was less than the control treatment. Furthermore, PC1 separates genotypes based on
EB and PH versus r2g and y2g. PC2 explained 19.5% of the variation and was influenced
by MCV. In the PCA for drought stress, there was a slight differentiation of desi and kabuli
genotypes, with desi mostly present in the positive range of PC1 (high EB and PH, low
r2g and y2g). There were no significant differences in biological status between cultivars,
domesticated material, landraces, and breeding material (Figure 512).

To evaluate whether desi or kabuli were more tolerant to drought stress, the percentage
loss caused by drought was investigated (Table S2 and Figure $13) There were no significant
differences in losses for EB, r2g, and y2g between both types. Loss of PH was lower for desi
from DAT 16-19, but on DAT 28, a similar loss was detected for desi (31%) and kabuli (34%)
types (Table S2). Similarly, loss for MCV was significantly different from DAT 24-31 for the
two types. For DAT 28, the loss between drought stress and control treatment was lower
for desi (—5.8%) compared to kabuli (—7.2%).

Considering the biological status, the loss ratio of drought stress and control treatment
was calculated to verify if breeding materials, cultivars and landraces, or domesticated
materials are different in terms of their drought tolerance (Figure 514). However, no
significant differences were detected. In addition, the genotypes of the domesticated
material group were very heterogeneous.

In addition, we investigated for each individual the deviation from the mean value of
the BLUES of the entire set of materials for both treatments in relation to their EB (Figure 7).
At DAT28, the last day of stress, mostly desi genotypes had significantly higher mean values
of both drought stress and control treatment. Thus, these genotypes behave significantly
better than the kabuli genotypes. A similar result was obtained for the last day of the
experiment (DAT 42), that is, after drought stress and recovery. Desi was significantly better
than kabuli over the mean of all 60 genotypes.
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Figure 7. Deviation of the individual genotypes with their affiliation to desi and kabuli, from the mean
value of Estimated Biovolume (EB) of all 60 genotypes. The superior genotypes were labeled with the
INCCP plant material number and the labels touch the designated places. Based on BLUEs across
both experiments and all 60 genotypes. (A) DAT 28; (B) DAT42.
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In contrast, no significant differences in terms of deviation from the mean values
of BLUEs for EB in both treatment conditions were detected considering the different
biological statuses of the genotypes (Figure S15).

Comparing the WUE for the desi and kabuli types, a significantly higher WUE was
detected for desi genotypes (11.5 voxel/mL) compared to kabuli ones (7.76 voxel/mL) in
the drought stress treatment during the DT phase (Figures 8 and 516, Tables S5 and S6). No
significant differences in the biological status of the genotypes were detected for WUE.
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Figure 8. Deviation of the individual genotypes with their affiliation to desi and kabuli, from the mean
value during DT of Water Use Efficiency (WUE) of all 60 genotypes. Estimated Biovolume (EB) based
on BLUEs across both experiments and all 60 genotypes. The superior genotypes were labeled with
the INCCP plant material number and the labels touch the designated places. DT = drought tolerance
DAT 8-28.

When locking at the image-derived traits r2g, y2g, and MCV for the deviation from
the mean values of the entire panel, the kabuli genotypes showed a significantly higher r2g
than desi ones, but no significant difference was detected for MCV (Figure S17).

Concerning photosynthesis traits, the two chickpea types showed a significant differ-
ence only on DAT 34 (Tables S7 and S8): The mean $PSITh was higher for desi (0.438) than
for kabuli (0.425) types. When the deviation from the mean of ®PSITh was calculated for the
desi and kabuli groups and biological status, no significant differences or trends were visible
(Figure 518).

There were 32 genotypes that have better EB and WUE in the different phases of DT,
DR, and DA and at DAT 28 and DAT 42 than the panel mean of 60 genotypes (Table 511).
These 32 genotypes include 10 Kabuli and 22 Desi genotypes. INCCP_00119 (desi, Turkey,
landrace), INCCP_00139 (desi, Tajikistan, landrace), INCCP_00221 (desi, Mexico, cultivar),
and INCCP_01917 (kabuli, Portugal, landrace) were better for WUE and EB than the mean
of the panel for both treatments on the significant days DAT 28 and 42 and in all phases,
DA, DT, and DR.

3. Discussion

HTP is considered an important tool that allows the rapid and precise testing of
genotype environmental interactions [56]. In the present study, the effects of drought stress
during the vegetative growth period under well-watered and drought stress conditions
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using non-destructive HTP was investigated for the first time in chickpea using a diverse
panel of PGR. The high data quality results of the daily phenotyping showed the varying
tolerance of PGR and allowed us to draw conclusions about the suitability of PGR for
pre-breeding.

3.1. Suitability of HTP

The HTP system used in this study has already proven useful for studies to test the
biomass development and color change of wheat Near Isogenic Lines throughout the life
cycle in phases of varying drought stress and also the biomass development of barley PGR
under drought stress in the vegetative stage [47,55]. The greenhouse conditions met the
temperature requirements for chickpea and were combined with an irrigation system that
simulates drought stress followed by recovery during vegetative development.

The heritability of EB in the drought stress and control treatment was comparable
to results from a chickpea HTP experiment for salinity tolerance [48]. Furthermore, the
heritability was also high for PH, MCV, and r2g in the control treatment. On some days,
especially at the beginning and towards the end of the experiment, the heritability for
the y2g, MCV, and r2g was lower in the drought stress treatment. This could be partly
attributed to the non-uniform development and maturation of the PGR and the associ-
ated physiological changes in pigment composition during these days. In addition, the
heritability for the chlorophyll fluorescence imaging traits was satisfactory. In general,
heritability was comparable to that of previous experiments in barley on this HTP system
and is suitable for future genome-wide association studies [52,55]. The high correlation of
EB to measured plant weight demonstrates the suitability of EB as a proxy for biomass.
Based on the high-quality dataset, statistical analyses could be carried out to evaluate the
PGR in terms of their tolerance to drought stress and ability to recover after drought.

The CV was used to determine the degree of phenotypic variation over time [53]. The
change in the CV reflected the variation in PGR, confirming the method and utility of this
dataset for further analysis. Thus, the CV for this PGR under drought stress was highest
for the 12g and y2g color ratios and also high for EB, resultant WUE, PH, and ®PSITh.

3.2. General Effect of Drought Stress during HTP Experiments

Drought stress significantly impairs plant development for several traits and yield
components, making the breeding of tolerant varieties a complex task. This study highlights
the importance of HTP for the screening of vegetative drought stress tolerance to identify
superior genotypes within the PGR panel.

According to the timeline of the irrigation regime, statements can be made about
the relevance of traits at certain DATS, e.g., at the maximum sustained drought stress on
DAT 28, or in certain phases such as the DT, DR, and DA [53]. The difference between
treatments became significant for each trait within a few days, but the difference in EB
occurred first. EB showed a significant difference on DAT 14, i.e., 7 days after the onset of
drought stress, 2-3 days before the other traits. This is slightly later compared to results
in barley PGR [55]. As there is a correlation between biomass and seed yield in chickpea,
the reduced EB formation in drought and low biomass of genotypes would likely result in
lower seed yield [48,49].

Drought stress altered the image-based traits that differed even after re-watering,
MCYV was the only trait of the image-based traits for which the values of the two treatments
converged again in the recovery phase, so from DAT38 onwards, there was no longer any
significant difference between the treatments. To describe differences between genotypes
based on percentage losses and coefficients of variation, r2g, EB, and y2g were most
informative [53,54].

The effect of drought stress and the optimal choice of the timing of re-watering was
shown in the RGR. As RGR became negative with continued drought stress, the objective
of the study to evaluate the drought tolerance and recovery of chickpea was realized with
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the scheduling of irrigation. If irrigation had been delayed, some genotypes would not
have shown recovery.

WUE based on EB and water use was another informative trait. It is considered for
breeding plants more tolerant to drought and involves optimizing biomass accumulation
and transpiration [57]. It is advisable to supplement the WUE with data on transpiration,
stomatal density conductivity, or vapor pressure deficit [58]. In a field study with one chick-
pea variety, optimum WUE was achieved with early sowing and increased irrigation [59].
Furthermore, in chickpea, better adaptation to water deficit was associated with higher
relative water content, longer chlorophyll retention, and higher osmotic adjustment [60].
The significant differences and variations in WUE during DT can be used to select suitable
PGR genotypes.

PH is an important trait that correlates with shoot biomass and thus also with seed
yield [49]. Drought reduced PH in our study, and the PGR panel showed substantial
phenotypic variation in PH and losses in PH.

Color-related traits have been used previously to represent physiological responses to
challenging environmental conditions in HTP in wheat (T. aestivum; T. durum), barley (H. vulgare),
and maize (Z. mays), as well as rice (O. sativn) and lettuce (Lactuca sativn) [47,54,55,61,62].

Under drought, both color ratios, y2g and r2g, increased, indicating pigment changes
such as chlorophyll, carotenoids, and anthocyanins, which play a role in plants’ reactions to
stress and starting senescence symptoms [63]. Carotenoids, for example, stabilize the lipid
membrane, are important for photosynthetic light collection, and protect photosystems
from oxidative damage caused by light radiation [63]. Similarly, anthocyanins, which are of
red to blue color, reduce the photoinhibition and photobleaching of chlorophyll and occur
in response to environmental extremes [64,65]. In addition to anthocyanin, in chickpea,
lower chlorophyll and carotenoid content was observed under drought stress conditions in
the field, which could explain the changes in r2g and y2g [66,67].

The MCV first increased under drought stress, indicating a deeper green color of
the leaves, then remained constant from DAT 24-28 during advanced drought stress,
and finally fell back to the value of the control treatment with the resumption of normal
watering. In principle, there is a high correlation between hue value and chlorophyll
concentration, which has been observed in a wide range of species, including tobacco
(Nicotiana), grapevine (Vitis labrusca), or Arabidopsis thaliana [65,68,69]. The initially darker
green shade of the leaves could be explained by the fact that under drought stress, the water
content in the cells decreased and therefore the chlorophyll content increased in relative
terms [67]. Another reason could be the short-term overcompensation of chlorephyll, which
has already been observed in soybean (Glycin max) under drought stress [70]. The constant
hue value of DAT 24-28 could be due to anthocyanin accumulation, which correlates
negatively with hue [65].

Many studies in greenhouse and field conditions demonstrated a negative effect of
drought stress on photosynthesis, e.g., in soybean (G. max), lettuce (L. sativa), and wheat
(T. durum) [16,62,71]. In this study, the lower ®PSIIh, which represents a lower light quan-
tum yield, showed a reduced photosynthetic capacity. However, in our study, when. plants
recovered from drought, photosynthetic capacity had not been permanently damaged and
$PSITh returned to well-watered levels, similar to a field study with soybean (G. max) and
drought stress [16]. Similarly, [47] #PSIIr was higher under drought stress.

In line with the study for salinity tolerance in chickpea, EB and PH were always
positively correlated in conirol and drought stress [49]. While correlations between EB
and the other imaging traits were quite constant, correlation to MCV showed a different
pattern. The delayed change from a positive to a negative correlation with the onset of
re-watering suggested that MCV might be important for the selection of PGR for drought
stress tolerance and was found for the DT phase. Y2g and r2g showed a more durable
correlation with EB and y2g appeared to be more informative for DR, with a defined shift
in correlation between control and drought stress. The color traits had a high heritability,
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which is in accordance with studies in barley and maize and therefore could be used in
evaluating the wilting process [55,72].

Precision phenotyping thus allows one to select the most suitable traits, but moreover,
also determines the critical moment for their evaluation [73].

In addition, the use of chlorophyll fluorescence imaging enabled a complex analysis
of chickpeas under drought stress and highlights the importance of studying with com-
plementary methods [43,50,54,62]. A high correlation between plant area and chlorophyll
fluorescence imaging has been noted previously, which is comparable to the EB and PH
traits, which have a high correlation to ®PSITh [54].

3.3. PGR for Drought Stress Tolerance during Vegetative Phase

The diverse PGR panel showed high phenotypic diversity throughout the whole
experiment. Grouping according to geographical area and biological status revealed no
differences in performance under well-watered or drought stress conditions, which could
be due to the sample size.

