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I. Zusammenfassung 

Ein Anstieg der globalen Durchschnittstemperaturen und das Auftreten extremer 

Wetterereignisse bedrohen die Getreideerträge weltweit. Hohe Temperaturen während der 

reproduktiven Entwicklung beeinträchtigen die Ährenentwicklung und die Fruchtbarkeit der 

Blüte und sind daher eine der Hauptursachen für Ertragsverluste in den Getreidearten Gerste 

und Weizen. Derzeit sind Strategien zur Züchtung von Getreidesorten mit verbessertem 

Ertrag unter hohen Temperaturen begrenzt, aufgrund fehlender Kenntnisse über die 

genetischen Faktoren, die die Spross-und Ährenenentwicklung unter hohen 

Temperaturbedingungen steuern. In dieser Studie habe ich gezeigt, dass Gene der zirkadianen 

Uhr, der Photoperiode- und Vernalisationsstoffwechselwege die reproduktive Entwicklung 

und die Fruchtbarkeit der Blüten unter hohen Umgebungstemperaturen in Gerste 

kontrollieren. Eine natürliche Mutation im PHOTOPERIOD RESPONSE 1 Gen (Ppd-H1), die 

vor allem in Sommergerste vorkommt, verzögert die reproduktive Entwicklung und verringert 

die Zahl der Blüten und Körner pro Ähre unter hoher Temperatur. Im Gegensatz dazu führte 

das Wildtyp-Allel von Ppd-H1 oder ein nicht funktionsfähiges Allel von EARLY 

FLOWERING 3 (HvELF3), ein Repressor von Ppd-H1, zu einer beschleunigten reproduktiven 

Entwicklung und einer erhöhten Anzahl Körner pro Ähre unter hohen Temperaturen. 

Außerdem verzögerte hohe Temperatur die Phase und verringerte die Amplitude von 

Uhrgenen. Ppd-H1 und HvELF3 abhängige Unterschiede in der reproduktiven Entwicklung 

unter hohen Temperaturen korrelierten mit der Expression der Mads-Box-Gene HvVRN1, 

HvBM3 und HvBM8 in den Blättern. Ausserdem hatte regulatorische Variation im ersten 

Intron des wichtigsten Vernalisationsgens HvVRN1 einen Einfluss auf die reproduktive 

Entwicklung unter hohen Temperaturen. Hohe Temperaturen verzögerten die Ährchenbildung 

durch die Herunterregulierung des Winteralleles, nicht aber des Sommerallels von HvVRN1, 

auch nach der Vernalisierung. Darüber hinaus waren die Expressionslevels des FLOWERING 

LOCUS T1 Gens, welches maßgeblich an der Blütenbildung beteiligt ist, unter hoher 

Umgebungstemperatur unabhängig vom genetischen Hintergrund reduziert. Schliesslich zeige 

ich, dass Ppd-H1 genetisch mit HvVRN1 interagiert, wobei Ppd-H1 die Entwicklung nur im 

Hintergrund eines Sommer- HvVRN1, nicht aber eines Winter Hvvrn1 Allels beschleunigt. 

Meine Arbeit demonstriert deshalb, dass die Photoperiode- und Vernalisationsgene Signale 

der Umgebungstemperatur zur Feinabstimmung der reproduktiven Entwicklung in Gerste 

integrieren.
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II. Summary 

An increase in global average temperature and the occurrence of extreme temperature events 

threaten crop productivity worldwide. High temperature during reproductive development 

impairs developmental timing, spike development and floret fertility and is therefore a major 

cause of yield losses in the temperate cereals barley and wheat. At present, strategies to breed 

cereal varieties with improved yield under high temperatures are limited due to a lack of 

knowledge on the genetic factors that control shoot and spike development under high 

temperature conditions. In this study, I have demonstrated that genes from the circadian clock, 

photoperiod and vernalization pathways control reproductive development and floral fertility 

in response to high ambient temperatures in barley. I have established that a natural mutation 

in the major photoperiod response gene, Ppd-H1, prevalent in spring barley slows down 

reproductive development and decreases the number of florets and seeds per spike under high 

ambient temperature. In contrast, the wild-type Ppd-H1 or a non-functional allele of EARLY 

FLOWERING 3 (HvELF3), which is an upstream regulator of Ppd-H1, accelerated the 

reproductive development and maintained high seed numbers per spike under high 

temperatures. Furthermore, high temperature delayed the phase and reduced the amplitude of 

clock genes. Ppd-H1 and HvELF3 dependent differences in reproductive development under 

high temperatures correlated with the expression levels of the BARLEY MADS-box genes 

HvVRN1, HvBM3 and HvBM8 in the leaves. Moreover, regulatory variation in the first intron 

of the major vernalization gene HvVRN1 also affected developmental timing under high 

temperatures. High temperatures strongly delayed spikelet initiation by downregulating the 

expression of the full-length winter allele Hvvrn1, but not the spring allele HvVRN1, even 

after vernalization. In addition, the transcript levels of FLOWERING LOCUS T1 (HvFT1), the 

major floral integrator gene, were reduced unter high ambient temperature independently of 

genetic variation at Ppd-H1 and HvVRN1. Lastly, I show that Ppd-H1 genetically interacts 

with regulatory variation at HvVRN1 where Ppd-H1 accelerates shoot apex development in 

the background of a spring HvVRN1 but not a winter Hvvrn1 allele. My work thus 

demonstrated that the photoperiodic and vernalization pathways integrate high temperature 

signals to fine-tune reproductive development in barley. 
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III. Scientific Aims 

High temperature during reproductive development impairs spike development and floret 

fertility and is therefore a major cause of yield losses in the temperate cereal barley (Hordeum 

vulgare L.). However, genetic components controlling reproductive development in response 

to high ambient temperatures have not yet identified. The barley genepool comprises exotic 

germplasm, which is characterized by high genetic diversity and adaptation to stressful 

climatic conditions. These resources represent valuable genetic material to dissect the genetic 

and molecular control of temperature responses and identify alleles that improve reproductive 

development under high ambient temperature in barley. 

1) The physiological genetic control of developmental timing in response to high ambient 

temperatures has been characterized in the model eudicot species Arabidopsis thaliana. 

This knowledge provides a basis to explore the genetic control of developmental 

responses to high ambient temperatures in the monocot barley. I give an overview over 

the current state of research on the genetic basis of reproductive development under 

high ambient temperature in Arabidopsis thaliana. I discuss similarities and differences 

in developmental phenotypes as controlled by high ambient temperature between 

Arabidopsis and cereal crops. In addition, I propose how known flowering pathways, 

such as the photoperiod and vernalization pathway may integrate different 

environmental cues to fine-tune shoot and spike development. Finally, I dissect the 

reported effects of high ambient temperature on different developmental stages of the 

shoot apex, spike morphology and floret fertility in cereal crops.  

2) High ambient temperature alters flowering time in barley, however, the effects of high 

ambient temperature on shoot apex development and its genetic control are not known. 

I, therefore, aimed to characterize the microscopic and macroscopic development of the 

shoot apex in response to high ambient temperature in barley. Further, I investigated 

the effects of the flowering time gene PHOTOPERIOD RESPONSE 1 (Ppd-H1), the 

circadian clock gene EARLY FLOWERING 3 (HvELF3) and the vernalization gene 

VERNALIZATION 1 (HvVRN1) on developmental timing, spike development and 

fertility in barley. For this purpose, I scored shoot development in introgression lines 

carrying natural variants at the candidate genes introgressed from wild and landrace 

barley. Finally, my objective was to identify molecular changes in the leaf that 

correlate with developmental timing and spike development under high temperature in 

different introgression lines 
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IV. Chapter 1-- Phenotypic Plasticity under High Ambient 
Temperature: Flowering and Reproduction 

1.1 Introduction 

Flowering at the right time is an important decision particularly for cereal crops to ensure 

their reproductive success and thereby is of both adaptive and economic significance. Plants, 

being sessile, can adapt to changing environmental cues such as light and temperature. In 

contrast to animals, plants can produce new organs throughout their lifespan from their 

pluripotent stem cells present at the tip of shoot apical meristem (SAM), from which above 

ground parts such as stems, leaves, and flowers are developed. This characteristic of plants is 

under endogenous (genetic) and environmental control which enables them to adapt and 

respond to changing environmental condition. 

Major environmental cues are photoperiod, circadian clock, and temperature, which are 

integrated by plants to time shoot development. Genetic variation in developmental timing in 

response to environmental cues was important for successful adaptation of crop plants to 

different eco-geographic cultivation areas. The major crop plants, rice, wheat, maize and 

barley are monocot grasses and are either tropical grasses (maize, rice) adapted to warmer 

climates or temperate grasses (barley and wheat) adapted to cooler environments. Climate 

models predict that an increase in global average temperature will have large impacts on crop 

yield. High temperature during reproductive development impairs spike development and 

floret fertility and is therefore a major cause of yield losses in the temperate cereals barley and 

wheat. Understanding the genetic and molecular basis for ambient temperature-induced 

changes in reproductive development will play a crucial role to ensure future yield stability of 

these cereals. 

In this chapter, I review barley phenology and the genetic control of inflorescence 

development in response to environmental cues. Since current knowledge of reproductive 

development under high ambient temperature is limited in grasses such as barley, I have 

summarized how thermosensory pathways modulate flowering time in the model eudicot 

Arabidopsis (Arabidopsis thaliana). This knowledge from the model plant can provide 

insights into the genetic control of reproductive development under high temperature in 

barley. The last section of this chapter reports on previous studies about ambient temperature 
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effects on flowering and spike fertility in grass species such as barley (Hordeum vulgare), 

wheat (Triticum aestivum), rye (Secale cereale), rice (Oryza sativa), Brachypodium 

(Brachypodium distachyon), and sorghum (Sorghum bicolor). Thus, this chapter provides the 

current state of knowledge about reproductive development under ambient temperatures in 

Arabidopsis and grass species. 

1.1.1 Inflorescence Morphology and Spike Development in Barley 

Barley (Hordeum vulgare), a member of the grass family Poaceae, is a temperate cereal crop. 

Like many other grass species such as wheat (Triticum aestivum), oats (Avena sativa), rice 

(Oryza sativa), maize (Zea mays), it is a source of food and feed. Therefore, inflorescence and 

spike development, which directly control grain yield, are essential traits to study. The 

activity of shoot apical meristems (SAM) has a significant impact on grain yield.  The SAM 

develops during embryogenesis, which gives rise to all the aboveground plant organs, i.e., 

stem, leaves, and flowers during postembryonic development after germination (Barton, 

2010). In Arabidopsis, during the vegetative phase, the shoot apex form leaves in a spiral 

arrangement with very short internodes forming a rosette. After the vegetative phase, the 

shoot apex undergoes the transition to bolting and becomes an inflorescence meristem (IM), 

which still produces small cauline leaves, separated by long internodes. After this transient 

phase, the IM produces floral meristems (FMs), and each of them gives rise to one individual 

pedicellate flower resulting in a raceme inflorescence (E. S. Coen, 1991; Weberling, 1992; 

Benlloch et al., 2007). 

