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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 Iines (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 (Fv/Fm) and 

the operating efficiency of photosystem II (ΦPSII), 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 Fv/Fm 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 

(NPQ(T)) 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(T). 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 nächsten Jahrzehenten wird die Weltbevölkerung laut Schätzungen der Vereinten Nationen 

weiter zunehmen und das Klima unbeständiger werden. Das stellt zum einen hohe Anforderungen an 

die landwirtschaftliche Produktion und andererseits Herausforderungen an eine stabile Produktion 

bei unsteten Bedingungen. Pflanzenzüchtung ist entscheidend um Sorten bereitzustellen, die hohe 

Erträge unter unsteten Bedingungen wie Dürre 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 über die Wahl der Kulturpflanze zu entscheiden. 

PGR sind notwendig um eine Grundlage an genetischer Variation für die Pflanzenzüchtung zu geben. 

Um die PGR hinsichtlich ihrer Dürretoleranz zu testen, bietet sich High-throughput Phenotyping 

(HTP) an. Zwar sind die Kosten für Genotypisierung in den letzten Jahrzehnten gesunken, 

Phänotypiserung ist immer noch kostenintensiv und zeitaufwändig. Mit HTP werden im 

Gewächshaus oder im Feld Pflanzen zerstörungsfrei und wiederholt fotografiert. Diese Bilder werden 

für zahlreiche Merkmale wie die Biomasse, das geschätzte Biovolumen, Pflanzenhöhe, den mittleren 

Farbwert oder auch das gelb zu grün Farbverhältnis ausgewertet. Ergänzt werden kann HTP mit 

einem Bildgebungssystem für Photosynthese mittels Chlorophyll Fluoreszenz, sodass auch 

physiologische Merkmale präzise erfasst werden. 

Zu den PGR von Weizen gehört auch der wilde Emmer. Genotypen vom wilden Emmer wurden 

ausgewählt, um die vorteilhaften Phänotypen während Dürre in Elitesorten zu integrieren. Bei einer 

gezielten Rückkreuzung 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 

Spindelbrüchigkeit ausgeschlossen werden. Um dieses Material über den gesamten Lebenszyklus zu 

testen wurde ein HTP Experiment durchgeführt. Damit konnte der Effekt der QTLs, welcher in 

Feldexpeimenten bereits dokumentiert wurde, bestätigt und weiter aufgeklärt werden. So bewirkt 

der eine QTL den stay-green effect, also eine verspätete Abreife und damit längere Kornfüllungsphase, 

die wiederum zu einem erhöhten Tausendkorngewicht während der Dürre geführt hat. Diesen Effekt 

konnte man ausschließlich über Farbmerkmale mit HTP für 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 Veränderungen 

und erhöhten Nachfrage wird der Anbau von Kichererbsen in Südeuropa interessant. In den üblichen 

Anbauregionen in Indien und Australien ist Trockenstress während 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 anschließender Wiederbewässerung getestet. 

Es konnte eine phänotypische Variation festgestellt werden. Zudem wurden die beiden Typen der 

Kichererbse desi und kabuli verglichen. Desi ist der vorherrschende Vermarktungstyp in Indien, hat 

schwarz, grün oder beige Körner. Zudem sind die Pflanzen und Kichererbsen kleiner und haben eine 

raue Oberfläche. Kabuli ist der Typ der in Europa vermarktet wird. Die Kichererbsen und Pflanzen 

sind größer und besitzt eine ausschließlich beige glatte Samenschale. Genotypen des Typen desi 
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waren signifikant toleranter als Genotypen von kabuli im Trockenstress und zeigte ein 

dynamischeres Wachstum bei der Wiederbewässerung.  

Mit Chlorophyll Fluoreszenz werden meistens die maximale Quantenausbeute (Fv/Fm) und die 

Nutzungseffizienz des Photosystem II (operating efficiency ΦPSII) gemessen, da diese Merkmale 

praktikabel zu messen sind. Die Wärmeabgabe 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 

für Fv/Fm für gesunde Pflanzen ist, kann dieser auch einmal für die Pflanzen des Experimentes 

gemessen werden und muss nicht jedes Mal für NPQ gemessen werden. Zudem kann die weitere 