However, significant differences are known for the two types of chickpea, desi and
kabuli. Desi has been reported to be more tolerant to drought stress than kabuli [25,74]. A
higher dry weight in the seedling stage, specific leaf area, and reduced growth for the
desi type were observed in pot and climate-chamber experiments [25,74]. In our panel, no
significant difference was found between desi and kabuli in the image-derived traits for the
entire course of the experiments. When evaluating the performance in comparison to the
deviation from the panel mean values on specific DAT, desi genotypes behaved significantly
better for EB on DAT 28 and 42 and WUE during DT. This was in agreement with earlier
studies that identified a higher WUE and transpiration efficiency in desi and could be in
part attributed to the anatomy of the xylem vessels and cortical layers of roots, which have
less resistance to water [25,74].

In general, the differences between the two types, desi and kabuli, have been inten-
sively discussed in the literature. Re-sequencing of 29 varieties revealed that only 2%
of the genomes are different regions and these are likely signatures of selection during
improvement [75]. Interestingly, markers for proanthocyanin were found to be significantly
different for desi and kebuli, with kabuli showing a reduced function for blocking transcrip-
tion factors for anthocyanin biosynthesis [26]. In this study, kabuli showed a significantly
higher deviation from the mean of the panel for the r2g value than desi at DAT 28 under
drought stress. This higher r2g value could be due to a higher anthocyanin content. How-
ever, there was no significant difference for MCV at DAT 28 under drought stress compared
to the mean of the panel between desi and kabuli, although the hue value is correlated to
anthocyanin content [65].

In contrast to [74], our study did not reveal a significantly better photosynthetic
performance of desi types under drought stress. This could be due to the different genotypes,
type of stress timing, and severity or measurement of photosynthesis. Desi tended to
perform better photosynthetically during the late drought stress phase and during recovery
in the context of our study.

Based on a pre-screening, we were able to gain insights into the suitability of PGR
for drought stress and recovery. For the relevant trait EB, there were 22 desi and 10 kabuli
genotypes that were better than the mean of the panel at key DAT 28 and 42 and for the
different phases DR, DA, and DT. Four superior genotypes are identified that can be used
for future improvement of vegetative drought tolerance. The four genotypes INCCP_00119
(desi, Turkey, landrace), INCCP_00139 (desi, Tajikistan, landrace), INCCP_00291 (desi, Mex-
ico, cultivar), and INCCP_01917 (kabuli, Portugal, landrace) showed superior WUE and EB
and are valuable genotypes for further studies.
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4, Material and Methods
4.1. Plant Material

The set of materials used in the present study consisted of 60 chickpea accessions
(Supplementary Material). Each accession is represented by single seed descent (S5D)
material derived by at least two cycles of selfing from 12 accessions from the IPK Gater-
sleben genebank and 48 accessions from the Western Regional Plant Introduction Station
(USDA-ARS, Washington State University, Pullman, WA, USA) [20,21]. These materials
represent a subset of a larger collection (Training CORE, T-CORE) developed within the
INCREASE (Intelligent Collection of Food Legumes Genetic Resources for European Agro-
food Systems) [21,76] and EMCAP (European and Mediterranean Chickpea Association
Panel) projects [20]; and is being tested in field experiments in collaboration with part-
ners in Italy, too. The 60 genotypes were selected to maximize the genetic diversity of
the T-CORE using passport data; in particular, the genotypes originated from 39 coun-
tries and 16 regions worldwide. Moreover, the set of materials is balanced for being desi
(30 genotypes) and kabuli (30 genotypes). Considering the biological status, the set is
composed of 3 breeding materials, 13 cultivars, and 42 landraces; for the remaining two
genotypes, the biological status is domesticated material (Table S12).

4.2. HTP Experiments

The HTP system (LemnaTec-Scanalyzer 3D) used in the present study is installed in
an environmentally controlled greenhouse at IPK Gatersleben (51°49'23" N, 11°17/13" E,
altitude 112 m). In this system, each plant was transported by conveyor belts to the imaging
chambers equipped with top and side view RGB (Red, Green, Blue) and fluorescence
cameras, where a lifter allows imaging from different angles in side view. The balance-
watering station enables controlled watering and thereby defined drought setups.

Plant material was tested in two experiments with two biological replicates per geno-
type and treatment. The first experiment was conducted from 24 March 2021 to 19 May
2021 and the second from 10 June 2021 to 5 August 2021. Two experiments were planned
to obtain a total of four biclogical replicates per genotype and treatment. For both experi-
ments, two seeds were sown directly into the pots and thinned out to one seedling per pot
after emergence. Each pot (18.5 cm height x 14.9 cm diameter) was filled with Klasman
substrate No. 2 described in [47]. After 14 days of pre-cultivation in a regular greenhouse
chamber outside the HTP system at 24 °C during the day and 20 °C during the night, with
a relative humidity of 67% during the day and 76% during the night, a daylight period
of greenhouse lights of 15 h (from 6 am to 9 pm), and manual watering, the plants were
transferred to the greenhouse with the HTP system with the same growing conditions.
To each pot, 7 g of fertilizer with a composition of 19% total nitrogen, 9% P05, and 10%
K20 was added, and no inoculation was carried out to promote nodulation. Nevertheless,
each plant in the first experiment was examined for nodulation after the experiment was
completed. A plant support was placed on each pot and each pot was placed into a tray so
that any water added could be absorbed by the plant. During the experiment, LemnaTec
software was used to randomize the arrangement of the plants twice a week resulting in a
fully randomized design. After an establishment phase to bring all plants to the same level
of plant-available water (PAW) of 70%, the irrigation level was lowered to 10% from day 8
after transferring (DAT) for plants in the drought stress treatment (Table 1; SM 52). The
watering regime and simulation of drought stress were developed on this HTP system and
have already been published [52]. The plants of the conirol treatment were maintained at
70% PAW from DAT 1 until the end at DAT 42 (SM 52).
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Table 1. Timeline of both experiments. DAS = Days after sowing; DAT = Days after transferring;
PAW = Plant-available water.

DAS DAT Action
0 Sowing and pre-cultivation in greenhouse
14 0 Transferring to HTP system and set watering to 70% PAW
15 1 First image
20 6 Chlorophyll fluorescence measurement
22 8 Initiation drought stress: 10% PAW
27 13 Chlorophyll fluorescence measurement
34 20 Chlorophyll fluorescence measurement
41 27 Chlorophyll fluorescence measurement
43 29 First step of recovery: + 300 mL
44, 30 Second step of recovery: 70% PAW
48 34 Chlorophyll fluorescence measurement
56 41 Last imaging on HTP system
56 42 Harvest

On DAT 29, gradual re-watering was planned for both experiments with 300 mL
initially, followed by irrigation to 70% on DAT 30. The irrigation was performed in
two steps to allow the plants to slowly absorb the water. Information on daily water-
ing based on weight before and after watering can be extracted with the system software.
At the experiment’s end, fresh and dry weights of the above-ground shoot part were deter-
mined. Furthermore, due to technical difficulties, only an incomplete set of images could
be recorded on DAT 1 for experiment 1 and on DAT 14 for experiment 2. These two days
were excluded from the analysis.

4.3. Image-Derived Plant Traits

The images were analyzed using the IAP version 2.3.0 (Integrated Analysis Platform
(IAP)) [77]. The traits used here include Estimated Biovolume (EB, [voxel 10~5]), Plant
Height (PH; [mm]), Mean Color Value (MCV; [hue]), the red to green ratio (r2g; [%]), and
the yellow to green ratio (y2g; [%]) [55,77]. The MCYV refers to the HSV color space. A
20-bin histogram was calculated, which provides information about the composition of the
detected plant color [77]. Based on this model, a mean hue of 0.23 corresponds to an image
of a green plant. The values y2g and r2g indicate the percentage of yellow and red pixels in
the image, respectively. The EB was calculated from the images from the top view camera
and the images of three side views:

Estimated Biovolume [voxel] = \/ average pixel side area? x top area

The PH results from pictures of the side view and the y2g, r2g and MCV result from
pictures of the top view.

To determine the PAW, the pot weight before watering was taken into account, as was
described in [52].

To draw conclusions about the tolerance of, for example, the two chickpea types or
biological status, the loss was calculated as the ratio of drought stress to control for the
imaging traifs.

_ trait grought stress
trait control

Based on the mean of the BLUE values in the two experiments for the 60 genotypes,
the relative growth rate (RGR) was calculated. The missing values at DAT1 and 14 were
linearly interpolated to calculate the RGR.

Loss of Trait [%] = (1 ) x 100

Relative Growth Rate [ voxel] = In(EB;) — In(EB;1)

DAT| ™~ DAT: - DAT.,
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For further analysis, the DATs were divided into phases. DAT 2 to 7 refers to the
establishment phase, DAT 8-28 to the drought tolerance phase (DT), DAT 2942 to the
drought recovery phase (DR), and the period from DAT 8-42 was considered the drought
adaptability phase (DA).

The WUE was calculated as EB per milliliter of water during each of the phases of DA,
DT, and DR. If the irrigation was at zero milliliters, the amount of irrigation for the entire
phase has been set to 1 milliliter to proceed with further analysis. Outliers which were
detected for EB were removed from the irrigation data, and the mean for each genotype
and each DAT was calculated. For each drought phase, the difference in the BLUEs of EB
between the first and last DAT was calculated and divided by the sum of the irrigation to
calculate the WUE.

4.4. Chlorophyll Fluorescence Imaging and Image Analysis

The system was supplemented with a chlorophyll fluorescence camera (FluorCam;
version 7) from Photon Systems Instruments (PSI; Brno, Czech Republic) to measure
photosynthetic performance from the top view. The FluorCam data were analyzed using
the manufacturer’s software Plant Data Analyzer (version 3).

These measurements took place at DAT 6 (2 days before drought stress); DAT 13
(five days of drought stress); DAT 20 (twelve days of drought stress); DAT 27 (19 days
of stress); and DAT 34 (five days after re-watering) (Table 1). During these days, normal
imaging was advanced to 00:01 am instead of 7 am to allow FluorCam measurements at
8 am (duration 12 h).

Chlorophyll fluorescence measurements were taken approximately once per week
using FluorCam similar to [43]. For the measurement, the plants were first adapted to a
light intensity of 800 umol/m?/s in an adaptation tunnel. This light intensity is higher
than that in the greenhouse (during the growth). After the adaptation of five minutes, the
plants were moved to the measuring chamber and illuminated once more for 10 s with a
light intensity of 800 pmol/m?/s. At the end of this phase, a first saturating light flash of
4000 pmol/m? /s was applied to measure the operating efficiency under high light intensity
(©PSIIh; umol/m? /s). This was followed by ten seconds of 80 pmol/m?/s to allow the
plants to adapt to low light conditions, and then a second light flash of 4000 umol/m? /s was
used to measure the operating efficiency under low light conditions (®PSIII; yumol/ m?2/ s).

The ®PSII to PPSIIh ratio was calculated in order to measure the plasticity of photo-
system II to fluctuating light (OPSIIr).

4.5, Statfistics

The EB was divided by a factor of 10~5. For further statistical analysis, R studio version
4.1.2 was used with the packages “tidyr”, “dplyr”, “stringr”, “data.table”, “multtest”,
“agricolae”, and “lattice”. Figures were created with the packages “ggplot2”, “ggpubr”,
and “ggrepel”. The package “ASReml” was used to calculate the outlier, the heritability,
and the best linear unbiased estimators (BLUEs). Across the two experiments, outliers have
been detected separately for each treatment. In the mixed model, the genotypes are fixed
effects and the experiment and the genotype and experiment interaction were random
factors. For every DAT, outliets were calculated separately.

To calculate the broad-sense heritability H2, each DAT is a fixed effect, and the ex-
periment, the genotype and experiment, and genotype interactions have been taken as
random effects.

VG, Ve, and Vg are the variance components of the genotype, the genotype x experiment
interaction, and the residual, respectively. numExp is the number of experiments for the
respective DAT, and numRep is the number of biological replicates.

H? = Ye
Ve + (n‘r:(r;nfxp) + ((numRzp‘;tnumExp) )
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To calculate the BLUEs across the two experiments from the cleaned dataset, geno-
types were used as fixed factors, similar to the outliers, and the experiment and the
genotype—-experiment interaction are random factors. The BLUEs across the experiments
were used for all further analyses.