The shoot and inflorescence architecture of grasses, recapitulates the basic structures 

described in the model plant, but also clearly differs in morphology. In barley and wheat, the 

SAM gives rise to auxiliary meristems (AMs) in the leaf axils of the basal nodes, which later 

develop into secondary shoots or tillers (Tanaka et al., 2013). The inflorescence meristem 

generates spikelet meristems (SM) and floral meristems (FM). A spikelet produces of one to 

several flowers or florets enclosed by two glumes (a modified bract) (von Bothmer and 

Komatsuda, 2011). These spikelets are arranged on both sides of rachis in an alternate fashion 

forming either a two or a six-row spike. Barley spikes produce a triple spikelet meristem 

(TSM) constituting one central and two lateral spikelet meristems. In two-rowed spike, only 

the central spike produces seeds whereas in six-rowed spike forms all the three meristems are 

fertile (Zohary and Hopf, 1993; Forster et al., 2007; von Bothmer and Komatsuda, 2011; 

Sakuma et al., 2011). Barley meristem does not produce a terminal spikelet, thereby has an 

indeterminate inflorescence. Barley flowers (florets) are bisexual and contain one pistil and 

three stamens, and two flap-like structures in place of petals, the lodicules. At the time of 
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anthesis, the lodicules become turgid and help in floret opening. Florets are covered by bract-

like structure, the palea (inner) and lemma (outer) and further subtend by two reduced bracts, 

the glumes (Figure 1) (Kellogg, 2007). 

 

 

Figure 1. Inflorescence patterning and flower/spikelet structures of Arabidopsis and 
barley. A) Schematic diagram of the inflorescence architecture of Arabidopsis (Raceme) and 
barley (Spike). Both Arabidopsis and barley show indeterminate growth of the inflorescence 
compared to wheat and rice (not shown here) which form a terminal spikelet B) Schematic 
representation of Arabidopsis flower and barley spikelet. Abbreviations: IM, Inflorescence 
meristem, AM, Auxiliary meristem. (Adapted from E. S. Coen, 1991; Tanaka et al., 2013) 
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Pre-anthesis development in barley consists of three distinctive growth phases that are broadly 

classified as; 1) vegetative phase, 2) early reproductive phase and 3) a late reproductive phase 

(Slafer and Rawson, 1994; González et al., 2002). After germination, the vegetative shoot 

apex forms single ridges that develop into leaf primordia as semicircular whorls, at the basal-

apical growing points, growing upwards within the tube-like structures of already present leaf 

sheaths (Briggs, 1978). At the point, when the shoot apex stops producing leaf primordia, 

floral primordia are initiated. This stage is also referred to as transition from vegetative to 

reproductive development. During this phase, the shoot apex elongates and develops into the 

double ridge stage; each of upper ridges develops faster compared to the lower ridge and 

forms spikelet primordia, while the development of lower ridge is repressed resulting into 

rachis internodes of the spikes later (Briggs, 1978). In barley, each spikelet produces one 

floret primordium, which develops into a flower. Floral development starts from the center of 

the inflorescence and later spread towards distal and proximal parts. At the onset of floral 

development, early reproductive phase ends (Slafer and Rawson, 1994). Unlike Arabidopsis, 

the time between spikelet initiation and stem elongation is prolonged in grasses during which 

the shoot apex remains at the base of the stem (Briggs, 1978; Kemp and Culvenor, 1994). 

This trait is evolved explicitly in grasses to protect the shoot apex from grazing damage 

(Briggs, 1978). 

The late reproductive phase of shoot apex development in barley is relatively long and 

includes differentiation of spikelet meristems, floral organs, and then spike growth during 

stem elongation. Stem elongation involves internode elongation and growth of the shoot apex 

upwards. This phase starts with the initiation of three stamen primordia followed by one-

carpel primordia in the center of each floret. At the carpel primordium stage, a maximum 

number of floral primordia are already initiated, and awns start developing, thus also known 

as awn primordium stage. In the following stages, development of ovary and anthers takes 

place, and anthers develop into a four-locule structure. To ensure timely pollination, the 

developmental processes of male and female organogenesis are synchronized (Briggs, 1978). 

After the development of floral organs, they start growing in size and change in morphology; 

as the style elongates, stigmatic branches start appearing and the anthers change in color from 

transparent white to green. This phase also corresponds to overall spike growth and can 

visually be assessed by a fully expanded flag leaf, also called booting phase in cereals 

(Zadoks et al., 1974). As soon as all floral organs have been formed, they start maturing; 

anthers become yellow and stigmatic branches fall apart. At this stage, about one-centimeter-

long awns are visible out of the flag leaf sheath, which is scored as heading date or flowering 

time in barley and other cereals (Large, 1954; Zadoks et al., 1974). Pollination takes place  
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right after heading stage. Various scales were developed to score reproductive development in 

barley (Bonnett, 1935; Sharman, 1947; Large, 1954). These are based on scoring macroscopic 

changes of the main shoot or on evaluating microscopic changes of the shoot apical meristem. 

Waddington et al. (1983) developed a quantitative scale from germination to anthesis, to score 

the morphogenesis of the shoot apex and carpels of the inflorescence. This scale scores the 

carpel development in the most advanced floral primordia at the shoot apex at a scale of 1-10 

(Figure 2). This scale is the best choice to score development when morphological growth and 

shoot apex development are not synchronized, for example under changing environmental 

conditions such as high temperature or drought (Waddington et al., 1983).  

The duration of different developmental phases of SAM affects flowering time and are 

associated with different yield components (Rawson, 1970; Rawson, 1971; Slafer and 

Rawson, 1994) (Figure 2). The length of vegetative and early reproductive phase determines 

the number of spikelet primordia that are initiated on the shoot apex while the late 

reproductive phase determines the number of fertile florets established (Alqudah and 

Schnurbusch, 2014; Digel et al., 2016). The duration of the stem elongation phase before 

anthesis and spike dry weight is associated with floret survival and potential seed set (Slafer 

and Rawson, 1996; Miralles and Richards, 2000). A prolonged duration of the stem 

elongation phase favors spike growth and increases spike dry weight, which is due to the 

competition between stem and spike for dry matter accumulation (Brooking and Kirby, 1981; 

Miralles et al., 1998). Environmental factors and genetic variation also affect the duration of 

the developmental phases of the shoot apex and thereby affect flowering time and yield 

related traits (Fischer, 1985; Digel et al., 2015; Ejaz and von Korff, 2017). Genetic control of 

reproductive development and interaction with different environmental cues in barley is 

described in the following section. 
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Figure 2 Phases of pre-anthesis development in barley. A) Illustration of barley shoot 
morphogenesis and spike growth. Black dots indicate the location of the shoot apical 
meristem (SAM) inside the leaf sheath. The SAM moves upwards during stem elongation 
represented by red arrows (Briggs, 1978; del Moral et al., 2002; Digel et al., 2015). B) Pre-
anthesis development of the SAM represented at a scale of 0.5-10 (modified from 
Waddington et al. 1983). C) Spikelet initiation occurs between W1 and W2 when the shoot 
apex transforms from single ridge to double ridge. The early reproductive phase ends at the 
stamen primordium stage (W3-3.5) when the shoot apex starts growing upwards in the stem. 
The late reproductive phase (LRP) starts at carpel primordium stage (W4), when the 
maximum number of floral primordia are formed and anthesis occurs at W10. The number of 
primordia decreases in the early stages of LRP and final seed number is determined in the late 
stages of LRP (Miralles and Richards, 2000; González et al., 2003; Slafer, 2003; Sreenivasulu 
and Schnurbusch, 2012). 
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1.1.2 Genetic Control of Reproductive Development by 

Environmental Cues in Barley 

Flower development is regulated by various environmental signals such as photoperiod, 

vernalization and ambient temperature and endogenous cues such as the circadian clock, 

hormone homeostasis and carbon availability (Simpson et al., 1999; Reeves and Coupland, 

2000; Ausín et al., 2005; McClung and Davis, 2010). These environmental cues interact with 

genetic components that have resulted in the adaptation of barley to different growing 

seasons. Barley is a facultative long day (LD) plant and flowers early under LD conditions, 

whereas short days (SD) delay flowering (Turner et al., 2005). PHOTOPERIOD 1 (Ppd-H1), 

a homolog of PSEUDO-RESPONSE REGULATOR (PRR) genes in Arabidopsis, is a major 

photoperiod response gene in barley (Turner et al., 2005). The wild-type Ppd-H1 allele is 

responsible for early flowering in wild and winter barley under LDs (Turner et al., 2005). In 

contrast, a natural recessive mutation in the CCT domain of Ppd-H1 causes reduced 

sensitivity to photoperiod resulting in late flowering under LDs. This delay in flowering 

correlates with a reduced expression of HvFT1, a homolog of the Arabidopsis FLOWERING 

LOCUS T (FT) in barley (Turner et al., 2005; Campoli et al., 2012). Thus, barley genotypes 

carrying the dominant Ppd-H1 allele show increased expression levels of HvFT1 (Turner et 

al., 2005). Likewise, increased expression of Ppd1 in wheat up-regulates the expression of FT 

homolog TaFT1 (Shaw et al., 2012). FT moves from leaves to the shoot apical meristem at 

the time of vegetative to floral transition to induce flowering in Arabidopsis (Corbesier et al., 

2007).  

In addition, EARLY FLOWERING3 (ELF3), a repressor of light signals to the circadian clock, 

acts as an upstream regulator of the photoperiod pathway genes and contributes to 

photoperiodic development in Arabidopsis (Zagotta et al., 1996; Suárez-López et al., 2001). 

ELF3 forms together with EARLY FLOWERING4 (ELF4) and LUX ARRHYTHMO (LUX), the 

so-called “evening complex” (EC) that functions as a nighttime repressor of gene expression 

in the circadian clock of Arabidopsis (Nusinow et al., 2011; Herrero and Davis, 2012). The 

circadian clock is an autonomous oscillator that produces endogenous biological rhythms with 

a period of about 24 h is represented by at three interconnected feedback loops (Ronald and 

Davis, 2017). The central loop includes two partially redundant MYB-like transcription factors 

CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL 

(LHY), and a member of PSEUDO RESPONSE REGULATOR (PRR) gene family the 

TIMING OF CAB EXPRESSION1 (TOC1). In the morning, CCA1 and LHY proteins 
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accumulate to repress the transcription of evening expressed gene TOC1 (Pokhilko et al., 

2012). The morning-phased loop includes PRR genes; PRR7 and PRR9 that are structurally 

related to TOC1, inhibit the transcriptional activation of CCA1/LHY during the day (Farré et 

al., 2005; Nakamichi et al., 2012). PRR7 and PRR9 are repressed by the evening complex 

(EC) genes in the evening to activate CCA1/LHY. The CCA1 inhibits the evening complex 

(EC) genes late at night which connects the EC to the central oscillator (Lu et al., 2012; 

Kamioka et al., 2016). The evening phased loop consist of auto-regulated feedback of TOC1 

with GI (GIGANTEA) (Kim et al., 2007). The transcription factors (TFs) regulating the 

feedback loops of the oscillator also directs the output pathways of the circadian clock 

(Kamioka et al., 2016). 