Adapation an Dunkelheit mit der Applikation von Far-red light (700-750nm Wellenlänge) 

beschleunigt werden. Far-red light sorgt dafür, dass die Elektronen sich von dem Photosystem II 

weiter zum nächsten Elektronenakzeptor, dem Plastoquinone bewegen. Diese Aspekte bringen einen 

zeitlichen Vorteil. Ein angepasstes Messprotokoll für theoretischen NPQ (NPQ(T)) wurde für HTP mit 

den sechzig Genotypen der Kichererbsen erfolgreich umgesetzt. NPQ wurde erst kürzlich durch zwei 

Publikationen mit Tabak und Sojabohnen in neues Licht gerückt. Es konnte festgestellt werden, dass 

die Pflanzen einen deutlich höheren Ertrag und Biomasse Produktion haben, sofern sie den 

Schutzmechanismus NPQ beim Übergang von viel Licht zu wenig Licht schnell wieder runterfahren 

konnten. Auch für Trockenstress konnte die Tolerance von den desi Genotypen mittels NPQ(T) weiter 

aufgeschlüsselt werden. Eine effizientere Abgabe der überflüssigen Energie und eine höhere 

Plastizität von desi für NPQ könnten zu der besseren Toleranz unter Trockenstress beitragen.  

 

HTP kann angewendet werden um PGR für die Züchtung unter Trockenstress zu untersuchen. Es 

konnte gezeigt werden, wie Kichererbsen für Trockenstresstoleranz selektiert werden können. 

Darüber hinaus wurde NPQ das erste Mal mit HTP gemessen und hat die Toleranz von desi 

Kichererbsen gegenüber Trockenstess weiter herausgestellt. Es wird immer Herausforderungen 

geben, wenn zwei Experimente kombiniert oder miteinander verglichen werden sollen. Das gilt für 

Feld- sowie Gewächshausstudien. Daher sollten Experimente in unterschiedlichen Umwelten 

einander ergänzen und im Sinne der guten fachlichen Praxis durchgeführt werden.  HTP kann 

verwendet werden, um PGR zu sichten oder um gezielt Zuchtlinien wie NIL oder kontrastierende 

Genotypen präzise und mit Merkmalen aus täglichen Bildaufnahmen zu untersuchen. Zudem sind 

HTP Studien in kontrollierten Umwelten wegweisen, da Studien in der Simulation von zukünftigen 

Klimabedingungen durchgeführt werden können. 
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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). 

 

 

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 (López-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 t in 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). 

 

 

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 
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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 (T. 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 (T. 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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Figure 3: Model of evolution of Triticum.  Modified after Avni et al. 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 

et al., 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 CO2 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 

(ΦPSII) 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 et al., 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 et al., 2022; 

Fàbregas & 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 (Fàbregas & 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: 

 

 

I. 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). 

 

II. 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). 

 

III. Implementing theoretical non-photochemical quenching NPQ(T) 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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2. Peer-reviewed Scientific Publications 
 

2.1 HTP of NILs across the entire crop lifecycle 

 

“Precision phenotyping across the life cycle to validate and decipher 

drought-adaptive QTLs of wild emmer wheat (Triticum turgidum ssp. 

dicoccoides) introduced into elite wheat varieties” 

by 

 

Madita Lauterberg, Yehoshua Saranga, Mathieu Deblieck, Christian Klukas, Tamar Krugman, 

Dragan Perovic, Frank Ordon, Andreas Graner and Kerstin Neumann 

 

Published in  

Frontiers in Plant Science; 12. October 2022  

https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2022.965287/full  
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2.2 HTP of chickpeas during drought stress 

 

“Engaging Precision Phenotyping to Scrutinize Vegetative Drought 

Tolerance and Recovery in Chickpea Plant Genetic Resources” 

by 

 

 

Madita Lauterberg, Henning Tschiersch, Roberto Papa, Elena Bitocchi and Kerstin Neumann  

 

Published in 

Plants; 4. August 2023 

https://www.mdpi.com/2223-7747/12/15/2866  
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2.3 Theoretical non-photochemical quenching (NPQ(T)) 

 

“Implementation of theoretical non-photochemical quenching 

(NPQ(T)) to investigate NPQ of chickpea under drought stress with 

High-throughput Phenotyping” 
by 

 

 

Madita Lauterberg, Henning Tschiersch,Yusheng Zhao, Markus Kuhlmann, Ingo Mücke, Roberto 

Papa, Elena Bitocchi & Kerstin Neumann 

Published in 

Scientific Reports; 17. June 2024 

https://www.nature.com/articles/s41598-024-63372-6 
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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 

et al., 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; Humplík 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 ΦPSII 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=𝑖∗ℎ∗𝜎𝐺  

 

 

 

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 BCF5, 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.  