Pearson correlations with the coefficient of correlation r were estimated. The coefficient
of variation (CV) has been calculated by the ratio of o to p. For the chlorophyll fluorescence
values, an ANOVA followed by Tukey’s test was performed to calculate the significance
levels. Significant differences were highlighted by calculating the 95% confidence intervals
using the package “Rmisc”. The confidence intervals are shown as shadows in the figures.
Principal component analysis (PCA) was performed using the package “factoextra”.

5. Conclusions

Considering the differences observed between genotypes with respect to drought stress
during the vegetative stage and recovery, HTP proved to be a useful method to study these
complex quantitative traits in chickpea PGR. Genotypes with superior drought tolerance
could be identified from the traits of growth performance and physiology derived from the
images, suggesting that further studies are needed to elucidate the underlying processes.

For practical crop improvement, this method is valuable. PGR can be assessed in an
HTP experiment; by linking genotypic data, root-related data, yield-related data, and, for
example, metabolomic data, QTLs can be mapped by genome-wide association studies to
unravel the underlying genetic architecture for drought tolerance and recovery in chickpea.
In addition, these results can then be verified through field studies.

Once potentially valuable genotypes are identified, they can be incorporated into
breeding programs and introduced into elite material, for example, via CRIPSR/Cas,
backcrossing with marker-assisted selection, or other breeding methods, to breed chickpea
varieties that are more tolerant to drought stress in the vegetative stage and recover quickly.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ plants12152866 /51, Figure S1: Heritability of dry and fresh weight
from DAT 43. Figure S52: Heritability of image-derived traits. Figure S3: Heritability of Chlorophyll
Fluorescence traits. Figure S4: Correlation of EB from DAT 42 and fresh weight from DAT 43.
Figure 55: Relative growth rate of drought stress treatment. Figure S6: Coefficient of variation of
image-derived traits. Figure S7: Chlorophyll Fluorescence traits for drought phases. Figure S8:
Correlation among chlorophyll fluorescence traits. Figure S9: Correlation of ®PSITh and image-
derived traits for DAT 27. Figure S10: Correlation matrix of Chlorophyll Fluorescence and image-
derived traits. Figure S11: PCA for desi and kabuli for DT. Figure 512: PCA for DT for biological status.
Figure 513: Loss of drought stress compared to control treatment of desi and kabuli. Figure S14: Loss
of drought stress compared to control treatment of biological status. Figure S15: Deviation of the
individual genotypes with their affiliation to the biological status, from the mean value of EB of all
60 genotypes. Figure 516: WUE of desi and kabuli during drought phases. Figure S17: Deviation
of the individual genotypes with their affiliation to desi and kabuli, from the mean value of all
60 genotypes. Figure S18: Deviation of the individual genotypes from the mean value of ¢ PS ITh of
all 60 genotypes; Table S1: PAW for experiment 1 and 2 and both experiments. Table S2: Descriptive
statistics of image-derived traits for all genotypes and desi and kabuli. Table 53: Descriptive statistics
of fresh and dry weight. Table 54: Descriptive statistics of RGR. Table S5: Descriptive statistics of WUE
for drought phases and chickpea types. Table S6: Tukey’s test of WUE in different drought phases and
for desi and kabuli under drought phase. Table S7: Descriptive statistics of Chlorophyll Fluorescence
traits. Table S8: Tukey’s test for chlorophyll flucrescence traits. Table S9: Correlations of EB with
further image-derived traits during the period of DA, DR and DT. Table $10: Correlation between
PPSITh and image-derived traits. Table S11: Superior genotypes for EB and WUE as measured by
the difference from the mean of the panel under drought stress compared to the control treatment.
Table S12: Description of Plant Material.
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non-photochemical quenching
(NPQ) to investigate NPQ

of chickpea under drought stress
with High-throughput Phenotyping

Madita Lauterberg?, Henning Tschiersch®, Yusheng Zhao(®?, Markus Kuhimann(®?,
Ingo Miicke?, Roberto Papa?, Elena Bitocchi? & Kerstin Neumann®=

Non-photochemical quenching (NPQ) is a protective mechanism for dissipating excess energy
generated during photosynthesis in the form of heat. The accelerated relaxation of the NPQ in
fluctuating light can lead to an increase in the yield and dry matter productivity of crops. Since

the measurement of NPQ is time-consuming and requires specific light conditions, theoretical

NPQ (NPQ) was introduced for rapid estimation, which could be suitable for High-throughput
Phenotyping. We investigated the potential of NPQr, to be used for testing plant genetic resources
of chickpea under drought stress with non-invasive High-throughput Phenotyping complemented
with yield traits. Besides a high correlation between the hundred-seed-weight and the Estimated
Biovolume, significant differences were observed between the two types of chickpea desi and kabuli
for Estimated Biovolume and NPQy,. Desi was able to maintain the Estimated Biovolume significantly
better under drought stress. One reason could be the effective dissipation of excess excitation energy
in photosystem Il, which can be efficiently measured as NPQy. Screening of plant genetic resources
for photosynthetic performance could take pre-breeding to a higher level and can be implemented in
a variety of studies, such as here with drought stress or under fluctuating light in a High-throughput
Phenotyping manner using NPQ,.

Keywords Chickpea, Chlorophyll fluorescence, Non-photochemical quenching, High-throughput
Phenotyping, Drought stress

Chickpea (Cicer arietinum L.) is a protein-rich legume that is becoming increasingly popular due to its health
benefits and as replacement for energy intensive production of animal-based protein. Drought stress is reported
to reduce chickpea yields by about 40-50% worldwide'?. This is of the utmost importance, as drought events will
occur more frequently in Europe in the future®. A good strategy is to improve yield potential and stability in chal-
lenging conditions by incorporating plant genetic resources into pre-breeding and modern breeding programs
and exploiting their diversity to improve drought tolerance in chickpea®’. Cultivated chickpeas are grouped into
two types, based on their origin and their use in agriculture: desi and kabuli®. While the multi-colored desi is
mainly used and cultivated in Indian subcontinent, the lighter-colored kabuli is mainly grown in the Mediter-
ranean Basin, In pot and field studies, desi has been described as more tolerant to drought stress than kabuli,
thus desi plant genetic resources are expected to be more promising for the identification of drought tolerant
genotypes’ ', The assessment of photosynthetic capacity might be an interesting trait to be introduced for select-
ing genotypes to be included in breeding programs aimed to develop more resilient and drought tolerant plants.

Over the last decade, High-throughput Phenotyping (HTP) has developed into a state-of-the-art method.
Plant genetic resources of crops such as barley (Hordeum vulgare L.), maize (Zea mays L.), pea (Pisum sativum
L.) and chickpea, have been analysed on several HTP systems and tested for drought or cold tolerance using esti-
mated biovolume for shoot biomass as the main trait™ -, The combination of morphological and physiological
traits, measured with different imaging systems such as red—green—blue (RGB) or chlorophyll fluorescence, can

Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), Seeland, Germany. 2Marche Polytechnic
University (UNIVPM), Ancona, Italy. ¥email: neumannk@ipk-gatersleben.de
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be used to deeply characterize plant genetic resources and to investigate their genetic architecture in a spatio-
temporal pattern.

‘When light energy is captured by chlorophyll, it is passed to photochemistry, non-photochemical quench-
ing (NPQ) or fluorescence to avoid production of reactive oxygen species and photodamage’. The chlorophyll
fluorescence of photosystem II accounts for 0.6 to 3% of the absorbed light and can be measured with pulse-
amplitude modulation (PAM)'6. The operating efficiency of photosystem IT (OPSII, F,'/F,"), measured on fully
light-adapted plants, and the maximum quantum yield (F,/Fy), measured on fully zfark—adapted plants, have
been measured frequently with different growth conditions and for many species such as brassica, rice, maize or
tobacco (Nicotina tabacum)''"'8, The advantage of these two traits F/F,, and ®PSII is that the measurement is
fast and therefore feasible for HTP.

NPQ is a mechanism to protect plants from photodamage and is described by two main components: fast
relaxation (qE) and slow relaxation (qI)**. Xanthophylls interconvert between zeaxanthin and violaxanthin in
a pH dependent manner, which modulates the gE component of NPQ. A conformational change of the PS-1I
unit and the PsbS protein is achieved by the binding of protons and xanthophylls to specific sites of the antenna
complexes. qE is rapidly reversible and ql is a measure of slowly relaxing quenching, the main mechanism of
which is photoinhibition.

Under fluctuating light conditions, a rapid conformational change in the antenna complexes is beneficial,
implying a dynamic NPQ, Modelling has shown that the losses of potential carbon gain are between approxi-
mately 13 and 30% and strongly depend on the dynamically relaxation kinetics of the NPQ'?, Studying photo-
synthesis in fluctuating light simulates conditions that are as close as possible to the outside environment where
light conditions are often not constant, so the photosynthesis has to adapt to maximize daily carbon gain®. In
experiments with tobacco (Nicotiana tabacum) and soybean {Glycine max L.), it was discovered that the ability
to adapt dynamically with NPQ when changing from high to low light led to a 33% increase in yield and a 15%
increase in dry matter productivity?22,

NPQ is calculated from Fy and F,’ which means fully light- and fully dark-adaptation are required®. Full
light adaptation takes a minimum of 30 min and a dark adaptation a minimum of 1 h?, thus the measurement
is very time consuming and therefore not feasible for HTP?,

Tietz et al.® presented a protocol for measuring theoretical NPQ (NPQqr)) in Arabidopsis thaliana that was
not only faster but also worked under light-adapted conditions. To measure NPQy,, F./F,, was not measured
but a fixed value was used, taking advantage of the fact, that F,/F_, is a consistent value within a species®’. After
a measurement of F'/F,,’, far-red light was applied. Far-red light ensures that photosystem II (PSII) is fully
opened and that the ?irst stable electron acceptor of PSII the plastoquinone A (Q,) and the plastoquinone pool
is oxidized?. This avoids the waiting time in which PSII is oxidized and the final Fy’ determination can be carried
out more quickly. NPQr has already been implemented in carry-on measurement tools and tested for species
such as maize and soybean®-*. NPQ,;, appears to be suitable for High-throughput Phenotyping and could help
to exploit plant genetic resources for future photosynthesis improvement.

Objective
In the present study

(1) A protocol for quantification of NPQy, was implemented which serves as proxy for NPQ;

(2) 'The trait NPQqr, was validated as suitable method for High-throughput Phenotyping (HTP);

(3) NPQ(r, was compared with other image-based traits and yield traits and used as an example for screening
plant genetic resources of chickpea under control and drought stress conditions.

Results

The results of the HTP experiment with 60 chickpea genotypes and 2 replicates each in control and drought stress
treatment, are described below. During the plant establishment phase with control treatment for all plants, the
NPQry method was validated. For this purpose, F,/Fy,, NPQ and NPQr) were measured. Then, the drought stress
was initiated and the NPQgyy method was implemented during the period of drought stress and in the following
recovery phase, and finally, yield traits were determined at maturity.

Description of data: data availability, repeatability and capacity of measurements

For method-validation of NPQ(y, all 240 plants were measured for F,/F,, in the control treatment on the night
of day 4 to 5 after the transfer (DAT) of the pots with the plants from the pre-cultivation in the greenhouse to
the HTP system. Furthermore, 23 plants corresponding to 20 different genotypes were measured for NPQ and
NPQ(yy in control treatment during the night of DAT 5 to 6 (Table 81).

For the method-implementation NPQgy, during the drought stress and recovery from DAT 8-37, the raw data
of image-derived traits of daily HTP has been inspected. The missing rate for Estimated Biovolume and Mean
Color Value for the five DAT 12, 18, 19, 24 and 35 was higher than 20% (Table $2). For the red to green color
ratio and plant height, the three DAT 19, 24 and 35 had a missing rate higher than 20%. It should be noted that
the incomplete DAT were not the key DAT on which chlorophyll fluorescence measurements were conducted or
drought stress was maximal or recovery were induced. Moreover, the rate of missing raw data from individual
replicates was not higher than 6.6% across all DAT (Table $3). The missing rate for ®PSII and NPQyy) was on
average 12.9% across the four DATSs (Table S4).