Several studies on Arabidopsis reveals that the circadian clock influences plant performance 

and adaptation to abiotic stresses (Dodd et al., 2005; Legnaioli et al., 2009). Orthologues of 

Arabidopsis clock genes have been identified in barley and termed as HvCCA1, HvGI, 

HvPRR1, HvPRR37 (Ppd-H1), HvPRR73, HvPRR59, and HvPRR95, thus demonstrating that 

the circadian clock genes are structurally conserved in barley (Campoli et al., 2012). Unlike in 

Arabidopsis, barley clock mutants, however, do not show substantial effects on plant 

morphology, growth, and metabolism (Habte et al., 2014). However, they play a significant 

role in flowering time that has been demonstrated in the identification of clock mutants in 

barley. early maturity 8 (eam8) mutation produces a photoperiod insensitive phenotype, 

which flowers rapidly independent of the photoperiod in barley (Börner et al., 2002). Faure et 

al. (2012) have shown that eam8 is an orthologue of Arabidopsis EARLY FLOWERING 3, and 

an essential component of the evening complex in the circadian clock. eam8 mutation has 

been employed in commercial spring barley varieties with the ppd-H1 mutation for cultivation 

in short growing seasons (Zakhrabekova et al., 2012). Despite the presence of the ppd-H1 

mutation, eam8 (Hvelf3) mutants show misexpression of ppd-H1 in the night and increased 

expression of HvFT1 (Faure et al., 2012). Campoli et al. (2013) identified the circadian clock 

gene HvLUX1 underlying the early maturity 10 (eam10) locus in barley which is an 

orthologue of the Arabidopsis clock gene LUX ARRHYTHMO. HvLUX1 interacts with ppd-

H1 to promote flowering under LDs and SDs (Campoli et al., 2013). In addition, 

Phytochrome C, an upstream regulator of the circadian clock, (Nishida et al., 2013; Chen et 

al., 2014; Pankin et al., 2014) has been shown to disrupt the expression of clock genes and to 

interact with ppd-H1 to promote early flowering in SDs (Pankin et al., 2014). Apart from 

photoperiod and the circadian clock, temperature changes also affect timing of flowering in 

barley.  
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Barley is characterized by winter and spring growth habits. Winter barley needs a period of 

cold (vernalization) for flowering, whereas spring barley does not respond to vernalization 

and flowers in the absence of a cold period (Gasser et al., 1998; Hemming et al., 2009). Two 

major vernalization response genes VERNALIZATION 1 (HvVRN1) and VERNALIZATION 2 

(HvVRN2) regulate flowering time in winter barley. HvVRN2 is highly expressed before cold 

exposure under long photoperiods (Yan et al., 2004). HvVRN2 is a member of ZCCT (zinc 

finger and CCT domain) gene family. HvVRN2 does not have a clear orthologue in 

Arabidopsis, however, its function is analogous to FLOWERING LOCUS C (FLC) in 

Arabidopsis (Yan et al., 2004). In barley and wheat, VERNALIZATION 1 (VRN1 in wheat, 

HvVRN1 in barley ), a MADS-box transcription factor, is upregulated during vernalization and 

represses HvVRN2 (Trevaskis et al., 2007; Hemming et al., 2008). HvVRN1 is a homologue of 

the Arabidopsis meristem identity gene APETALA1 (AP1) that initiates floral transition 

(Murai et al., 2003; Shitsukawa et al., 2007). In barley, HvVRN1 is characterized by a series 

of different deletions and insertions in the first regulatory intron, which has been linked to 

differences in vernalization response and flowering behavior (Hemming et al., 2009). 

Furthermore, Hemming et al., (2009) identified the regions in the first intron of HvVRN1 that 

are related to the reduced expression of HvVRN1 before vernalization. These regions, 

however, are not associated with cold induction of this gene. Expression of HvVRN1 is also 

epigenetically regulated, and high expression levels of HvVRN1 are maintained after 

vernalization (Oliver et al., 2009). Before vernalization, HvVRN1 transcripts are repressed and 

this repression correlates with the presence of H3K27me3 histone marks at the chromatin of 

HvVRN1. Cold exposure changes the chromatin state by decreasing the H3K27me3 histone 

and increasing the H3K4me3 levels at the HvVRN1 locus, which is associated with high 

HvVRN1 expression (Oliver et al., 2009). Increase in HvVRN1 downregulates HvVRN2 and 

upregulates HvFT1 expression in the presence of dominant Ppd-H1 under LD conditions 

(Hemming et al., 2008). In contrast, spring barley does not have a vernalization requirement 

to flower because of the mutation within the CCT domain HvVRN2 or a complete deletion of 

the gene (Yan et al., 2004; Dubcovsky et al., 2005). Moreover, deletions in the first intron of 

HvVRN1 in the spring barley control the expression of HvVRN1 independent of vernalization 

and a concomitant downregulation of HvVRN2 (Tranquilli and Dubcovsky, 2000). While low-

temperature signaling (vernalization) is well studied in barley, much less is known about the 

control of reproductive development in response to variation in ambient growth temperatures. 
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1.2 High Ambient Temperature Mediated Plant Responses 
 

1.2.1 High Ambient versus Stress Temperatures 

In this section, I focus on plant responses to high ambient temperatures, which usually ranges 

between 20-30°C. High ambient temperatures responses are different from heat stress 

responses which are studied at temperatures >35°C (Balasubramanian et al., 2006; Saidi et al., 

2011). A slight increase in temperature or high ambient temperature can have significant 

effects on flowering time of plants (Fitter and Fitter, 2002; Wigge, 2013). Temperature 

responses are species/genotype specific and depend on developmental phase and organs of the 

plant (Porter and Gawith, 1999). Genotypes from thermally variable habitats have a higher 

ability to maintain their performance under extreme conditions (Berry and Bjorkman, 1980).  

1.2.2 Effects of Ambient Temperature on Photosynthesis 

The photosynthetic apparatus of plants is sensitive to changes in temperature, and its 

sensitivity varies among genotypes and species because of their inherent features and complex 

interactions with the prevailing environment (Berry and Bjorkman, 1980; Quinn, P. and 

Williams, 1985). Various studies have suggested that inhibition of net photosynthesis (Pn) at 

temperatures <40°C is a rapidly reversible process compared to its inhibition at the lethal 

temperatures (>40°C) (Weis, 1981; Sharkey et al., 2001; Salvucci et al., 2004). Irreversible 

photosynthesis inhibition at temperatures >40°C is the results of damage in thylakoid 

membranes and subsequent damage to photosystem II (PSII) (Berry and Bjorkman, 1980; 

Seemann et al., 1984; Bilger et al., 1987). In reversible photosynthesis inhibition response, 

limiting factors include photochemistry, enzymes of carbon assimilation, photorespiration, 

and utilization of photosynthates (Berry and Bjorkman, 1980; Kobza and Edwards, 1987). In 

wheat, a study on the impact of different leaf-temperatures (15-45°C) on photosynthetic 

carbon metabolism suggested that the photosynthesis rate under high temperatures in C3 

plants depends on the activity of Rubisco (Kobza and Edwards, 1987). Various studies in 

Arabidopsis also confirmed that a decrease in net photosynthesis (Pn) is linked to the 

inactivation of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) due to the 

inhibition of Rubisco activase A (Kim and Portis, 2005). Rubisco activase (RCA) regulates 

the activity of Rubisco in the light reaction of photosynthesis in plants, which is a temperature 

sensitive process (Salvucci et al., 1985). In many plants, RCA is composed of two isoforms of 

different sizes (short, RCAβ and long RCAα) which are produced via alternative splicing of 

pre mRNA (Salvucci et al., 1985; Werneke et al., 1989; To et al., 1999; Zhang et al., 2002). 
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The long form, RCAα in cotton, maize, and wheat (Triticum aestivum) has significant 

thermostable properties that can work better under heat shock conditions (Law and Crafts-

Brandner, 2001; Salvucci et al., 2003; Ayala-Ochoa et al., 2004). In the Syrian barley 

cultivars, high temperature (35°C) caused a reduction in the quantum efficiency of 

photosystem II (ΦPSII) and the net photosynthesis (Pn) (Rollins et al. 2013). Leaf proteomic 

analysis also revealed that heat treatment increased the expression of Rubisco activase B 

while downregulated the Rubisco activase A (Rollins et al., 2013). These studies suggest that 

RCA is one of the major factors that control the photosynthesis under high ambient 

temperatures and is one of the potential targets for crop improvement (Kurek et al., 2007). 

Most of the photosynthesis studies in wheat, barley, and other crop species accounted for 

moderate and stress temperatures. Recently, high ambient temperatures have received much 

focus of research compared to the stress temperatures due to the gradual increase in global 

temperature. In Arabidopsis, high temperature (27°C) reduces Pn under SDs (10/14h, 

day/night) in wild-type plants, whereas rca mutants, having a thermostable chimeric Rubisco 

activase (from tobacco), show an increase in photosynthesis rate at high temperature (Kumar 

et al., 2009). However, another study shows that net photosynthesis (Pn) remains constant at 

temperatures ranging from 25-30°C in 12/12h (day/night) photoperiod conditions in 

Arabidopsis (Kim and Portis, 2005). It has been suggested that the temperature dependence of 

photosynthesis is strongly influenced by light which either has a direct effect on 

photosynthetic properties or the indirect impact of photorespiration by affecting stomatal 

conductance (Berry and Bjorkman, 1980). These differential temperature responses to 

photosynthesis in the above-mentioned studies might be due to the different photoperiod 

conditions used. While thermostable RCA slightly improved photosynthesis at high ambient 

temperature, the effects on seed set were substantial compared to the photosynthesis effect 

(Kumar et al., 2009). The authors suggest that it could be that dealing with heat sensitive 

activase, plant delays other aspects of development. In barley, optimum photosynthesis 

temperature ranges between 15 and 20°C and above which photosynthesis decreases up to 

35% at 30°C (Todd, 1982; Rollins et al., 2013). Increase in ambient growth temperature has 

shown an accelerated movement of C14 labeled photosynthates from the leaves to the spike in 

wheat (Wardlaw et al., 1980). The authors suggest that the increased carbon demand for 

reproductive organs is due to the carbon loss through respiration at high temperature. Despite 

the increased carbon supply, carbon loss due to the excessive respiration resulted in 25% 

reduction in dry seed weight (Wardlaw et al., 1980). 