𝑅  =  Expected response to selection  

𝑖  =  intensity of selection  

ℎ  =  root of heritability  

𝜎𝐺  =  root of genotypic variance  
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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 & Müller, 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 (López-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 

et al., 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 ΦPSII 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 ΦPSII 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 

ΦPSII and by the advantageous plasticity of theoretical non-photochemical quenching (NPQ(T))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 et al., 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 

et al., 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 BC3F2 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, CO2 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, Bühler, et al., 

2012). A meta- analysis based on 65 studies was conducted (Poorter, Bühler, 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 ΦPSII 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 (Körner, 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 CO2 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 ΦPSII and the maximum quantum efficiency of 

photosystem II (Fv/Fm) (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 (Björkmann & Demming, 1987). Adaptation to certain light conditions can be expected 

to take between 5 min and 30 min. The ΦPSII is done with light-adapted plants; Fv/Fm 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 

ΦPSII was measured with two consecutive different light intensities to measure the plasticity of ΦPSII 

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 ΦPSII under drought stress and greater plasticity when 

switching between light intensities. Experiments with 60 genotypes of chickpea demonstrated a 

heritability for ΦPSII 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 ΦPSII under 

drought stress and control was 0.7 and 0.4 to hundred seed weight and weight of seeds (Lauterberg 

et al., 2023, 2024).  

 

Measurements of ΦPSII can easily be done, as light-adapted plants are required and the measurement 

is quick. Measuring NPQ is technically more challenging then measuring Fv/Fm or ΦPSII. The maximal 

fluorescence form dark and light adapted leaves (Fm and Fm‘) 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(T)) (Table 1). Since 

Fv/Fm of healthy crops is a stable value and only varies for the respective species, a fixed value was 

used (Björkmann & 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 Fv/Fm and the measurement of Fm‘ and F0’ of a light-adapted plant. 
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Table 1: Formula of non-photochemical-quenching (NPQ), theoretical NPQ (NPQ(T)) and ΦPSII.  Modified after 
and with explanations of: (Baker, 2008; Björkmann & Demming, 1987; Lauterberg et al., 2024; Tietz et al., 2017). 
QA: primary quinone electron acceptor of PSII: Plastoquinone A. 

 

NPQ =

(

  
 
( 

1

(1−(
𝐹𝑣
𝐹𝑚

))

 )−1

(
𝐹𝑚
′

𝐹0
′ )−1

)

  
 
− 1      

Formula (1) 

 

NPQ (T) = (
4.88

(
𝐹𝑚
′

𝐹0
′ )−1

) − 1             

Formula (2) 

Parameter Definition Physiological relevance 

F0, F0’ Minimal fluorescence from dark- and 

light-adapted leaf, respectively 

Level of fluorescence when QA is maximally 

oxidized (PSII centers open) 

Fm, Fm’ Maximal fluorescence from dark- and 

light-adapted leaf, respectively 

Level of fluorescence when QA is maximally 

reduced (PSII centers closed) 

Fv, Fv’ Variable fluorescence from dark- and 

light-adapted leaves, respectively 

Demonstrates the ability of PSII to perform 

photochemistry (QA reduction) 

Fv/Fm Maximum quantum efficiency of PSII 

photochemistry 

Maximum efficiency at which light absorbed by 

PSII is used for reduction of QA. 

Fq’ Difference in fluorescence between Fm’ 

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

Photochemical quenching of fluorescence by open 

PSII centers. 

Fq’/Fm’ PSII operating efficiency ΦPSII 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 Björkmann 

& Demming (1987), average across 44 species  

 

Following this idea of Tietz et al., (2017), the measurement of NPQ(T) has been implemented 

successfully for HTP (Lauterberg et al., 2024). Fv/Fm was initially measured for 60 genotypes PGR of 

chickpea under control conditions and was 0.856 ± 0.002. NPQ(T) 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(T). Furthermore, the repeatability of NPQ was 0.7 and 

for NPQ(T) 0.5. The capacity for measuring NPQ with fully dark-adapted plants was 9.4 plants per hour. 

For NPQ(T) it was on average 38.8 fully light-adapted plants per hour. This difference in the capacity 

of measurement clearly showed that NPQ(T) is suitable for HTP. 

NPQ(T) 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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but in control, desi showed significantly higher values for NPQ(T) then kabuli. This means that the two 

types differ in their plasticity for NPQ(T) 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 NPQ(T) as 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; Müller 

et al., 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(T) 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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