The repeatability, which is an indicator of the consistency of the repeated measurement and varies between
0 and 1, with 1 representing the highest possible consistency, was calculated. For the method-validation, a high
repeatability of 0.8 has been observed for F,/Fy,. For NPQ the repeatability was 0.69 and for NPQy, it was 0.48.
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For the method-implementation, a high repeatability of more than 0.8 was calculated for Estimated Biovolume
for the control treatment and was marginally lower for the drought stress with 0.7 (Figure S1). Repeatabilities
of 0.8 on average also result for plant height and Mean Color Value for the two treatments (Figure S2). For plant
height, the repeatability for both treatments increased with increasing experiment duration. The repeatability
was at an average value of 0.65 for red to green color ratio. Furthermore, red to green color ratio had more fluc-
tuations in repeatability across the time course.

In the control treatment the repeatability for d®PSII was on average 0.66 and for NPQr, 0.47. Furthermore,
in the drought stress treatment, the repeatability for ®PSII and NPQy, was on average 0.4 (Figure $3).

For the yield trait, the repeatability was highest for the weight of seeds with 0.66 fer control and 0.57 for
drought stress treatment and lowest for number of empty pods with 0.14 for control and 0.3 for drought stress
treatment (Figure $4). For the hundred-seed-weight, the repeatability was 0.45 for control and 0.27 for drought
stress treatment.

For the method-validation, in the night from DAT 5 to 6, 9.4 dark-adapted plants per hour have been meas-
ured for NPQ. The average capacity for NPQy, measurements for the method-implementation and across the
four measurement DATs 38.8 fully light-adapted plants per hour with a maximum of 42 plants per hour. This
numbers for the capacity included the rotation of the conveyer belts, which transport the carriers with each one
plant to the imaging chamber.

Method-validation of NPQy, as proxy for NPQ
For all 60 genotypes, the F,/F,, average was 0.856 £ 0.002 (Table $5). Among the 23 measurements of replicates
for NPQ the average was 0.685+0.084 and for NPQr, it was 1.826 +0.147 (Table S6).

The correlation between NPQ and NPQr, could be explained by a regression with a coefficient of correlation
rof 0.9 (Fig. 1).

Impact of drought stress on HTP image-derived and chlorophyll fluorescence traits
Estimated Biovolume was used as proxy for the shoot biomass and reduced accumulation of biomass can be used
as indication for the impact of drought stress.

From DAT 17 onwards, at an average plant available water content of 23%, the Estimated Biovolume of the
chickpea plants of drought stress and control treatments differed significantly (Fig. 2, Table §7). On DAT 28, at
the last day of drought stress, average of Estimated Biovolume for the control plants was 99.1 +35 [voxel 107%]
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Figure 1. Correlation of NPQ and NPQ;y,. 7= coefficient of correlation. ***p <0.001. Based on raw data of 20
genotypes and 23 replicates.
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Figure 2. Estimated Biovolume in drought stress and control treatments, The red dashed line indicates the
plant available water to which the secondary axis refers to. The two vertical grey dashed lines indicate the
different phases of the experiment: establishment, drought and recovery. The shadows describe the 95%
confidence interval; as long as the shadows of the individual lines do not overlap, the significance level of
a=0.05 was reached. Based on average of BLUEs within the experiment of all 60 genotypes. Interpelated on
DAT 12, 18, 19, 24, 35. DAT = days after transferring to the High-throughput Phenotyping system.
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while for drought stress it was 20.3 +4.5 [voxel 10~°] (Table $8). This was a reduction of 79.5% in drought stress
compared to the control treatment. On DAT 37, after application of drought stress and a recovery phase, the
average of Estimated Biovolume for the plants in control treatment was 231.5+75.4 [voxel 107°] and for drought
stress it was 72.5+ 20.9 [voxel 10-%], describing a difference of Estimated Biovolume for plants in drought stress
of 68.7% compared to those in the control treatment.

A significant effect of drought stress on plant height, meaning smaller chickpea plants in drought stress,
was observed on DAT 19 at a plant available water content of 18.7% (Figure S5, Tables §7, S8). On DAT
28, the difference of drought stress compared to the control treatment was 29% (control=515+72 [mm];
stress =365+ 57[mm]) and at the end of the experiment on DAT 37 the difference was 26.9% between the two
treatments. From DAT 16 until DAT 36, starting at a plant available water content of 27%, the chickpeas of the
drought stress and control treatments differed significantly for Mean Color Value. On DAT 28, the last day of
drought stress, the average of Mean Color Value for the control replicates was 0.278 £ 0.004 [hue] and for drought
stress it was 0.296 +0.005 [hue] (Table $8). This was a difference of —6.6% in drought stress compared to the con-
trol treatment and gave the impression of a darker green in drought stress treatment. In addition, the red to green
color ratio was higher in drought stress treatment than in control treatment on DAT 28 (control=0,125+0.04;
stress=0.22+0.06).

For ®PSII the average across all phenotypes analyzed in control treatment ranged from 0.54 £0.02 to
0.56+0.02 for the four measured DATs (Fig, 3, Tables S11, $12), In drought stress ®PSII was between 0.56 +0.02
and 0.59+0.01.

The two treatments drought stress and control differed significantly on DAT 16, 29 and 37 and on all three
DATs the drought stressed chickpea plants had a slightly higher ®PSIL

The average of NPQqr, in the control treatment varied between 1.55+0.15 and 1.61 +0.11 for the four DATs
and there were no significant differences (Fig. 3, Tables S11, §12).

The plants in drought stress had a significantly different NPQ( between DAT 16 and 22 and between DAT
22 and 29 with the averages of 1.56 £0.11, 1.73+0.18, 1.66 £ 0.09 and 1.62+0.11 at the respective DATS.

On DAT 22, 29 and 37, the plants differed significantly from each other between the two treatments. At all
three DATS, plants in drought stress had a higher value for NPQy), with the difference being highest at DAT 22.

There was a significant negative effect of drought stress on the yield traits (Figure S6, Tables §9, $10). The
hundred-seed-weight showed a reduction of 58%, in drought stress compared to the control treatment with an
average of 200.2+100.2 g in control to 82.2 + 73.4 in drought stress. For the other traits, the difference of drought
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Figure 3. Chlorophyll fluorescence traits under drought stress and recovery. (a} ®PSIL; (b) NPQ(y;. DAT

16 =8 days of drought stress; DAT 22 =14 days of drought stress; DAT 29 =first day of recovery; DAT 37 =8 days
of recovery. Based on BLUEs within the experiment. DAT = days after transferring to the High-throughput
Phenotyping system. The brown lines above the plots refer to the significance between the adjacent DAT within
the drought stress treatment. The gray lines below the plots refer to the significance between the two treatments
on each DAT. All significances can be found in Table $12. ns=not significant; ***p <0.001; **p <0.01; *p <0.05.
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stress compared to the control treatment varied between 49.2% for number of empty pods and 77.5% for weight
of seeds (Table $9). For all traits the difference was significant (Table §10).

Interaction of traits

When comparing NPQy, and ®PSII under the control treatment, NPQ(yy had a higher coefficient of variation
among all DATS and for both treatments (Figure $7). This was pronounced on DAT 22, when the coeflicient of
variation for drought stress was 10.5 for NPQ,ry and 3.6 for ®PSIL

There were high correlations of r= 0.61 to 0.7 between Estimated Biovolume and hundred-seed-weight for
DATs 16, 22, 29 and 37 for both treatments combined (Table $13). Similarly, there were correlations of r=0.42
to 0.62 between Estimated Biovolume and weight of seeds for these DATs and both treatments combined. For
both treatments combined, there was a significant negative correlation of 7= —0.19 to — 0.26 between NPQr,
and hundred-seed-weight for DATs 22, 29 and 37. There was also a negative correlation of r= —0.34 to - 0.45
between NPQ(y, and Estimated Biovolume for both treatments combined for DAT 22, 29, 37.

On DAT 22, after 14 days of drought stress, NPQ,, and ®PSII were significantly positively correlated in the
control treatment (r=0.44) and significantly negatively correlated in the drought stress treatment (r= —0.58)
(Table S13).

'The correlation between NPQ(ry and Estimated Biovolume was not significant on DAT 22 in control treat-
ment (Fig. 5, Table $13). For drought stress, the correlation was significant and amounted to r=0.53 and for the
difference of drought stress compared to the control treatment, the significant correlation amounted to r= - 0.34.

The plasticity for NPQy, can differentiate desi and kabuli chickpeas
On DAT 22, desi had significantly less Estimated Biovolume than kabuli under control treatment
(desi =43,57 + 14.88; kabuli="56.64+19.91 (Fig, 5, Tables S14, $15), For drought stress, Estimated Biovolume
was similar between both types of chickpea (desi=20.1+4.29; kabuli=21.6+4.97). Thus, kabuli had a signifi-
cantly larger difference of Estimated Biovolume under drought stress compared to control treatment, than dest.
On DAT 22 the NPQ(r, of desi and kabuli differed in control treatment significantly {desi =1.59 £0.08; kab-
uli=1.5310.1), but not in drought stress treatment (desi=1.7 £0.18; kabuli=1.76 £ 0.18). Therefore, desi had a
significantly lower difference of drought stress compared to the control treatment of NPQgyy than kabuli (Fig. 4,
Tables 814, S15).
An exemplary and representative genotype was highlighted for each type of chickpea. For the desi genotype
INCCP_00508 (des, breeding material, Middle East), the NPQ,r, was 1.62 in the control treatment and 1.55 in
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Figure 4. Correlations between Estimated Biovolume and NPQ(ry on DAT 22 for desi and kabuli. (a) for
control treatment; (b) for drought stress treatment; (c) for the difference of drought stress compared to control
treatment. Side-boxplots show the distribution of desi and kabuli, with the 25% and 75% quantiles and the
median described by the boxes and for the corresponding axis. Based on Blues within experiment. Difference
[%] ={1 - (drought stress/control)) * 100. r=coefficient of correlation; ns =not significant; *p <0.05; **p <0.001.
DAT 22 = days after transferring chickpeas to the High-throughput Phenotyping system with 14 days of drought
stress. The two chickpea types, desi and kabuli, and one exemplary and representative genotype of each type
were highlighted.
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Figure 5. Difference of drought stress compared to control treatment of desi and kabuli for EB =Estimated
Biovolume, NPQr, @®PSII, HSW =hundred-seed-weight and weight of seeds at DAT 22. Difference

[%]=(1- (drought stress/control)) * 100. The two chickpea types desi and kabuli and one genotype of each
type were highlighted. DAT 22 =days after transferring chickpeas to the High-throughput Phenotyping system
with 14 days of drought stress. The two chickpea types, desi and kabuli, and one genotype of each type were
highlighted. *p < 0.05; **p < 0.01. Comparisons between the two types that were not significant were not noted.

drought stress, with a small difference of drought stress compared to the control treatment for Estimated Biovol-
ume of 38% (control = 17.35; drought stress=10.71). For the kabuli genotype INCCP_01429 (kabuli, landrace,
Middle East), NPQy) was 1.4 in the control treatment and significantly higher at 1.79 in drought stress, and there
was a high difference of Estimated Biovolume of 71% (control =50.49; drought stress=14.27).

Furthermore, kabuli had a higher hundred-seed-weight in control treatment than desi (desi=168.23+81.7;
kabuli=232.25+107.91), but under drought stress and for the difference of drought stress compared to the
control treatment, both types did not differ significantly (Fig. 5, Tables $14, S15). For the weight of seeds, the
results were similar to hundred-seed-weight. In addition, the two types did not differ in ®PSII, r2g or Mean
Color Value for any DAT or between the treatments,

Discussion

By using High-throughput Phenotyping (HTP), the interactions between genotype and environment can be
precisely analyzed and specific traits can be dissected for plant breeding. In the present study, NPQyy, a trait for
NPQ for High-throughput Phenotyping, has been tested for its suitability. NPQgr, could be applied to test plant
genetic resources of chickpea under well-watered and drought stress conditions and be related to other traits
such as EB. High repeatabilities were achieved in phenotyping using chlorophyll fluorescence and RGB imaging,
which underlie the suitability of NPQr, in pre-breeding.