Dodd et al. (2005) have demonstrated that Arabidopsis plants with no defects in the circadian 

clock component fix more carbon, have high stomatal conductance and chlorophyll contents 
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and thereby, obtain an advantage over the circadian clock mutants. In barley, high ambient 

temperatures (28°C) reduced net photosynthesis in SDs and increased photosynthesis rates in 

LDs under controlled conditions (Ejaz, unpublished data, not shown). Moreover, Pn was 

strongly induced when plants were unexpectedly shifted to the high temperature for a short 

period in LDs (Ejaz, unpublished data, not shown). Interestingly, these results also 

demonstrated that Pn remained unaltered in the barley clock mutants BW290 (Hvelf3) and 

BW284 (Hvlux1) in SD and LD which indicates that HvELF3 and HvLUX1 affect net 

photosynthesis (Pn) at high temperature in barley (Ejaz, unpublished data, not shown). An 

increase in the net photosynthesis (Pn), under long days and under unexpected temperature 

shifts could be due to an increased enzymatic activity under high ambient temperature. The 

above results suggest that photosynthesis remained unaffected at high temperature in barley 

circadian clock mutants BW290 (Hvelf3) and BW284 (Hvlux1) under SD and LD conditions. 

The insensitivity to high temperature suggests that these barley clock mutants might have a 

higher photosynthetic acclimation potential. Photosynthetic acclimation potential is defined as 

the genetic ability of a genotype to improve its performance under new growth regime which 

can be acquired by environmentally induced changes in the photosynthetic characteristics of a 

plant (Berry and Bjorkman, 1980). 

1.2.3 Plant Architectural Changes in Response to High Temperatures 

Plant survival and productivity are also influenced by the shoot architecture (Lee et al., 2014). 

Therefore, understanding architectural changes in response to high ambient temperatures is 

crucial. The phenotypic adaptations to high-temperature help plants to protect their 

photosynthetic tissues from the stress (Casal, 2012). Recently, studies in Arabidopsis have 

demonstrated that exposure of plants to high ambient temperature results in dramatic changes 

in growth and development. Phenotypic responses to escape from high temperature include a 

rapid extension of the plant axes, leaf hyponasty and early flowering (Koini et al., 2009). In 

Arabidopsis, high temperature accelerates flowering in SD independent of the photoperiod 

pathway (Balasubramanian et al., 2006). High temperature accelerates stem elongation and 

promotes leaf elevation from the soil surface, which facilitates the cooling of leaves 

(Crawford et al., 2012). These authors also demonstrate that Arabidopsis plants, which 

display elongated stems and leaves, increase the transpiration in well-watered conditions. The 

authors suggested that these architectural changes result in diffusion of water vapors from 

stomata, thus aid in the cooling process. The capacity of leaf cooling has been positively 

associated with fruiting efficiency and plant fitness (Radin et al., 1994). However, under 

water shortage, there is a trade-off between leaf cooling and the possibly harmful effects of 



Phenotypic Plasticity under High Ambient Temperature: Flowering and Reproduction 

 16 

excessive water loss. In addition to exhibiting elongated stems, Arabidopsis plants grown at 

high temperature produced a reduced number of leaves compared to the plants grown at 

normal temperatures. Also under well-watered conditions, the stomatal size and densities 

were reduced at high temperatures suggesting that adaptations to high temperature may 

promote water conservation (Crawford et al., 2012). In Arabidopsis, high temperature 

mediated architectural modifications suggest that leaf cooling over water conservation has 

been selected during evolution (Crawford et al., 2012). Since ambient temperature and water 

availability are strongly interconnected, understanding shoot architecture and water use is 

very crucial in barley and other cereals to maximize yield. 

1.2.4 High Ambient Temperature Directed Molecular Changes 

Molecular aspect of adaptation involves changes in gene expression in response to fluctuating 

growth condition, the phenomenon that plants also demonstrate for different stress conditions. 

Transcription factors (TFs) are the critical nodes between signal transduction and activation of 

specific proteins against a particular environmental stimulus, during a particular 

developmental phase or tissues of the plant (Riechmann et al., 2000). TF are sequence-

specific DNA binding proteins that bind at specific sites of the promoter regions (cis-acting) 

or regulate the expression of downstream target genes (trans-acting). TFs from the circadian 

clock and other flowering pathways have been implicated in ambient temperature response. 

Multiple molecular mechanisms, such as stability of regulatory proteins and temperature 

dependent alternative splicing of transcription factors involved in reproductive development 

have been suggested to regulate the flowering response to high ambient temperature in 

Arabidopsis (reviewed in Capovilla et al., 2014). In the following section, I discuss two newly 

identified major molecular pathways involved in ambient temperature flowering response in 

Arabidopsis. 

a) Circadian Clock: A Regulator of Ambient Temperature Control of 
Flowering 

The circadian clock plays a vital role to regulate physiological processes in plants facing 

abiotic stresses and regulates seasonal flowering and fruit set (Sanchez et al., 2011; Grundy et 

al., 2015). Daily changes in photic and thermal response play a significant role in the clock 

entrainment (Boikoglou et al., 2011). Clock controlled pathways direct many developmental 

processes in response to changes in light and temperature. In Arabidopsis, EARLY 

FLOWERING 3 (ELF3) which is a repressor of light signals to the circadian clock also 

functions as a fundamental element of ambient temperature response (Thines and Harmon, 
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2010). In diurnal light/dark cycles, high ambient temperatures impede the transcription of 

ELF3, thereby relieving the expression of the bHLB transcription factor, PHYTOCHROME 

INTERACTING FACTOR 4 (PIF4), at night (Box et al., 2014). PIF4, a protein involved in 

light and temperature signaling, activates FT, a major floral integrator, by direct binding at the 

promoter regions of the gene (Kumar et al., 2012). The FT protein is an essential regulator of 

the flowering pathway that activates downstream floral meristem identity genes and thereby 

accelerates flowering (Turck et al., 2008). High temperature increases PIF4 binding, at the 

target promoters, to five folds compared to normal temperatures (Kumar et al., 2012). The 

increased binding ability of PIFs at high temperature works at the level of chromatin 

accessibility at the promoters of target genes. H2A.Z nucleosome occupancy at PIF binding 

sites is high at cool temperatures compared to high temperature suggesting that H2A.Z 

nucleosomes mediate temperature signals in Arabidopsis (Kumar and Wigge, 2010). 

Collectively, clock controlled floral induction at high temperatures is mediated by an 

ELF3/PIF4 pathway and the transcriptional activation of the genes in this pathway is, at least 

in part, mediated by H2A.Z nucleosome thermosensing in Arabidopsis. 

b) The Role of MADS-box Transcription Factors in the 

Thermosensory Flowering Pathway 

The function of MADS-box TFs in the control of flower and fruit development has been 

extensively studied in plants. MADS-box genes regulate a variety of functions in plants such 

as flowering time, meristem and organ identity and also fruit and leaf development (Theißen 

and Saedler, 2001; Becker and Theißen, 2003; Theißen et al., 2016). Among a plethora of 

MADS-box genes involved in reproductive development, most of them function as floral 

inducers. However, FLOWERING LOCUS C (FLC), a MADS domain transcription factor, is a 

major flowering repressor in Arabidopsis (Choi et al., 2011). FLC expression is induced by 

FRIGIDA (FRI), and at low temperatures (vernalization). FLC expression is epigenetically 

silenced by a set of genes, which belong to the autonomous pathway, e.g., FCA, FPA (RNA 

binding proteins) and FLD (FLOWERING LOCUS D) (Michaels and Amasino, 2001). 

However, when FLC is expressed, its protein interacts with SHORT VEGETATIVE PHASE 

(SVP) and a flowering promoter SUPPRESSOR OF CONSTANS 1 (SOC1) (Searle et al. 

2006). The MADS-box transcription factor SVP is also a negative regulator of flowering and 

expressed during vegetative development in Arabidopsis (Hartmann et al., 2000). SVP 

represses SOC1 expression in the shoot apex and partly modulates FT expression in leaves (Li 

et al., 2008). FLC has five homologs in Arabidopsis including FLM (FLOWERING LOCUS 

M) and MAF 2-5 (MADS AFFECTING FLOWERING 2-5). FLC and FLM both act as 
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flowering repressors (Scortecci et al., 2001; Ratcliffe et al., 2003). Among these, FLM plays a 

significant role in ambient temperature regulation of flowering and is characterized by 

temperature dependent alternative splicing (Balasubramanian et al., 2006). Similar to FLC, 

FLM interacts with SVP to repress the expression of FT under high ambient temperatures 

(Lee et al., 2007; Lee et al., 2013). In Arabidopsis, FLM transcribes two splice forms FLMß 

and FLMδ (Posé et al., 2013). These transcripts integrate exons at the second or third position, 

respectively, which translate into a MICK domain involved in protein-protein interaction (Jiao 

and Meyerowitz, 2010; Posé et al., 2013). The FLMß splice form is present at low 

temperatures whereas FLMδ is more predominant at high temperature (Lee et al., 2013; Posé 

et al., 2013). These FLM splice variants form a complex with SVP that bind to DNA as a 

repressor in a temperature-dependent manner. The FLMß-SVP complex acts as a floral 

repressor at low temperature. In contrast, at high temperature, splice variant FLMδ competes 

with FLMß to form a complex with SVP and thus acts as a dominant-negative regulator of 

flowering (Lee et al., 2013; Posé et al., 2013). Moreover, the vernalization gene FLC also 

modulates ambient temperature responses in Arabidopsis. flc-3 mutants show temperature 

insensitivity in the range of 23-27°C (Lee et al., 2013). However, expression of FLC is 

downregulated at the transcriptional level at 23°C as compared to 16°C (Blázquez et al., 

2003). Downregulation of FLC expression results in the upregulation of floral integrators FT, 

SOC1, TSF (Lee et al., 2013). Also, FLC directly interacts with SVP, FT, and SOC1 

suggesting the role of FLC in flowering at high temperatures. Although these studies 

demonstrate the role of vernalization pathway genes FLM and FLC in control of flowering 

under high temperature, a major thermosensory pathway through which these genes are 

recruited is yet to be identified. 
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1.3 Barley is A Model Plant in Grasses to Understand 

Plant Developmental Responses under Changing Climate 

Scenarios 

Barley is cultivated in diverse eco-geographic areas, ranging from North Europe to semi-arid 

areas (von Bothmer, 1995). Barley demonstrates higher yields under non-optimal growth 

conditions and low-input farming, compared to wheat (Visioni et al., 2013; Gürel et al., 2016; 

Shen et al., 2016). In many crop-growing areas, several abiotic factors such as temperature, 

drought and soil nutrition affect crop yield (Dolferus et al., 2011). Barley has good 

adaptability to adverse climatic conditions indicative of its large deposit of genes for 

adaptation and tolerance to such climates (Cattivelli et al., 2011). Moreover, barley is a self-

pollinated and a diploid species, which makes genetic studies easy to perform compared to 

hexaploid wheat and the cross-pollinated species maize. Besides, diverse genetic stocks are 

available to study natural genetic variation in barley (Franckowiak and Lundqvist, 2012). 

Furthermore, extended collinearity and conserved gene contents with other members of 

Triticeae also make it an excellent model for grass species (Hayes, P.M., A. Castro, L. 

Marquez-Cedillo, A. Corey, C. Henson, B.L. Jones, J. Kling, D. Mather, I. Matus, C. Rossi, 

2003). However, genetic studies regarding high ambient temperature are insufficient in 

barley. In the next section, I have summarized a few quantitative trait loci (QTL) case studies 

in wheat and barley that reflects the value of relating precise and appropriate phenotyping 

with genetic studies can help breeding crops resilient to high ambient temperatures. 

1.4 Targeted Breeding for High Ambient Temperatures 

Adaptation 

Crop performance is a consequence of interactions between a number of genes and 

environment and the management practices (Collins and Tuberosa, 2008). The conventional 

breeding approach involves recombining alleles from within elite genotypes and selecting 

among a large number of plants for expression of the desired trait that have resulted in gradual 

yield gains (Braun et al., 2010). However, these breeding approaches alone seem to be 

insufficient in the present climate change scenarios, which mounts pressure to improve cop 

performance at a rapid pace. Subsequently, genetic dissection of qualitative traits controlling 

adaptive responses of crops to environments is a prerequisite to enhance crop performance 

under global warming (Collins and Tuberosa, 2008). Breeding efforts for high ambient 
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temperature adaptation have long been hindered in crops because the underlying molecular 

mechanisms are largely unknown. Therefore, the principal breeding strategy involves 

systematic deployment of yield specific genes, which is possible in crops meeting the 

following criteria; availability of fully sequenced genomes to identify functional 

polymorphism and the knowledge of how genes interact to determine the expression of 

complex traits in a targeted environment (Reynolds et al., 2012). Robertson, (1985) postulated 

that quantitative trait loci (QTLs) or quantitative alleles contain polymorphism of minor 

nature at the genic level, which results in gene products of different efficiencies while 

qualitative alleles possess major genetic rearrangements or changes in the regions that affects 

the normal functioning of the gene. Another aspect to consider for breeding for targeted 

environment is the identification of adaptive QTLs where the expression of QTL is dependent 

on the temperature intensity (Vargas et al., 2006). 

Wild barley provides a valuable genetic source for improving quantitative tolerance to high 

temperatures. A collection of 326 barley genotypes comprising of 320 wild barley accessions 

and 6 local cultivars from 74 countries were evaluated for genetic diversity in various 

phenotypic traits under high ambient temperature in barley (Abou-Elwafa and Amein, 2016). 

Based on phenotypic traits such as; days to flowering, number of tillers per plant, plant height, 

chlorophyll content, spike length, thousand kernel weight, and single plant yield, clustering 

analysis divided the genotypes into two distinct groups; genotypes adapted to cold 

environments and high temperature tolerant genotypes demonstrating varying degree of 

tolerance to high temperatures within the group. The authors have suggested the importance 

of these findings for further association mapping study that would reveal QTLs related to high 

ambient temperature in barley (Abou-Elwafa and Amein, 2016). 

In wheat, unique QTLs have been mapped on chromosome 2A that controlled grain yield and 

its components such as grain weight/spike, grain number/spike, thousand grain weight, grain 

filling rate and duration under heat stress (Bhusal et al., 2017). This QTL study was 

performed based on the field data from two years and the maximum increase in temperature 

around flowering was 4.2°C and 0.9°C respectively (Bhusal et al., 2017). The identified QTLs 

in this study needs to be validated under controlled conditions (Bhusal et al., 2017). 

In rice, Shanmugavadivel et al. (2017) identified QTLs for grain yield and spike fertility 

under high ambient temperature. A mapping population previously developed from a cross 

between heat susceptible and tolerant cultivars was used in identifying QTLs under high 

temperatures. Five QTLs were identified on chromosomes 3, 5, 9 and 12 for stress tolerance 

and the susceptibility index of spikelet sterility and yield. The major QTLs identified for yield 

and spikelet susceptibly explained 21% and 16% of phenotypic variation, respectively. These 
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results provide high-density SNP (single nucleotide polymorphism) map on a relatively large 

RIL (Recombinant Inbred Line) population in controlled conditions that can be further fine 

mapped to identify the candidate genes conferring tolerance under high temperature in rice 

(Shanmugavadivel et al., 2017). 

High temperature often causes premature foliar senescence during and after the reproductive 

development in cereals that results in poor grain quality and yield losses (Vijayalakshmi et al., 

2010; Lobell and Gourdji, 2012). Grain yield in cereals that are high-carbon crops, deciphers 

the source-sink association with canopy carbon capture and nitrogen remobilization (Thomas 

and Ougham, 2014). Senescence in plants is triggered by chlorophyll catabolism resulting the 

diversion of nutrients from leaves to the reproductive organs (Molisch, 1928). Under abiotic 

stresses, stay green, a delayed foliar senescence, shows a positive correlation with yield in 

many plant species (Guo and Gan, 2012; Thomas and Ougham, 2014). Genetic studies have 

demonstrated that QTLs for temperature and drought responses coincides with the loci 

identified for leaf senescence (Ougham et al., 2007; Vijayalakshmi et al., 2010; Jordan et al., 

2012; Emebiri, 2013). Moreover, the stay green trait has been selected as a linked phenotype 

with plant development and plant height in the modern wheat cultivars.  

For instance, a stay green QTL maps on chromosome 2D, which is close to the major 

photoperiod response locus PPD-D1 and the stature gene Rht8 (Reduced height 8) (Pestsova 

and Röder, 2002; Verma et al., 2004). In barley, 334 doubled haploid lines were exposed to 

terminal heat stress and used to correlate near infrared (NIR) spectral data to physiological 

and biochemical responses associated with the stay-green phenotype (Gous et al., 2015). In 

wheat, a QTL on the short arm of chromosome 3B which affects the stability of grain weight 

is also linked with the stability of chlorophyll (‘stay-green’) and shoot weight when plants 

were exposed to a brief heat shock (37°C/27°C day/night) in early grain filling stage 

(Shirdelmoghanloo et al., 2016). These results suggest that accelerated or a delayed 

maturation of the reproductive organs under high temperatures might correlate to the genetic 

control of senescence responses in the two organs. Similar to studies described above, barley 

plants were grown under high ambient temperature (28°C) also senesced early due to the 

chlorophyll loss during the treatment (personal observation). This observation needs to be 

confirmed which only requires two non-destructive chlorophyll measurements before and 

after exposure to high ambient temperature. 

Overall, QTLs that affect flowering time often influence yield under abiotic stresses because 

of the duration and the intensity of the stresses that affect the timing and duration of the crop 

life cycle (Reynolds et al., 2008). So far, not much is known about QTL/genes linked to pre-

anthesis development in response to high ambient temperature in barley.  
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1.5 Reproductive Development under High Ambient 

Temperatures and the Underlying Molecular Control in 

Grasses 

1.5.1 Previous Physiological Studies Supporting the Effects of High 

Ambient Temperature on Reproductive Development 

Climate models have predicted shifts in flowering time of different wheat genotypes due to an 

increase in seasonal ambient temperatures (Zheng et al., 2016). Effects of high temperature on 

flowering time have already been recorded about half a century ago in barley and wheat 

(Walster, 1920; Faris and Guitard, 1969; Tingle et al., 1970; see also Gol et al., 2017). The 

concept of photothermal time was developed to characterize the plant development under 

fluctuating environment especially photoperiod and temperature (Ellis et al., 1988; Roberts et 

al., 1988; Ellis et al., 1989). Photothermal time describes a genotype dependent linear 

relationship of the reciprocal of rate of development to the photoperiod and mean diurnal 

temperature (Ellis et al., 1988; Roberts et al., 1988; Ellis et al., 1989). This concept of 

photothermal time employs only between base and maximal temperature as well as between 

ceiling and critical photoperiod. Depending on the genotype, the ceiling and the critical 

photoperiod for barley as a long day plant were ≤10hd-1 and ≥13hd-1, respectively (Roberts 

et al., 1988). In addition, the critical photoperiod varies with temperature, suggesting a close 

interaction between photoperiod and temperature (Ellis et al., 1988). Optimal temperatures 

vary between species and genotypes and range, for example in wheat, between 17-23°C while 

temperatures beyond this range impair growth and development (Porter and Gawith, 1999). In 

barley, it was shown that high temperature (28°C) delayed reproductive development 

compared to cooler temperatures (20°C) (Ellis et al., 1988). The authors speculated that the 

delay in flowering at high temperature could be a de-vernalization response. Several studies 

have established the de-vernalization response in different crops species (Gregory, 1945; 

Gregory and Purvis, 1948; Purvis and Gregory, 1952; S. Tzay-Fa, 2000). The effects of 

vernalization are reversed when plants are immediately shifted to high ambient temperatures 

(usually 30°C) after a period of cold (Bernier et al., 1981; Michaels and Amasino, 2000). 

However, high temperatures also delayed flowering time in spring barley genotypes without 

vernalization treatment, which indicates that the delay in reproductive development is not a 

sole effect of de-vernalization as has been proposed by Ellis et al., (1988). 
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Rawson and Richards, (1993) investigated the effects of different temperatures (33.3/20 °C 

and 20/12 °C, day/night) on six isogenic lines of a wheat cultivar varying at the major 

photoperiod gene PPD1 and vernalization genes VRN1, 2, 3 and 4. The authors showed that 

high temperature, in short days (9h light), delayed the floral transition but accelerated the late 

reproductive phase until flowering. Rawson and Zajac, (1993) examined the effects of high 

temperature (25/15°C and 17/7°C, day night), on two spring wheat varieties; early season 

Hartog and mid-season Late Hartog, under the photoperiods of 9h, 11h, 13h and 15 h, and 

seed vernalization of 0, 2 and 4 weeks. High temperature accelerated ear emergence in all the 

photoperiod and vernalization treatments, and the temperature effects were increased two 

folds in the early season cultivar. Unexpectedly, high temperature delayed time to ear 

emergence under short days and 4 weeks of seed vernalization treatment in Late Hartog by 2 

weeks. Data presented in the above studies comes from experiments performed under 

controlled conditions. To examine the effects of temperature on flowering time in field 

conditions, Ruwali et al., (1988) grew seven wheat genotypes at three hot locations in India 

and scored days to anthesis. Three mean daily temperatures 21.5°C, 22.8°C and 25°C and 

11.3h, 11.6h and 12h photoperiod conditions were set by choosing different sowing dates. An 

increase of 5-6°C temperature delayed the time to anthesis by about 10 days at 12h 

photoperiod. However, results of this study are not comparable because the variation in 

photoperiods is small and high temperature effects have not been analyzed under short days 

(Ruwali et al., 1988). Overall, these studies show that ambient temperature interact with 

photoperiod and affect flowering time in wheat. 