The HTP system used in this study has already proven successful in the investigation of chickpea plant
genetic resources under drought stress and has provided the phenotypic data basis for other studies on bread
and durum wheat (Triticum aestivum L., T. durum L.) and barley to decipher the genetic architecture of drought
stress by GWAS®%2,

For the method-validation of the experiment, the chlorophyll fluorescence measurements of F/F,, NPQ and
NPQ(ry were successfully performed and showed a satisfactory and solid repeatability. An exceptionally high
correlation coefficient between NPQ and NPQr, of r=0.9 illustrated that NPQ(p, could be used as a valid proxy
for NPQ. In addition, this result, measured with chickpea on our HTP system, was consistent with the measure-
ments obtained during the development of the protocol of NPQy, with Arabidopsis®.

Chlorophyll fluorescence measurements for HTP must be precise and performed quickly in order to fit
into the high-throughput process. For an NPQ measurement, a dark adaptation of at least 30 min is necessary,
followed by a measurement of at least 15 min. Including all technically necessary transport and circulation
steps, we were able to measure at least 4.1 times more single plants on our HTP system during the day with the
protocol for NPQ,r, than with the usual NPQ protocol during the night when all plants are dark-adapted. IFNPQ
is measured during the day and dark adaptation is necessary first, our NPQr protocol is about 40 times faster.
This makes NPQy extremely suitable and advantageous for HTP,

For the method-implementation, during the drought stress, the repeatabilities for the image-derived traits
were useful and comparable to the repeatabilities previously measured on this HTP system®. In a previous study,
a high correlation of r=0.96 was already calculated between Estimated Biovolume and dry weight of chickpea
plants, so Estimated Biovolume can be used as a valid proxy for biomass®.
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The following applications under fully light adapted conditions of NPQ,, and ®PSII for the method-imple-
mentation during drought stress and recovery were comparable in terms of repeatability with previous studies on
chickpea on ®PSII®. Furthermore, the values of NPQqy, were similar to experiments with maize under drought
stress and soybean under cold stress?®***, In addition, NPQrywas able to detect more variation within the plant
genelic resources than other chlorophyll fluorescence measurements.

Drought stress has a significant negative impact on plant growth and development®. For the image derived
traits Estimated Biovolume, plant height and Mean Color Value, there was a significant difference after 8 to
11 days of drought stress between the two treatments. This impact of drought stress was in line with previous
results from chickpea and emphasized that the measurements of NPQ,r) and ®PSII were made on drought-
stressed chickpeas or in the recovery phase®. Besides the impact on Estimated Biovolume, plant height and Mean
Color Value, drought stress significantly affected NPQy) and several yield traits such as hundred-seed-weight
and seed weight.

Furthermore, the high correlation between hundred-seed-weight or seed weight and Estimated Biovolume
throughout the study and especially on the last imaging day DAT 37 highlighted that Estimated Biovolume was a
yield- relevant trait suitable to be implemented in pre-breeding. A comparable correlation was already observed
in another HTP study with different chickpea genotypes®.

In our study, Mean Color Value, which correlates with the chlorophyll content of various species such as
Arabidopsis, tobacco and grapevine (Vitis vinifera), gave the impression of a darker green color of chickpeas under
drought stress in line with our previous study and others®*$-*%. The impression of green leaves under drought
stress could be explained by a difference in the ratio of chlorophyll content and relative water, as has been inves-
tigated for chickpeas®. In addition, the color of the leaves could be explained by the formation of anthocyanin
under stress conditions. Anthocyanins, which have a red to purple or blue color spectrum, are known to have
protective properties under various stress conditions and are located between the and an increase in anthocyanin
content has already been observed in a greenhouse experiment with drought stress in chickpeas®®*.,

In studies with lettuce (Lactuca sativa L.), rice (Oryza sativa L.) and chickpeas, DPSII decreased under
drought stress®*>*?, In this experiment, ®PSII did not decrease compared to the control treatment. ®PSII is
related to the light absorbed by the chlorophyll, When less light is absorbed by chlorophyll, ®PSII is higher*4*,
If anthocyanin has formed in drought stress, as indicated by the Mean Color Value and the red to green color
ratio, anthocyanin increase the absorption and this may lead to a decrease the absorption by chlorophyll and
thus the ®PSII in this particular drought stress experiment did not decrease®,

However, a tolerant chickpea cultivar was also found to maintain a stable ®PSII under polyethylene glycol-
induced drought stress, similar to our results”.

This has already been documented in brassica, soybean and common bean (Phaseolus vulgaris L.), under
abiotic stress**->°, Furthermore, the higher ®PSII on the day of recovery of drought stress could be due to the
reopening of the stomata which stimulates photosynthesis again as it has been observed in bread wheat™.

Under drought stress, the average for NPQ, increased for the 60 genotypes. This was consistent with the
results for NPQ from pot and field experiments with chickpea and mung bean (Vigna radiata L.) under drought
stresgtl 4732,

NPQqr is a protective mechanism that releases excess energy in the form of heat to prevent photodamage'.
Under these circumstances, the energy released by heat is no longer available for carbon assimilation. Compar-
ing the difference of drought stress compared to the control treatment of Estimated Biovolume and NPQ,y, for
the 60 genotypes, it was visible that genotypes with a low difference of Estimated Biovolume, i.e. more tolerant
genotypes, show a small change for NPQgyy under drought stress and a higher NPQyy in control treatment than
drought-sensitive genotypes. In comparison, genotypes that were more sensitive to drought stress had lower
NPQ(py in control and tended to increase NPQpy. When NPQr, was much higher in drought stress, the differ-
ence of drought stress compared to the control treatment for Estimated Biovolume was also higher, because the
energy was not available for carbon assimilation. This was shown with the two types of chickpea. Similar results
were documented in a pot experiment for chickpea based on two chickpea varieties?’. The drought stress sensi-
tive variety had a lower NPQ in the control than the drought stress tolerant variety, but a higher NPQ under
drought stress than the tolerant variety.

In our study, we also found significant differences between the two types of chickpea desi and kabuli. Sev-
eral studies in pot and field experiments showed that desi was more tolerant to drought stress than kabuli”>®,
Proline is considered an osmoprotectant as it maintains the osmotic potential and thus the turgor of the leaves.
In addition, free proline and sugar helps to stabilize macromolecules and prevents oxidative damage”. Higher
levels of minerals in desi serve as cofactors in various osmoregulatory and antioxidant mechanisms and also
contribute to drought stress tolerance®.

In addition to a significant difference for Estimated Biovolume, we also found a significant difference for
NPQry between desi and kabuli. After recovery of drought stress, the two types no longer differed, but desi
tended to have a lower difference of drought stress compared to the control treatment for hundred-seed-weight
and seed weight than kabuli, although this difference was not significant. We have now shown that one reason
for the better drought tolerance of desi could be the effective dissipation of excess excitation energy in the PSIT
efficiently measurable as NPQr,.

Drought tolerance is a quantitative trait that affects yield from the time, duration, and severity of the plants
in physiological and developmental processes up to yield. Similar to the work of Kromdijk et al.* in which the
dynamic NPQ relaxation kinetics were measured in fluctuating light, the steady-state plasticity of NPQgyy in
drought stress was used here to investigate its relation with yield in challenging environments. In this context,
NPQ is a protective mechanism of photosynthesis whose plasticity is reflected in carbon assimilation.

The advantage of NPQy, over NPQ is not only the measurement time. Environmental stresses can lead to an
underestimation of Fy, due to chloroplast movement or reflecting sustained gI%. In contrast, for NPQ, the Fy,
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is determined for unstressed plants and used for the calculation. Instead of NPQ, PSII maximum efficiency (F,'/
F,') could be measured, since there is a non-linear coincidence®, However, this consistency can be inaccurate
at higher NPQ values, as changes in F,'/F,,’ are indicative of the contribution of NPQ to Fq'/Fm'w.

The present study of chickpea plant genetic resources showed how NPQr, can be successfully implemented
for steady-state NPQ in High-throughput Phenotyping. We demonstrated this in a diverse plant genetic resources
of chickpea, so the results are robust and valid for a wide range of genotypes. Significant differences in toler-
ance to drought stress could be identified between chickpeas, especially between the two types desi and kabuli,
using NPQyy in combination with other image-derived and yield traits. As studies in tobacco and soybean have
shown, the potential of accelerating recovery from photoprotection represents potential for enormous seed
yield increases of 33% and dry matter productivity of 15%2122, HTP studies with drought or other challenging
environments could include NPQr, measurements to investigate the ability to restore the steady-state photo-
protection of genotypes.

Material and methods

Plant material

Sixty selected genotypes of chickpea (Cicer arietinum L.} used in this study have been previously investigated
in Lauterberg et al.® (Table S1). These 60 genotypes are selected from the T-CORE collection developed in
INCREASE (Intelligent Collection of Food Legumes Genetic Resources for European Agrofood Systems)**
and EMCAP (European and Mediterranean Chickpea Association Panel) projects®. Our set of analysed chickpea
genotypes consisted of 30 desi and 30 kabuli.

High-throughput phenotyping (HTP) experiment

We employed the experimental setup of Lauterberg et al.® with modifications. The HTP system (LemnaTec-
Scanalyzer 3D) used in the present study is installed in an environmentally controlled greenhouse at IPK Gater-
sleben (51°4902300 N, 11°1701300 E, altitude 112 m). In this HTP system, individual plants are analysed and
transported in a carrier by conveyor belts to the imaging chambers. The imaging chambers are equipped with
cameras for top and side view, respective for visual (Red, Green, Blue, RGB) and fluorescence imaging and a
lifter which allows imaging from three different angles in side view. The balance-based watering station enabled
controlled irrigation and thus defined drought stress settings.

The plant material was tested with two biological replicates per genotype and treatment. The sowing date
of the experiment was the 7th of September and the last image was taken on the 28th of October 2022 on the
HTP system (Table S17). Two seeds were sown in the pots and thinned out to one seedling per pot. Each pot
(18.5 cmx 14.9 cm diameter) was filled with Substrate No.2 (Klasmann-Deilmann GmbH, Geeste, Germany).
Plant establishment was performed for 14 days under greenhouse conditions at 24 °C day/20 °C night and a
relative humidity of 67% day and 76% night. A daylight period of greenhouse lights of 15 h (from 6 am to 9 pm)
and manual watering. The light intensity was 200 pmol photons m s, and controlled with shading in the green-
house or additional assimilation light. Fourteen days after sowing plants were transferred to the HTP system
run at comparable growing conditions and treatment and imaging started on 15 days after sowing. During the
transfer, 7 g of fertilizer with composition of 19% total nitrogen, 9% P,0; and 10% K,O was added and to each
pot. In addition, a plant supporter was placed on each pot and each pot was placed into a tray so that the water
was completely available for the plant. During the experiment, LemnaTec software was used to randomize the
arrangement of the plants twice a week resulting in a fully randomized design. For the establishment phase of
the first eight days plants were kept on a level of 65% plant available water. The plants for the control treatment
were kept at this level throughout the experiment. For drought stress treatment, the irrigation level was succes-
sively lowered to 10% by withholding water (Tables 817, 87). From DAT 29 on, gradual re-watering took place,
followed by irrigation to 65% plant available water content on DAT 30. Irrigation took place in two steps to allow
plants to absorb all of the water. Information on daily watering based on weight before and after watering can be
extracted with the HTP system software. The watering regime and simulation of drought stress were developed
on this HTP system initially for barley and transferred to chickpea®'.

The imaging was on a daily basis and after the last imaging at DAT 37, the plants were moved from the HTP
system to a regular greenhouse for the phase of maturation until harvest and to record yield traits. The number of
pods, the number of empty pods and the number of seeds were scored manually for each pot with the individual
plant. For quantification of weight of seeds and hundred-seed-weight MARVIN, a machine for seed analysis
(MARVINTECH, Wittenburg, Germany), was used. The difference of drought stress compared to the control
treatment was calculated for the yield traits.

trait
Difference of Trait[%] = (1 - M) x 100 (1)
tratt control

Image-derived traits

‘The images were analysed using the IAP version 2.3.0 (IAP;¥). The traits used in this study include Estimated
Biovolume ([voxel]), plant height (PH; [mm]) and Mean Color Value {[hue]). The Estimated Biovolume was
calculated from the images of the top view camera and the images of three side views:

Estimated Biovolume[voxel] = \/ average pixel side area’ * top area (2)
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The plant height was based on side view imaging and the Mean Color Value on top view imaging. Mean Color
Value referred to the HSV color space [hue] and provided insights in the composition of the detected color of
the plant (Klukas et al.,, 2014). An Mean Color Value of 0.23 corresponded to a green plant, based on this model.
The red to green color ratio indicated the proportion of red plant pixels divided by the number of green pixels
in the HSV color space and was based on side view imaging™ . The difference of drought stress compared to the
control treatment was calculated using the above Eq. 1.