1.5.2 Effects of Ambient Temperature on Developmental Timing 

A renewed interest in the genetic and physiological basis of reproductive development in 

barley and wheat followed the recent findings that mild changes in the ambient temperatures 

delays or accelerates reproductive development and flowering. In an Australian winter barley 

cultivar, an increase in temperature from 15°C to 25°C accelerated flowering time in long 

days and delayed the early phase of reproductive development in short days (Hemming et al., 

2012). Karsai et al., (2013) have examined the effects of different ambient temperatures 

(13°C, 16.5°C, 18°C and 23°C) on the duration of different phases of development in 168 

barley genotypes of diverse origins and growth habits under controlled conditions. The 

authors identified six different developmental responses that were dependent on the growth 

habit. One cluster of winter barley genotypes accelerated the development whereas the 

development of one spring barley cluster was delayed at 23°C (Karsai et al., 2013).  
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Ejaz and von Korff, (2017) examined the effect of high ambient temperature on shoot apex 

development and flowering time under control (20°C/16°C) and high temperatures (28°C/ 

24°C) in LDs (16 h light/ 8 h dark), in spring barleys and the derived introgression lines with 

winter and spring alleles at Ppd-H1, HvVRN1 and a functional and non-functional hvelf3 

allele. High ambient temperatures accelerated or delayed reproductive development 

depending on the photoperiod response gene Ppd-H1 and its upstream regulator HvELF3 

(Ejaz and von Korff, 2017). A natural mutation in Ppd-H1 prevalent in spring barley delayed 

the late reproductive phase of shoot apex development and flowering time, while the wild-

type Ppd-H1 or a mutant Hvelf3 allele accelerated late reproductive phase of development and 

flowering time (Ejaz and von Korff, 2017). High temperature also delayed shoot apex 

development in spring barley under SDs while the development of the introgression lines 

carrying wild-type Ppd-H1 or a mutant Hvelf3 allele was not affected by high temperatures 

under SDs (Ejaz, unpublished data). Furthermore, the authors showed that the effect of Ppd-

H1 on early reproductive development under high temperatures was dependent on 

vernalization response gene HvVRN1. Only in the background of a spring HvVRN1 allele or 

after up-regulation of Hvvrn1 by vernalization, the wild-type Ppd-H1 allele accelerated early 

reproductive development under high ambient temperatures (Ejaz and von Korff, 2017). Our 

study demonstrates that Ppd-H1 and HvVrn1 interacted to control inflorescence development 

under high ambient temperatures and this interaction is mediated by Ppd- H1, which is 

functional under LDs, but not under SDs (Digel et al., 2015). To identify the interaction 

between high ambient temperature and vernalization responses (previously described as de-

vernalization), shoot apex development in spring barley Scarlett and the derived introgression 

line carrying winter Hvvrn1 (IL-Hvvrn1) was scored at control and high temperatures after 

vernalizing plants for 4 weeks. As without vernalization, high temperature delayed shoot apex 

development in both genotypes, however, the high temperature mediated delay in 

development was not strong in IL-Hvvrn1 compared to non-vernalized conditions. Shoot apex 

development was postponed by 4 days in the spring barley Scarlett and 7 days in IL-Hvvrn1 

under high compared to controlled temperature. These results indicated that even after 

vernalization variation at Hvvrn1 affected development in response high temperature, 

suggesting that high temperature direct the developmental responses through the vernalization 

pathway (Ejaz., Unpublished data). Temperature response in wheat was also recently shown 

to be controlled by VRN1 and PPD1 (Kiss et al., 2017). The authors investigated the effects of 

high temperature on 19 wheat cultivars at two photoperiods (16h and 12h light) and three 

temperatures (11°C, 18°C and 25 °C). Phenotypic responses under these six environments 

placed the genotypes into two major groups based on allelic variation at PPD1. In genotypes 
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carrying the photoperiod insensitive allele, high temperatures (25°C) delayed the development 

under both LDs and SDs, though effects of temperature and day length were small. In 

photoperiod sensitive genotypes, however, high temperature strongly delayed development 

under SDs and to a lesser extent under LDs.  Temperature effects were even more pronounced 

in PPD1 sensitive genotypes that required vernalization. Consequently, temperature effects 

were much stronger in genotypes with a weak PPD1 allele and a strong vernalization 

requirement (Kiss et al., 2017).  Overall, these studies demonstrate that high temperature 

responses are dependent on day length and vernalization requirement in wheat and barley, 

which are essentially determined by photoperiod sensitivity and vernalization genes (Karsai et 

al., 2013; Ejaz and von Korff, 2017; Kiss et al., 2017). Moreover, high temperature primarily 

delays the onset of the stem elongation phase independent of vernalization requirement in 

barley and wheat (Ejaz and von Korff, 2017; Kiss et al., 2017). 

1.5.3 Early Stage of Development – Induction of Spikelet Primordia 

Seed or grain number per spike is an essential trait in cereals that contributes to final grain 

yield (Dolferus et al., 2011). Different studies in wheat have demonstrated that grain number 

can be affected by increases in ambient temperature throughout the floral transition to 

anthesis (Slafer and Rawson, 1994). Aspinall, (1969) have investigated the effects of high 

temperature (30°C) on induction of spikelet primordia and showed that high-temperature 

delays spikelet initiation in barley, which is influenced by day length and light intensity (also 

reviewed in Gol et al., 2017) . In wheat, high temperatures of >19°C decrease the number of 

spikelet primordia and delay the initiation of terminal spikelet (Slafer and Rawson, 1994). 

High temperature (33.3/20 °C and 20/12 °C, day/night) accelerated the double ridge formation 

in long days and decreased the initiation of spikelet primordia in six wheat cultivars varying 

for photoperiod and vernalization genes (Rawson and Richards, 1993). Similarly, high 

temperature reduced the spikelet primordia in two early and late season spring wheats and 

temperature effects were increased by short photoperiods (9h) and a seed vernalization 

treatment (4 weeks) (Rawson and Zajac, 1993). The authors suggest that high temperature 

decreased the overall rate of development and the final number of organs (spikelets). 

However, in general, a delayed spikelet initiation at control temperature accelerates the rate of 

induction of spikelet primordia which depends on photoperiod and vernalization (Evans, 

1960; Rawson, 1970; Rawson, 1971). Therefore, Rawson and Zajac, (1993) suggested that 

carbon availability strongly influences that number of primordia that needs to be considered at 

high temperature. This follows the hypothesis that during the vegetative phase the shoot apex 

accumulates a stockpile of leaf primordia, which after spikelet initiation develops into spikelet 
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primordia (Evans, 1960; Rawson, 1970; Rawson, 1971). However, as the duration for leaf 

primordia to become a fully expanded leaf increases, the rate of stacking of primordia 

declines (Evans, 1960; Rawson, 1970; Rawson, 1971). Therefore, an increase in the duration 

of the vegetative phase under high temperature would not favor the induction of spikelet 

primordia but could reduce the number of queued primordia because of carbon shortage 

(Rawson and Zajac, 1993). Thus, the effects of high temperature on induction of spikelet 

primordia are not only influenced by the developmental timing, but also the nutrient status at 

the shoot apex. In contrast, high temperature (28/24°C) did not affect the spikelet initiations 

and the number of spikelets produced at the end of early reproductive phase in the spring 

barley genotypes Bowman and Scarlett under LDs (Ejaz, unpublished data). However, 

spikelet initiation did not occur under high ambient temperatures of 28/24°C in a spring 

genotype with an introgression of a winter Hvvrn1 allele (Ejaz and von Korff, 2017). 

Altogether, the effects of high ambient temperature on spikelet induction and grain number 

and interactions with photoperiod and vernalization needs to be further investigated. 

1.5.4 Fertility, Seed Set-Microspore, Carpel Development 

Grain number is determined by the number of spikelets established on a spike and the number 

of grains developed inside the florets. The late reproductive phase of pre-anthesis is the most 

sensitive phase that affects floral organ development inside the florets (Satake and Yoshida, 

1978; Miralles and Richards, 2000; González et al., 2003; Slafer, 2003; Reynolds et al., 2009; 

Sreenivasulu and Schnurbusch, 2012). In addition to flowering response, high temperature 

reduced floret and seed number per spike in spring barley genotypes (Ejaz and von Korff, 

2017). High ambient temperatures caused a larger reduction in seed number (34-74%) in 

spring barleys than in the ILs carrying a nonfunctional Hvelf3 and a dominant Ppd-H1. 

Quantitative variation in the reduction of seed number under high ambient temperatures was 

dependent on HvELF3 and Ppd-H1 (Ejaz and von Korff, 2017). High ambient temperatures 

affected floral fertility and seed set by damaging pistils and stamens in cereals such as barley, 

wheat, rice, sorghum (Saini and Aspinall, 1982; Saini et al., 1983; Abiko et al., 2005; 

Jagadish et al., 2007; Jain et al., 2007). In rice, high ambient temperature affects the patterns 

of flowering and the number of spikelets that reach anthesis. Jagadish et al., (2007) examined 

the effects of episodes of high temperature on spikelet fertility at a high temperatures of >33.7 

°C during anthesis and demonstrated that high-temperature episodes of <1h are sufficient to 

cause sterility in rice. Increases in temperature negatively affected panicle extrusion, 

flowering time and pollen viability in rice (Das et al., 2014). Effects of high temperatures on 

pollen viability were much stronger in low land compared to upland rice cultivars suggesting 
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that there is genetic variation for fertility under high ambient temperatures in rice (Rang et al., 

2011; Das et al., 2014). In wheat, high temperatures (30°C) caused, for example, an abnormal 

embryo sac development or its complete absence as compared to the control temperature 

(20°C). In addition, the high temperature applied at the onset of meiosis in the anthers 

affected anther development and dehiscence (Saini and Aspinall, 1982). The early phase of 

anther development is sensitive to changes in temperature. In wheat, at the onset of meiosis, a 

10°C increase in temperature for three days resulted in abnormal microsporogenesis resulting 

in a mixture of pollen of different abnormalities (Saini et al., 1984). During meiosis, high 

temperature causes premature tapetal degeneration. Pollen mother cells (PMC) could 

complete meiosis, but microspores failed to undergo pollen grain mitosis 1 (PMG1) phase. 

Therefore, abnormal microspores developed exine but lack cytoplasm (Saini et al., 1984). 

Besides, some microspores complete the PGM1 phase and develop into normal pollen but 

could not complete pollen grain mitosis 2 (PGM2) and did not accumulate starch (Saini et al., 

1984). In barley, high-temperature causes an advancement of meiosis of pollen mother cells 

(PMC) and inhibits cell proliferation of anther walls cells (Sakata et al., 2000; Abiko et al., 

2005; Oshino et al., 2011). Therefore, anther length at high temperature is reduced two folds 

compared to the plants grown under control temperature (Sakata et al., 2010). 

In controlled conditions, barley plants demonstrate three developmental responses at high 

temperature which reduce overall  fertility in barley (Sakata et al., 2000). Exposure to high 

temperature at the primary microsporogenesis stage (which starts at an early stage of panicle 

differentiation) results in empty pollen grains without cytoplasm that is similar to the first 

phenotype described by Saini et al. (1984) in wheat. The high temperature at meiosis of PMC 

results in a complete lack of pollen grains resulting in empty anthers. The effect of high 

temperature on mitosis result in abnormal and immature microspores that is similar to the 

second phenotypes described above in wheat (Abiko et al., 2005). Among all the 

developmental stages, microsporogenesis and meiosis were the most sensitive stages and were 

severely affected by high temperatures in rice (Satake and Yoshida, 1978). In addition, the 

decrease in viable pollen grains has been suggested as the major cause of high temperature-

induced sterility in rice while pistils remain receptive to be fertilized up to a temperature of 

41°C (Das et al., 2014). High temperature affects pollen viability by reducing the duration of 

meiotic stages and pollen maturation time in rye and wheat (Bennett et al., 1972). However, 

the underlying molecular and physiological mechanisms triggering high ambient temperature 

induced sterility have not been thoroughly investigated. 
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1.5.5 Phytohormones 

High ambient temperature causes premature pollen abortion and affects the expression levels 

of genes involved in cell developmental processes in developing anthers in barley.  It has been 

shown that high-temperature induced pollen abortion is regulated by the auxin pathway in 

both Arabidopsis and barley (Sakata et al., 2000; Oshino et al., 2007; Sakata et al., 2010). 

High temperatures reduced the endogenous auxin levels in developing anthers, which 

correlated with reduced tissue-specific expression of auxin biosynthesis YUCCA genes in 

barley and Arabidopsis. High-temperature induced male sterility was reversed by exogenous 

auxin applications (Sakata et al., 2010; Oshino et al., 2011). These results suggest that auxin 

biosynthesis genes direct high temperature responses that results in the decrease in auxin 

biosynthesis, which is the limiting factor for pollen viability in barley. Growth promoting 

phytohormone gibberellins (GA) are essential for the pollen development in many crops 

species (Blázquez et al., 1998). Low ambient temperatures (8°C decrease from control 

temperatures) altered the endogenous bioactive GA levels and the expression of GA 

biosynthetic genes such as GAox3 (GA oxidase 3) and GA3ox1 (GA3 oxidase 1) in the leaves 

in rice (Sakata et al., 2014). Moreover, GA reversed the male sterility induced by low ambient 

temperatures in rice (Sakata et al., 2014). Altogether, these findings suggest that high 

temperatures control fertility by altering hormone homeostasis in grasses, while the 

underlying molecular mechanisms need further studies. 

1.5.6 Chromatin and Transcriptional Changes 

It has been shown that chromatin accessibility is altered under high temperatures in 

Brachypodium distachyon (Boden et al., 2013). High temperature decreased H2A.Z 

nucleosome occupancy at the grain filling stage and this correlated with reduced grain size 

and yield. In contrast to Arabidopsis, high temperature does not affect nucleosome occupancy 

during the vegetative phase in Brachypodium (Boden et al., 2013). The authors argue that the 

differences between developmental stages could be specific to Brachypodium. However, 

nucleosome sensitivity to increased temperature depends on the developmental stage of the 

plant (Abiko et al., 2005). One explanation for these stage-specific distinct responses is the 

adaptation to low temperatures during early development and high temperature during the 

reproductive phase (Angus et al., 1981; Slafer and Savin, 1991). To unravel the connections 

between the H2A.Z nucleosome and the reproductive development in response to high 

temperature, it is essential to identify the genes controlling the binding of the nucleosome to 

their promoters (Boden et al., 2013). An important question that remained unanswered in this 

study is to identify the mechanism underlying the variable response of H2A.Z-nucleosomes to 
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high ambient temperatures at the vegetative and reproductive stages. H2A.Z is present in the 

proximity of transcription start sites (TSS) of both active and inactive promoters of the genes. 

However, acetylated H2A.Z is only present at the TSS of active genes in humans (Valdés-

Mora et al., 2012). Acetylated H2A.Z correlates with gene activity at genome level in yeast 

(Millar et al., 2006) and plays a role in nucleosome destabilization and an open conformation 

of chromatin (Ishibashi et al., 2009). Therefore, Boden et al., (2013) argue that the degree of 

acetylation of H2A.Z might have a role in tissue-specific temperature responses. Moreover, 

these authors also observed high-temperature dependent induction of gene expression in 

vegetative seedlings where the high temperature does not affect H2A.Z-nucleosomes 

occupancy. These findings are similar to Arabidopsis that H2A.Z-nucleosomes do not explain 

all the transcriptional responses to high ambient temperature (Kumar and Wigge, 2010). The 

identification of comparable temperature responsive pathways in other grass species will be of 

interest. 

High temperature mediated transcriptional inhibition in barley affects anther development and 

pollen viability (Abiko et al., 2005). They performed serial analysis of gene expression 

(SAGE) in barley anthers at different ambient temperatures (control 20°C /15°C and high 

30°C/25°C). At control temperatures, various genes including histone H3, H4 and glycine-

rich RNA-binding protein genes were upregulated before the development and differentiation 

of anther cell wall but not at high temperatures. Moreover, transcriptional reactivation of 

these genes was also inhibited when plants were shifted from high to control temperature after 

four days. However, high temperature induced the hyper-phosphorylation of ser-5 residue of 

the C-terminal domain (CTD) of the largest subunit of RNA polymerase II (RPB1) (Abiko et 

al., 2005). The hyper-phosphorylation response indicates the activation or suppression of 

CDK kinases and phosphatases that might lead to a general transcriptional inhibition and 

activation of stress-related genes in Arabidopsis (Koiwa et al., 2002; Koiwa et al., 2004). 

Moreover, phosphorylation levels of the C-terminal domain might play a role to determine the 

temperature sensitivity of specific tissues (Koiwa et al., 2002; Koiwa et al., 2004). Overall, 

these results demonstrate that early development and differentiation of barley anthers are 

susceptible to high ambient temperature and changes gene expression. 

1.5.7 Sugar and Lipid Metabolism 

In sorghum, a 6°C increase in ambient temperature affected the transcriptional activity of 

genes involved in sugar to starch metabolism and changed sucrose uptake in the microspores 

tested at different stages from pre-meiotic to the late mitotic phase (Jain et al., 2007). 

Microspores from high-temperature treatment accumulated less starch and exhibited poor in-
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vitro germination. There was no sucrose detected under high temperature compared to control 

temperature, and starch levels were also reduced up to 50% under high temperature in 

sorghum microspores both at early and late stages of development (Jain et al., 2007). High 

temperature altered expression of the genes controlling sugar breakdown and use (SbIncw1, 

SbIvr2, Sh1, and Sus1), transport (Mha1 and MST1) and starch biosynthesis (Bt2, SU1, 

GBSS1, and UGPase) that was revealed in northern blot experiments. High temperature 

resulted in a substantial decrease in the steady-state transcript abundance of SbIncw1 gene and 

CELL WALL INVERTASE (CWI) proteins both in microspores and in sporophytic tissues of 

sorghum florets (Jain et al., 2007). Together, these data propose that high ambient 

temperature injuries impair the CWI-mediated sucrose hydrolysis and resulting in the lack of 

sucrose biosynthesis. The authors suggested that CWI-mediated sugar catalysis might be the 

upstream molecular dysfunction resulting in altered carbohydrate metabolism and starch 

deficits at high temperature. Expression CWI genes in the vegetative and the reproductive 

organs of maize have been reported (Kim et al., 2000). Also in this study, high-temperature 

induced expression of these genes in the style and stigma demands a focus in this direction in 

other grass species. Therefore, future high temperature studies must consider pollen 

receptivity by the stigma of the female reproductive tissues. However, caution should be 

taken that sorghum has acquired an efficient carbon assimilation system (C4 plants) under 

high ambient temperatures as compared to the wheat or barley (C3 plants) (Kresowich et al., 

2005). 

To maintain membrane integrity and fluidity, plants alter lipid composition of the membranes 

in response to changes in ambient temperatures (Larkindale and Huang, 2004; Chen et al., 

2006; Zheng et al., 2011). These alterations include lipid peroxidation, increases in reactive 

oxygen species (ROS), and increases in Ox-lipids (oxidized acyl chains) that act as signaling 

molecules to transmit environmental perturbations (Andersson et al., 2006). Narayanan et al. 