Chlorophyll fluorescence traits

As described in Lauterberg et al.?, the HTP system was supplemented with a chlorophyll fluorescence camera
(FluorCam,; version 7) from Photon Systers Instruments (PSI; Brno, Czech Republic) to measure photosynthetic
performance from the top view. The FluorCam data was analyzed using the manufacturer’s software Plant Data
Analyzer (version 3). When chlorophyll fluorescence measurements were performed, daily RGB imaging was
performed before or after the chlorophyll fluorescence measurements.

A detailed timeline of the experiment is given in Table $17.

For the first part of the experiment, the method validation, the maximum quantum yield of photosystem II
(F/F,) was measured during the night from DAT 4 to 5 on plants that were adapted to darkness for at least 1
h (Table S17). Therefore, minimal fluorescence level (Fy) was determined by the application of a weak, pulsed
measuring light (PAR 0.2 pmol s~ m2), followed by a saturating light pulse (800 ms; PAR: 4000 pmol s~! m2)
to induce maximal fluorescence level (F,,), as described by Tschiersch et al.*%,

In the night from DAT 5 to 6, an experiment was carried out as a method-validation to demonstrate the cor-
relation between NPQ and NPQpy. NPQ was calculated based on the following equation:

NPQ=(_)-1 3

NPQ(Q was calculated based on Tietz et al. %, In Tietz et al. (2017) the equation includes the assumption F,/
F,=0.83*

NPQ(T) = ((1_(%)))_1 _1=((4'”)_1 @

Fn
7)-1

In the calculation of NPQqy, we have used F,/F,, =0.856, that was previously measured in this experiment.

To measure NPQr, a protocol with a duration of 5 min actinic illumination (PAR: 480 pmol s1m2) was
used. At the beginning the F,, and F,; level was measured as described above and at the end of the actinic light
phase steady-state fluorescence yield, F,, was recorded and the sample was exposed to a saturating light pulse to
measure the maximal fluorescence yield under actinic illumination F,,". After the subsequent exposure of far-red
light for 5 s, F,’ was measured. Far-red light with a peak at 733 nm was applied to oxidize the plastoquinone A
(Qy) and the plastoquinone pool.

For the second part of the experiment, the method-implementation, NPQyr, and the operating efficiency of
photosystem II (DPSII)

4 —
®PSII = (F"'Fi’F‘) (5)
m

were measured for all 6¢ genotypes and drought stress with subsequent recovery. The plants were light acclimated
in the plant adaptation tunnel for at least 5 min according to Tschiersch et al.'* followed by 60 s illumination (PAR
480 pmol photons m2 s™) after moving into the chlorophyll fluorescence imaging chamber. Finally, maximum
F,,' was measured during 800 ms exposure to a saturating light flash {PAR: 4000 pmol photons m~2s!) and F’
was recorded after a subsequent illumination with far-red light for 5 s.

‘These measurements of NPQr, and ®PSII took place during the day with light-adapted plants on DAT
16 (8 days of drought stress), DAT 22 (14 days of drought stress), DAT 29 (first day of recovery) and DAT 37
(8 days of recovery). The difference of drought stress compared to the control treatment was calculated using
the above formula.

Statistics

The Estimated Biovolume has been downscaled by a factor of 107> and values for red to green color ratio greater
than 1.25 were removed. For statistical analysis, R studio version 4.1.2 was used. For the interpolation of the
image-derived traits the package “zo0” and the spline interpolation were used. The package “ASReml.’ was used
to calculate the outlier within the experiment, the repeatability, and the best linear unbiased estimators (BLUEs)
within the experiment. We use the following model to remove outliers and use the same model to estimate BLUEs
across environments:

Trait ~ Genotype + Rep + residual, (6

while “Genotype” is the effect of genotype, “Rep” is the effect of biological replicates. For BLUE estimation and
outlier detection, the genotype is set as a fixed effect, and the rest are all random effects. The outlier detection
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test was performed following the method M4 as described by Bernal-Vasquez et al.*®, where the standardized
residuals are used in combination with the Bonferroni-Holm test to identify an outlier.

Furthermore, the repeatability has been calculated use the same model but set genotype also as random:
ag
Repeatability = A %)

oz + Neep

With o is the genotypic variance, o2 is the error variance and Np.g, number of biological replicates. All cor-
relations were Pearson correlations and were calculated using the “rstatix” package with the associated p-values.
The coefficient of variation has been calculated by the ratio of o to p. ANOVA followed by Tukey's test was
performed to calculate the significance levels for a series of measurements such as ®PSII and NPQy.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable
request.
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3. General Discussion

3.1 Can we use High-throughput Phenotyping for breeding drought tolerant crops?

The global mean temperature is increasing in the coming decades. This rise in temperature will have
a strong impact on agricultural production. For example, a loss of 6 % in wheat yield is expected for
each degree of global warming (Asseng et al., 2015). There are greater uncertainties regarding the
precipitation in future than for the forecasted temperature change (Shiogama et al., 2022). Drought
events are becoming more frequent and more severe, especially in southern Europe (Grillakis, 2019;
Spinoni et al., 2018). To counteract the yield losses caused by the abiotic stress of drought stress,
there is a need to breed cultivars that are drought tolerant and can ensure a realization of yield
potential.

Genetic variance is required for breeding (Becker, 2019). PGR can bring such genetic variance and
can be used for improving plant breeding (Hoisington et al., 1999; Zamir, 2001). The availability of
low-cost genotypic data can facilitate the accessibility of genbank material (Schulthess et al., 2022).
However, phenotypic evaluation remains time-consuming and cost-intensive.

HTP is proposed to overcome the phenotyping bottleneck (Furbank & Tester, 2011). HTP can take
place at different scales. For example, as a screening for powdery mildew infection (Hinterberger et
al,, 2022), in field experiments (Kirchgessner et al.,, 2017) or in a controlled greenhouse (Lauterberg
etal., 2022, 2023). In the greenhouse in particular, environment scenarios such as salinity, cold stress
or fluctuating light, can be simulated in a targeted manner and phenotypic data of the PGRs or diverse
genotypes can be recorded (Atieno et al., 2017; Humplik et al., 2015; Meyer et al., 2023). Drought
stress and subsequent re-watering, as it occurs in nature, can be specifically simulated by irrigating
individual pots with one plant each (Dhanagond et al., 2019). In a controlled scenario, the wilting
point or the relative growth rate can be used as an indicator of drought stress. (Dhanagond et al,,
2019; Lauterberg et al.,, 2023). Drought stress is reflected in various traits of plant growth and
physiology (Varshney et al., 2021). Most important is the maintenance of biomass and yield under
drought stress a coefficient of correlation of r=0.92 between biomass and grain yield was measured
for wheat (Lauterberg et al., 2022). This emphasizes the relevance of analyzing PGRs in terms of
biomass (Lauterberg et al., 2022). Additionally to biomass, color values and color ratios, HTP can
capture photosynthesis by measuring chlorophyll fluorescence (Lauterberg et al., 2022, 2023, 2024).
In greenhouse experiments, 60 genotypes of chickpea were analyzed with HTP (Lauterberg et al,,
2023). Between these genotypes, significant differences in the maintenance of biomass could be
recognized and superior genotypes identified. Data sets over 42 days and with high heritabilities
could be created. For biomass, the heritability in drought stress was 0.81 and in control 0.56.
Heritabilities around 0.7 could also be calculated for the color change, described by the mean color
value of the plant. Similarly, for the ®PSII a heritability of 0.7 was calculated. For the estimated
biovolume, a coefficient of variation about 20% was calculated under drought stress among the 60
genotypes. These genotypes of PGR could be identified in two experiments with specific
environmental conditions and show traits with a high heritability.

Heritability is noted in the breeder’s equation:
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R = Expected response to selection
R=ixh*aG i = intensity of selection

h = root of heritability

oG = root of genotypic variance

In breeding, genetic variability and time are crucial (Becker, 2019). HTP has a time advantage because
the desired environmental conditions can be specifically simulated in the greenhouse. Genetic
variability has been narrowed down (Van De Wouw et al., 2010). With the description of PGR and
genetic data, the genetic variability in breeding should be expanded. Here, HTP can close the gap in
time-consuming phenotyping (Rebetzke et al,, 2019). Taking these factors into account, HTP offers
potential for breeding.

However, working with PGRs can be challenging. PGRs can be relatives of the same species/ genus as,
for example, Triticum. Genotypes of wild emmer (T. diccocoides) were tested in Israel with two
contrasting water regimes and selected for their drought stress tolerance based on dry matter
productivity. The selected genotypes G18-16 has been crossed with the cultivar Langdon (T. turgidum
ssp. durum) to generate 152 Recombinant Inbred Lines (RIL), with single seed descent method to F6
generation (Peleg et al., 2008). Linkage analysis has been done with 307 microsatellite and Diversity
Arrays Technologie marker (DArT) with an average distance of 7.5 cM between adjacent markers.
With this RIL population and linkage map, a QTL for grain yield and harvest index and another QTL
for total and spike dry matter under drought have been identified with DArT markers on chromosome
2B and chromosome 7A, respectively (Peleg et al., 2009).

These beneficial QTLs could be valuable for breeding, but using the genotype G18-16 of T.diccocoides
or the RIL is both not suitable for agriculture production. T. dicoccoides is an undomesticated wheat
species and brings some drawbacks, such as brittle rachis, described as “linkage drag” (Feuillet et al.,
2008). The QTLs can be introgressed into elite material engaging marker-assisted back crossing by
developing Near-isogenic Lines (NIL) (Merchuk-Ovnat, Barak, et al., 2016; Merchuk-Ovnat, Fahima,
et al.,, 2016). The NIL, which are derived from three cycles of backcrossing and four cycles of selfing
(BC3F4) and BCFs, were investigated in two field experiments showed better drought tolerance for
grain yield and biomass. Especially the QTL on chromosome 7A in the cultivar BarNir (NIL-B-7A-2)
was superior. To further dissect the NIL, a HTP greenhouse experiment was conducted, mimicking
the growth conditions in Israel (Lauterberg et al., 2022). The experiment took place across the entire
life cycle and the effects established in field experiments could have been confirmed in a greenhouse
pot experiment by HTP. The NIL-B-7A-2 was again superior, under drought stress and under control
treatment. This circumstances could be explained, as the material has been used to develop new and
finer linkage map using genotypic data of 15K iSelect marker with 12,908 SNPs (Deblieck et al., 2020).
It can be seen, that nearby the introgressed QTL on chromosome 7A of G18-16, which was done with
DArT markers, genetic material of the parent Langdon of the Recombinant inbred Line 12 was
remaining. This could be one reason for the superior performance of NIL-B-7A-2, and further analysis
such as sequencing would give the clear answer.

Dissertation — Madita Lauterberg



74
General Discussion
Using HTP and the image-derived trait, the formation of the higher thousand kernel weight could have

been observed (Lauterberg et al., 2022). Due to the significantly longer green color of NIL-B-7A-2,
indicated by the image-derived mean color value, during the final stage of ripening, the stay-green
effect was identified (Rebetzke et al., 2016). Because of this delayed senescence, grain filling was still
going on and resulted in a higher thousand kernel weight (Thomas & Ougham, 2014). This effect could
be due to changes in hormone metabolism and chlorophyll degradation, as indicated by the SGR1
gene in Arabidopsis (Ren et al., 2010).

A promising application of HTP could be in pre-breeding to increase the genetic variance of highly
heritable traits such as biomass. The intensity of selection for certain growth conditions can improve
breeding in early generations. As described as an example, drought tolerance can be further dissected
into a spatio-temporal level with HTP and complemented by chlorophyll fluorescence and imaging
color traits.

3.2 How can HTP be involved to adapt chickpea to different cultivation areas?

Adaptation is becoming increasingly important in view of the impacts of environmental changes on
agricultural production. Adaptation is multifactorial; in addition to climate and soil, the factors
include biotic and abiotic factors.

When adapting crops to different cultivation areas, the flowering time, the shift from the vegetative
to generative phase, is essential (Jung & Miiller, 2009). For flowering time, day length, temperature
and stress are the main factors. There are crops, such as winter wheat, that require vernalization to
switch to generative phase. Chickpea are predominantly undetermined and do not require
vernalization.

Adaptation to the different duration, intensity and timing of drought stress is necessary, as drought
stress is one of the major challenges and a crucial factor for yield losses worldwide. Physiological
adaptations to drought stress are the improvement of water uptake, the limitation of water loss or
osmotic adaptation (Varshney et al, 2021). NIL of wheat, carrying a QTL originating from T.
diccocoides, showed higher thousand kernel weight and estimated biovolume, with a higher water
use efficiency (WUE) based on a pot greenhouse experiment (Lauterberg et al., 2022). In addition, the
same NIL were tested in root tubes under well-watered condition and in a seedling ‘cigar-role’
experiments, meaning in wet paper, under well-watered and water-limited conditions (Merchuk-
Ovnat et al,, 2017). The NIL showed a higher root tip number under drought stress and a higher dry
matter of root for 40 - 100cm.

Osmotic adaptation refers to the adjustment of osmolytes. Proline and sugars are known
osmoprotectant, as they maintain the osmotic potential, stabilize macromolecules and prevent
oxidative damage (Farooq et al., 2018; Nisa et al., 2020). In a field experiment with 44 chickpea
genotypes, it was found that the more drought tolerant genotypes had higher osmolytes (Nisa et al.,
2020).

Chickpea cultivars, that are adapted to drought stress are needed for the cultivation in the
Mediterranean region, as there is an extremely variable precipitation (Duarte, 2022; Shiogama et al,,
2022). So far, chickpea production has been concentrated in India and Australia (FAOSTAT, 2024). In
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traditional growing areas such as South Asia, chickpeas are planted after the monsoon or grow with

the residual moisture in the soil. Drought stress in the terminal growth phase is most common, and
research has focused on this (Berger et al., 2020; Krishnamurthy et al., 2010; Pang et al., 2016;
Pappula-Reddy et al., 2024).

In the Mediterranean area, chickpeas can be planted in autumn or spring, with chickpeas sown in
winter having a higher yield than those sown in spring (Duarte, 2022; Zaiter & Barakat, 1995).
When sown in late autumn, the climate is more favorable with sufficient precipitation and less heat,
which leads to more flowers and more pods and therefore higher yields. The plants are also taller,
which makes harvesting easier. A disadvantage, however, is the risk of infection with the fungal
disease Ascochyta blight, which is the main pathogen of chickpeas (Bretag et al., 2008; Fanning et al,,
2022). Three-years of multi-location-field experiments in southern Australia have shown, that the
yield loss of partially resistant cultivars is 64% and in susceptible cultivars up to 96% without the use
of fungicide.

Sowing in spring, means a lower soil moisture that comes along with poor stand establishment and
germination (Duarte, 2022; Duarte et al., 2023). During flowering and pod formation, the chickpeas
are likely to be exposed to drought stress, so that development is interrupted and yield losses are to
be expected.

Adapting chickpea to drought stress during vegetative stress would give a higher yield potential for
chickpeas sown in spring and avoid seasons with higher risk of Ascochyta blight.

When adapting to drought stress, it is common to consider the maintenance of biomass production
or crop yield (Varshney et al., 2021). In addition, there was a high correlation of 0.6 to 0.7 between
estimated biovolume, which is a proxy for biomass, and hundred seed yield recorded for chickpeas
grown in pots in the greenhouse, which underlines the relevance of screening for biomass
(Lauterberg et al., 2024). Similar to this, in field experiments over three years, a correlation of grain
yield and dry matter production of 0.6 has been recorded for chickpea (Lopez-Bellido et al., 2008).
The heritability for estimated biovolume was between 0.55 and 0.8, that has been measured in
greenhouse pot experiments under drought stress and under salinity (Atieno et al., 2021; Lauterberg
etal, 2023).

Genetic variation is key for adaptation and HTP provides an option to give access to PGR to search
specifically for potential material. 60 diverse genotypes of chickpea PGR have been screened under
drought stress and well-watered condition during vegetative growth using HTP (Lauterberg et al,,
2023). Traits such as estimated biovolume, plant height, color values and the ®PSII have been
investigated. The relative growth reduced with prolonged drought stress from 1 voxel per day to -1.3
voxel per day and drought stress was initiated 21 until 42 days after sowing. With this drought stress
scenario, a reduction of 72-82 % of estimated biovolume was obtained and has also been reflected in
the image-derived mean color value with 16-28% change. For the estimated biovolume, a coefficient
of variation about 20% was calculated under drought stress for the diverse genotypes. For the image-
derived color ratios red to green and yellow to green similar coefficient of variation have been
calculated, giving a high phenotypic variation, captured by HTP. Furthermore, using chlorophyll
fluorescence, the theoretical NPQ has been investigated and a coefficient of variation of 10.5% after
14 days of drought stress (Lauterberg et al., 2024).
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In order to create an adaptation potential to drought stress during the vegetative growth, the recovery

during re-watering also plays a role. After re-watering, growth is clearly reflected in the relative
growth rate and the estimated biovolume. And the coefficient of variation of up to 28% reflects that
there is a higher variation in the recovery than in the drought tolerance. The recovery is reflected in
the mean color value. Here the chickpeas achieve the color of the control plants. It can also be seen
that the ®PSII reached the level of the control plants.

The genotypes that show good drought tolerance, i.e. low biomass losses, can now be selected for
adaptation. Superior genotypes could be identified via water use efficiency, biomass maintenance in
the drought phase and biomass maintenance in the recovery phase (Lauterberg et al., 2023).

There are two types of chickpea: desi and kabuli. It has been described based on several field and
greenhouse experiments, that desi is more tolerant to drought stress than kabuli. The better tolerance
to drought stress is partly because of the osmolytes or metabolomics such as proline and sugars as
well as a higher mineral content (Farooq et al., 2018; Medeiros et al, 2023; Nisa et al,, 2020).
Furthermore, the drought tolerance is set in a better photosynthetic performance. Described in the
@PSII and by the advantageous plasticity of theoretical non-photochemical quenching (NPQr))under
drought stress (Lauterberg et al., 2023, 2024).

To further proceed towards adaptation, the QTL for drought tolerance have to be localized. Therefore,
mapping or genome-wide association studies are necessary. It would also be possible to work with a
larger population of about 200 genotypes and carry out a genome-wide association study with
genotypic data to identify QTLs, as has already been done using HTP for barley for drought stress and
well-watered conditions (Dhanagond et al., 2019; Neumann et al., 2017).

Creating a mapping population of Recombinant Inbred Lines by crossing a drought tolerant with a
drought sensitive line, has been done for chickpea with Indian breeding material and Lebanese
landrace (Varshney et al, 2014). A “QTL-hotspot” on chromosome 4, explaining 58% of the
phenotypic variation, has been identified and located with seven simple sequence repeat (SSR)
markers. The lines have been genotyped in more depth with genotyping-by-sequencing and with this
fine-mapping, 49 SNPs integrated in the “QTL-hotspot” region, covering 14cM, were converted into
cleaved amplified polymorphic sequences (Jaganathan etal., 2015). In further analysis 12 genes were
identified, being involved in the drought tolerance and with RT-qPCR some were differentially
expressed in the founder lines. For gene CA_04567 membrane proteins which is relevant for or ABA
regulation, the expression in the drought tolerant founder line ICC 4958 from India was higher (Kale
etal, 2015).

In addition, a QTL originating from the described RIL population was introgressed into an elite
cultivar of chickpea (Varshney, Gaur, et al., 2013). Three SSR markers were selected for foreground
selection and the AFLP markers for background selection. This resulted in BC3F; Introgression lines,
which showed an improved root system architecture and in multilocation trails, better drought
tolerance.

Besides marker-assisted backcrossing and marker assisted selection, targeted introgression with
Agrobacterium tumefaciens or with CRISPR/Cas are options. The tolerance to Helicoverpa armigera
has been improved with A. tumefaciens and CRISPR/Cas has been applied to improve drought
tolerance (Badhan et al., 2021; Indurker et al., 2010).
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In summary, the process of using HTP for crop adaptation has been described and it can be useful to

identify tolerant genotypes which could be used for further dissection with mapping populations, QTL
analysis and gene expression analysis.

3.3 Do HTP pot experiments and field experiments contradict or complement each other?
Researchers perform experiments to determine the phenotype. The phenotype results from the
genotypes and the environmental factors. There are several environmental factors of which light
quantity, light quality, CO; concentration, nutrients, air humidity, water, temperature and salinity are
the most important ones (Massonnet et al., 2010). Under the assumption of the equation P = G + E,
the same phenotype will result if a genotype has been exposed to the same environmental factors.
However, reproducing phenotypes is and remains a challenge.

The advantage of field experiments is that plants grow in their habitat, under natural growing
conditions for soil, temperature, light and water (Poorter, Fiorani, et al., 2012). In addition to strong
dynamics of abiotic factors, there are also extreme events such as drought stress or hail and biotic
factors such as pest infestation. The disadvantage is that these conditions cannot be influenced under
any circumstances.

Alternatively, experiments will be carried out under controlled conditions in the laboratory or
greenhouse. To investigate the differences between field and greenhouse experiments, a meta-
analysis based on more than 19,800 mean values from 1,540 publications and over 4,680 species, of
which 550 species were tested in the field and in the greenhouse, was carried out (Poorter et al,,
2016). This showed that the environmental factors under controlled conditions differ from the
conditions in the field, particularly with regard to light intensity, temperature, rooting volume and
plant density. Choosing the right pot size is important for the rooting volume (Poorter, Biihler, et al.,
2012). A meta- analysis based on 65 studies was conducted (Poorter, Biihler, et al.,, 2012). It was
found that doubling the pot size increased biomass production by 43 %. Pots that are too small caused
less root growth and led to restrictions in net photosynthesis. In addition, the temperature of the soil
in a pot is clearly higher than in the field.

In order to analyze the reproducibility of leaf growth, three A. thaliana genotypes were tested in 10
laboratories (Massonnet et al., 2010). To set a certain standard, the pots, soil substrate and nutrient
solution were provided centrally for all laboratories. When analyzing the growth, up to 8-fold changes
in leaf growth were observed. The challenge is therefore to describe, monitor and precisely control
the environmental conditions (Massonnet et al., 2010). However, there are also factors that are almost
impossible to simulate in the laboratory and these include plant density. Not only are the plants
competing for light, via plant density, but phytochrome signals were also transmitted for the
orientation of growth of the plants (De Wit et al.,, 2012).

HTP systems were designed to facilitate non-destructive phenotyping in the field and in the
greenhouse. UAV or stationary systems can be used in the field (Z. Khan et al.,, 2018; Kirchgessner et
al, 2017). Furthermore, HTP in the greenhouse can be used to validate and to further decipher
phenotypic traits, recorded in the field (Lauterberg et al., 2022). Numerous NIL were tested in field
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experiments with two different irrigation regimes (Merchuk-Ovnat, Barak, et al.,, 2016; Merchuk-

Ovnat et al., 2017; Merchuk-Ovnat, Fahima, et al., 2016). There were four cultivars and derived NIL,
each containing one of two described QTLs from T. diccocoides. One QTL was associated with higher

total and spike dry matter under drought stress and the other QTL to higher grain yield and harvest
index (Merchuk-Ovnat, Barak, et al., 2016). Based on these experiments, the most promising lines
were selected to further decipher and understand the beneficial effect of the QTLs in an HTP
greenhouse experiment.

The performance of the NIL was compared with the performance of the recurrent parent in the field
and greenhouse. The most consistent results across the field and greenhouse experiment were
obtained for harvest index and osmotic potential. For NIL-B-7A-2 and the recurrent elite parent
BarNir, a comparable phenotype was observed in the field and in the greenhouse for culm length,
thousand-kernel weight, flowering time and plant biomass. The difference between the NIL-B and the
recurrent partent BarNir was greater in the greenhouse than in the field for plant biomass and culm
length. This could be due to the ®PSII or the difference in temperature between field and greenhouse,
as this effect was described on the basis of a meta-analysis (Poorter et al., 2016). A difference in
temperature has a greater impact than light on biomass formation. The maximum temperatures of
over 40 °C, which were measured in the field experiment, was technically challenging. The
temperature in the greenhouse was closer to the optimum growth temperature for wheat than 40 °C
and at a lower light intensity than in the field, so growth was limited by the source, by lower light
intensity (Korner, 2015; Poorter et al., 2013). In the field it is the opposite, usually the temperature is
not optimal for growth and with a high light intensity this leads to sink limitation.

Additionally, the spatio-temporal effect of the lines was investigated. As mentioned above, the stay-
green effect was identified for NIL-B-7A-2 (Lauterberg et al., 2022; Ren et al., 2010; Thomas &
Ougham, 2014). A further effect that can occur in a comparison between field and greenhouse was
observed. The NIL-U-2B-3 had more tillers in the greenhouse than in the field. This may be due to the
lower plant density in the greenhouse (Poorter et al.,, 2016).

In the greenhouse, the natural fluctuations and the intensity of temperature and light throughout the
day and seasons pose a challenge (Poorter et al., 2016). In more than 25% of the studies examined in
the meta-analysis described above, the temperature was not changed between day and night,
although the differences ranged from 7-12 °C. Clouds can reduce the light intensity by 85% within
seconds. These fluctuations are not simulated in the greenhouse or in a growth chamber. In addition,
the light intensity throughout the day in the greenhouse is only 30 % of the intensity outside (Cabrera-
Bosquet et al, 2016). However, HTP experiments in controlled greenhouses are important to
investigate precise for spatio-temporal plant response (Langstroff et al., 2022). A one-plant-one-pot
set up can be easily manipulated, stresses can be combined and future scenarios simulated in the
controlled system.

The PhenoSphere was developed to perform experiments in field-like conditions and thus, close the
gap between field and greenhouse (Heuermann et al., 2023). Field-like dynamics can be simulated for
temperature, light quality and quantity, relative humidity, wind and CO up to 1200ppm.
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Furthermore, the plants grow in containers with layers of soil, loess and gravel. Four field

experiments, one greenhouse experiment and two experiments in the PhenoSphere were conducted
with 11 maize inbred lines to investigate and compare the growth conditions. A field experiment and
the correspondingly simulated experiment in the PhenoSphere showed the same growth dynamics
for plant height, but the yield traits were significantly different, which could be due to the plasticity
of flowering time in two different maize populations.

In addition to formulating scientific questions, planning, conducting, analyzing and interpreting
experiments, it is crucial to document this data in accordance with FAIR-principles: Findable,
Accessible, Interoperable, Reusable (Wilkinson et al., 2016). To access the data, data repositories,
such as e!DAL has been developed to share the data (Arend et al., 2020). With HTP, very complex data
is created on unique HTP systems. In order to describe this data more homogeneously, MIAPPE
(Minimum Information About a Plant Phenotyping Experiment), has been developed as a meta data
standard (Papoutsoglou et al., 2020).

Combining HTP pot experiments with field studies could be beneficial, especially for targeted
validation and precisely decipher genotypes for certain question for screening populations to
overcome the phenotyping bottleneck. There are drawbacks of the different environments, which are
known and be handled with care. Still HTP, especially in field-like conditions, has great potential to
phenotype for future scenarios.

3.4 Is HTP imaging for chlorophyll fluorescence indicative of yield potential in a changing

climate scenario?

HTP is used to derive traits that can describe the plants from the images. These include biomass and
plant height or the growth dynamics calculated from these (Heuermann et al.,, 2023; Roth et al., 2023).
Color traits are also important, including color ratio, mean color value or fluorescence color traits.
The color traits can be used to describe senescence even before it is visible or the stay-green effect
(Lauterberg et al., 2022, 2023). This provides indications of the physiological state of the plant.
There are numerous reviews in which the non-invasive measurements of traits of chlorophyll
fluorescence were described (Baker, 2008; Long et al., 2022; Murchie & Lawson, 2013). The most
important and frequently used traits are the ®PSIl and the maximum quantum efficiency of
photosystem II (F,/Fn) (Table 1). There are always different requirements for the measurements. For
the measurement of fluorescence levels in dark-adapted plants, a dark adaptation of at least one hour
is necessary (Bjorkmann & Demming, 1987). Adaptation to certain light conditions can be expected
to take between 5 min and 30 min. The ®PSII is done with light-adapted plants; F,/Fn is measured
with dark-adapted plants. Measurements can be made with portable devices, SPAD meter or in boxes
(Benedict & Swidler, 1961; Jansen et al., 2009; Kuhlgert et al,, 2016). However, it became interesting
when systems for measuring chlorophyll fluorescence are integrated into HTP systems for all sizes of
plants, as it is inevitable for understanding the biomass gain (Furbank et al., 2019; Tschiersch et al,,
2017). Depending on the size of the plant, 184 to 1080 plants per hour can be measured on the HTP
systems, with the crop plants having a height of up to 1.8 meters.
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The chlorophyll fluorescence imaging with HTP has been successfully applied for several
experiments. In an experiment with NIL of wheat, chlorophyll fluorescence was also measured. The
@PSII was measured with two consecutive different light intensities to measure the plasticity of ®PSII
under drought stress (Lauterberg et al., 2022). A NIL of the cultivar BarNir, which carried a QTL of
wild emmer for total and spike dry matter under drought and was drought tolerant in terms of
biomass production, showed higher ®PSII under drought stress and greater plasticity when
switching between light intensities. Experiments with 60 genotypes of chickpea demonstrated a
heritability for ®PSII between 0.5-0.8 among drought stress and control treatment and five imaging
days (Lauterberg et al., 2023). Additionally, a correlation between the biomass and the ®PSII under
drought stress and control was 0.7 and 0.4 to hundred seed weight and weight of seeds (Lauterberg
etal., 2023, 2024).

Measurements of ®PSII can easily be done, as light-adapted plants are required and the measurement
is quick. Measuring NPQ is technically more challenging then measuring F,/Fn or ®PSII. The maximal
fluorescence form dark and light adapted leaves (Fm and Fn‘) have to be measured to calculate NPQ
(Baker, 2008). These circumstances make measuring NPQ with HTP very time-consuming and
technically demanding.

Tietz et al,, (2017) has published how to measure NPQ as theoretical NPQ (NPQ(m)) (Table 1). Since
F,/Fm of healthy crops is a stable value and only varies for the respective species, a fixed value was
used (Bjorkmann & Demming, 1987). This avoids the need for dark adaptation. In addition, far-red
light is used to determine the minimum dark-adapted fluorescence more quickly, as it oxidized
plastoquinone A, the first electron acceptor of photosystem II (Diner, 1977). Thus, what remains is
the species specific measurement of F,/Fy, and the measurement of Fr,* and Fo’ of alight-adapted plant.
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Table 1: Formula of non-photochemical-quenching (NPQ), theoretical NPQ (NPQ(r)) and ®PSII. Modified after
and with explanations of: (Baker, 2008; Bjorkmann & Demming, 1987; Lauterberg et al., 2024; Tietz etal., 2017).
QA: primary quinone electron acceptor of PSII: Plastoquinone A.

Formula (1)
)
NPQ=| s 1
m
(7)1
Formula (2)
NPQm=| | -1
-1
( F{ >

Parameter | Definition Physiological relevance

Fo, Fo’ Minimal fluorescence from dark- and Level of fluorescence when QA is maximally

light-adapted leaf, respectively oxidized (PSII centers open)

Fr, Fu' Maximal fluorescence from dark- and Level of fluorescence when QA is maximally

light-adapted leaf, respectively reduced (PSII centers closed)

Fy, F/ Variable fluorescence from dark- and Demonstrates the ability of PSII to perform

light-adapted leaves, respectively photochemistry (QA reduction)

Fy/Fm Maximum quantum efficiency of PSII Maximum efficiency at which light absorbed by

photochemistry PSII is used for reduction of QA.

Fy Difference in fluorescence between Fr’ | Photochemical quenching of fluorescence by open

and F’ (“steady-state” light adapted) PSII centers.

Fq'/Fw’ PSII operating efficiency ®PSII Estimates the efficiency at which light absorbed by
PSII is used for QA reduction. At a given
photosynthetically active photon flux density
(PPFD) this parameter provides an estimate of the
quantum yield of linear electron flux through PSII.

4.88 =1/(1-(Fv/Fm)) Assuming Fv/Fm = 0.83, as described by Bjéorkmann
& Demming (1987), average across 44 species

Following this idea of Tietz et al, (2017), the measurement of NPQ(r has been implemented
successfully for HTP (Lauterberg et al., 2024). F,/Fn, was initially measured for 60 genotypes PGR of
chickpea under control conditions and was 0.856 + 0.002. NPQ(r)and NPQ were then measured under
control conditions or calculated from the individual measured parameters. A correlation of r = 0.9
was achieved with the values for NPQ and NPQ(r). Furthermore, the repeatability of NPQ was 0.7 and
for NPQ(r)0.5. The capacity for measuring NPQ with fully dark-adapted plants was 9.4 plants per hour.
For NPQ(r) it was on average 38.8 fully light-adapted plants per hour. This difference in the capacity
of measurement clearly showed that NPQr) is suitable for HTP.

NPQ(r) was measured two times under drought stress for the 60 genotypes of chickpea and on the day
of re-watering and once more during the subsequent recovery (Lauterberg et al., 2024). Of the 60
genotypes, 30 belong to the desi type and 30 to the kabuli type. As already described, desi is more
tolerant to drought stress than kabuli (Farooq et al., 2018; Lauterberg et al., 2022; Nisa et al., 2020).
In drought stress treatment, there was no significant difference between the two types of chickpea,
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General Discussion
but in control, desi showed significantly higher values for NPQ(r) then kabuli. This means that the two

types differ in their plasticity for NPQ(r) and the better drought tolerance of desi could be due to the
effective dissipation of excess excitation energy of photosystem II (Lauterberg et al., 2024).

In this study, it was successfully shown that NPQras a proxy for NPQ with HTP under drought stress
can contribute to the revealing and screening of drought tolerance of different genotypes or types of
chickpea.

NPQ is associated with strong light intensities and has attracted particular attention in recent
publications in connection with fluctuating light (De Souza et al., 2022; Kromdijk et al., 2016; Miiller
etal.,, 2001). At high light intensity, the reaction centers close and ATP synthase is inhibited, which in
turn leads to acidification in the thylakoid lumen and the fast relaxation component triggers energy-
dependent quenching (qE) (Ghosh et al., 2023; Ruban et al.,, 2012). The xanthophyll cycle is also
involved. Acidification of the lumen converts violaxanthin into zeaxanthin, which in turn releases the
excess absorbed energy in the form of heat. Kromdijk et al., (2016) have overexpressed the enzymes
involved in the xanthophyll cycle and photosystem II subunit S (PsbS) in tobacco. An accelerated
response to shading events was observed, leading to a dry matter productivity increase of 15%.
Soybean has been engineered in the same way and in replicated field experiments, an increased seed
yield by up to 33% have been reported (De Souza et al., 2022). It was also found that tobacco with
overexpressed PsbS showed higher NPQ under drought stress, resulting in better WUE with no
change in biomass production (Turc et al.,, 2024).

Improved dry matter production in tobacco, improved seed yield in soybean under control
conditions, better WUE in tobacco and better biomass maintenance in chickpea under drought stress
are related to NPQ. This shows the potential of further analyses of mutants or PGR with respect to
NPQ, and this is why the application of NPQ(r)is valuable for HTP.

4. Conclusion

The effect of wild emmer QTLs in wheat cultivars from field experiments could be confirmed in a pot
greenhouse experiment and could be further subdivided into more detailed periods. Among PGR of
chickpea, genotypes could be selected based on image-derived traits of growth dynamics and
photosynthesis for their tolerance to drought stress. In the future, experiments can be conducted with
more genotypes to perform a GWAS and supplement the experiments with metabolomics sampling
on indicative days. However, intensive breeding is still necessary before a cultivar can be selected
that offers the necessary yield potential in challenging climates.
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