(2016) analyzed the lipid profiles of the two different wheat genotypes based on the 

differences in the physiological responses to high temperature. High temperature altered lipid 

profiles in the leaves by lipid remodeling and reducing the unsaturation level of lipids 

suggestive of an adaptation response to temperature changes (Narayanan et al., 2016). (Zhang 

et al., 2016) have shown that a mitochondrial Lipase EXTRA GLUME1 (EG1), a lipid 

metabolism gene coordinate floral robustness by transcriptional regulation under high 

temperature in rice. However, connections between metabolism and transcriptional regulation 

of flower development genes are mostly unknown in grasses. 
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1.5.8 Genetic Pathways Controlling Ambient Temperature Responses 

in Cereals 

Photoperiod and vernalization response pathways have been implicated in mediating stress 

dependent signals to control development. However, little is known about the genetic 

components involved in temperature sensing and how ambient temperatures impact the genes 

involved in photoperiod and vernalization pathways in temperate cereals (Bullrich et al., 

2002; Appendino and Slafer, 2003; Slafer, 2003; Lewis et al., 2008; Borràs-Gelonch et al., 

2012; Hemming et al., 2012). In barley, for example, Hemming et al., (2012) have shown that 

an increase of temperature from 15 °C to 25 °C accelerates reproductive development in long 

days but does not affect the expression of genes involved in photoperiod pathway. They show 

that high temperature changed the expression of the genes previously identified in 

vernalization pathway. The expression of HvODDSOC2, a MADS-box repressor of elongation 

and flowering, was 8-fold increased at high temperature in short days in vernalized barley 

plants (Hemming et al., 2012). The expression of MADS-box genes is responsive to a broad 

range of temperatures (Hemming and Trevaskis, 2011). Similarly, expression levels of 

HvODDSOC2 varied in the temperature range of 12-22°C in non-vernalized barley plants that 

suggest the effect of temperature on HvODDSOC2 expression is independent of reproductive 

development (Hemming et al., 2012). However, the authors could not identify any effect of 

temperature changes on the expression levels of major vernalization response genes 

(HvVRN1, HvVRN2, HvVRN3 (HvFT1)) and the photoperiod gene (Ppd‐H1) in their 

experimental conditions. Although interactions between temperature and photoperiods affect 

reproductive development in wheat (Slafer and Rawson, 1996; Borràs-Gelonch et al., 2012), 

the genetic control of high-temperature responses have not been explored. Kiss et al. (2017) 

have analyzed gene expression of PPD1 and VRN1, VRN2 and VRN3 (FT1) under three 

ambient temperatures (11°C, 18°C and 25°C) and in both long and short days across the 11 

wheat genotypes. Temperature variation altered the expression levels of PPD1, VRN1 and 

VRN2, whereas VRN3 (FT1) expression correlated with the development (Kiss et al., 2017). 

Moreover, high temperature antagonistically influenced the expression levels of VRN1 and 

VRN2. High temperature strongly downregulated the expression of VRN1 and transiently 

increased the VRN2 expression (Kiss et al., 2017). These authors propose a potential role for 

VRN2 that affects reproductive development not only under vernalization but also under 

different ambient temperatures in wheat. 
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In barley, high ambient temperature delayed the expression phase and reduced the amplitude 

of clock genes and repressed the floral integrator gene FLOWERING LOCUS T1 (Ejaz and 

von Korff, 2017). Ppd-H1-dependent variation in flowering time under different ambient 

temperatures correlated with relative expression levels of the barley MADS-box genes 

VERNALIZATION1 (HvVRN1), HvBM3, and HvBM8 in the leaf (Ejaz and von Korff, 2017). 

The authors show that Ppd-H1 interacts with regulatory variation at HvVRN1. Ppd-H1 only 

accelerated floral development in the background of a spring HvVRN1 allele with a deletion in 

the regulatory intron. The full-length winter Hvvrn1 allele was strongly down regulated and 

flowering was delayed by high temperatures irrespective of Ppd-H1 (Ejaz and von Korff, 

2017). These authors establish that the photoperiodic and vernalization pathways interact to 

control flowering time and floret fertility in response to ambient temperature in barley. 

1.6 Conclusions 
Overall, these studies demonstrate that temperate cereals wheat and barley integrate high 

ambient temperature signals on the primary developmental cues of photoperiod and 

vernalization during the late reproductive phase of stem elongation. Moreover, high 

temperatures are not stress temperatures, act as environmental signals of reproductive 

development under inductive photoperiods, and reinforce their effect on genotypes of winter 

growth habits prior and after the cold periods in grasses. These findings imply that warm 

temperature episodes during winter and early spring would lead to the active growth (Kiss et 

al., 2017). These morpho-physiological responses of high ambient temperature affect floral 

fertility and yield by altering the duration of anther development. Moreover, high-temperature 

changes hormone homeostasis, sugar-starch metabolism and lipid composition in grasses. 

This chapter also highlights that more research is needed to investigate the underlying 

molecular control of these adaptive responses to high temperature in temperate cereals. 
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Ambient temperature has a large impact on reproductive development and grain yield in temperate cereals. However, little is
known about the genetic control of development under different ambient temperatures. Here, we demonstrate that in barley
(Hordeum vulgare), high ambient temperatures accelerate or delay reproductive development depending on the photoperiod
response gene PHOTOPERIOD1 (Ppd-H1) and its upstream regulator EARLY FLOWERING3 (HvELF3). A natural mutation in
Ppd-H1 prevalent in spring barley delayed floral development and reduced the number of florets and seeds per spike, while the
wild-type Ppd-H1 or a mutant Hvelf3 allele accelerated floral development and maintained the seed number under high ambient
temperatures. High ambient temperature delayed the expression phase and reduced the amplitude of clock genes and repressed
the floral integrator gene FLOWERING LOCUS T1 independently of the genotype. Ppd-H1-dependent variation in flowering time
under different ambient temperatures correlated with relative expression levels of the BARLEY MADS-box genes VERNALIZATION1
(HvVRN1), HvBM3, and HvBM8 in the leaf. Finally, we show that Ppd-H1 interacts with regulatory variation at HvVRN1. Ppd-H1
only accelerated floral development in the background of a spring HvVRN1 allele with a deletion in the regulatory intron. The
full-length winter Hvvrn1 allele was strongly down-regulated, and flowering was delayed by high temperatures irrespective of
Ppd-H1. Our findings demonstrate that the photoperiodic and vernalization pathways interact to control flowering time and
floret fertility in response to ambient temperature in barley.

Climate models predict that an increase in global av-
erage temperature will have large impacts on crop yield
(Lobell et al., 2011). High temperatures are particularly
critical during plant reproductive development and af-
fect flowering time, flower fertility, and seed set. To
sustain high crop yields under changing climatic con-
ditions, it is important to understand the genetic basis of
plant development in response to ambient temperature.

Temperature-dependent flowering is regulated by
the vernalization and ambient temperature pathways.
Whereas vernalization requires long periods of cold
during the winter, the ambient temperature pathway
modulates flowering in response to short-term tem-
perature changes (Wigge, 2013). Research in the model

plant Arabidopsis (Arabidopsis thaliana), a facultative
long-day (LD) plant, has demonstrated that the tem-
perature and photoperiod pathways interact to control
reproductive development. For example, high temper-
ature accelerates flowering and overcomes the delay in
flowering commonly observed under short photope-
riods in Arabidopsis (Balasubramanian et al., 2006).
Early flowering in response to high temperature was
correlated with an increase in the expression of the
floral integrator gene FLOWERING LOCUS T (FT) in-
dependently of day length (Halliday et al., 2003;
Balasubramanian et al., 2006). The FT protein acts as a
long-distance signal (florigen) that conveys the infor-
mation to induce flowering from leaves to the shoot
meristem (Corbesier et al., 2007; Jaeger and Wigge,
2007; Kobayashi and Weigel, 2007; Mathieu et al., 2007;
Tamaki et al., 2007). In addition, recent studies have
identified EARLY FLOWERING3 (ELF3), a repressor of
light signals to the circadian clock as an essential com-
ponent of ambient temperature response (Thines and
Harmon, 2010). ELF3 forms together with ELF4 and
LUX ARRHYTHMO (LUX), the so-called “evening
complex” (EC) that functions as a night-time repressor
of gene expression in the circadian clock of Arabidopsis
(Nusinow et al., 2011; Herrero et al., 2012). The circa-
dian clock is an autonomous oscillator that produces
endogenous biological rhythms with a period of about
24 h and consists of at least three interlocking feedback
loops. The core loops comprise (1) the inhibition of EC
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genes by CIRCADIAN CLOCK ASSOCIATED1 (CCA1)
and LATE ELONGATED HYPOCOTYL (LHY) late
at night, (2) the inhibition of PSEUDO RESPONSE
REGULATOR (PRR) genes by the EC early at night, and
(3) the inhibition of LHY/CCA1 by TIMING OF CAB
EXPRESSION1/PRR1 in themorning (Pokhilkoet al., 2012).
Several independent studies have recently found that

elevated temperatures, specifically during dark pe-
riods, inhibit the activity of the EC by an unknown
mechanism (Box et al., 2015; Mizuno et al., 2014; Thines
et al., 2014; Raschke et al., 2015), leading to in-
creased expression of PHYTOCHROME-INTERACTING
FACTOR4 (PIF4; Koini et al., 2009). PIF4 binding to the
promoter of FT and consequent transcriptional acti-
vation of FT is promoted by an improved chromatin
accessibility through temperature-dependent histone
modifications at the FT promoter (Kumar and Wigge,
2010; Kumar et al., 2012). However, high temperature
also accelerated flowering in pif4 mutants under long
photoperiods, suggesting that a PIF4-independent ther-
moresponsive flowering pathway acts through compo-
nents of the photoperiod pathway (Koini et al., 2009;
Press et al., 2016).
In addition, theMADS-boxgenesSHORTVEGETATIVE

PHASE-like (SVP), FLOWERING LOCUS C (FLC),
and FLOWERING LOCUS M (FLM; MAF1) play a role
in the thermosensory regulation of flowering in Ara-
bidopsis (Balasubramanian et al., 2006; Lee et al.,
2007; Gu et al., 2013). Loss of function of either SVP or
FLM results in partial temperature-insensitive early
flowering (Balasubramanian et al., 2006; Lee et al.,
2007, 2013; Posé et al., 2013). Moreover, FLM is sub-
ject to temperature-dependent alternative splicing
(Balasubramanian et al., 2006; Sureshkumar et al.,
2016) resulting in two major splice forms, that either
facilitate or inhibit SVP dependent repression of FT,
and the floral homeotic genes SUPPRESSOR OF
OVEREXPRESSION1 and SEPALLATA (Posé et al.,
2013). Interestingly, a structural polymorphism in the
first intron of FLM affects its expression, splicing, and
also regulates flowering predominantly at lower am-
bient temperatures (Lutz et al., 2015). Such structural
polymorphisms within the first intron are typical
within the family of MADS-box transcription factor
genes and play an important role for expression varia-
tion and possibly adaptation to different environments
across different species (Hong et al., 2003; Distelfeld
et al., 2009; Schauer et al., 2009; Yoo et al., 2011).
While flowering-time control in response to temper-

ature is well described in Arabidopsis, little is known
about the genetic determinants of ambient tempera-
ture response in cereal grasses (Bullrich et al., 2002;
Appendino and Slafer, 2003; Lewis et al., 2008;
Hemming et al., 2012). In barley (Hordeum vulgare), a
complex interplay between day length and temperature
in the regulation of flowering has been reported. Under
LD conditions, barley plants accelerated reproductive
development at 25°C compared with 15°C, whereas the
oppositewas the case under short days (SDs) (Hemming
et al., 2012). In contrast to Arabidopsis, the transcript

level of the barley homolog of FTwas not influenced by
temperature, and no clear candidate genes for the inte-
gration of thermal signals into the flowering-time path-
ways have been identified so far (Hemming et al.,
2012). Barley is a facultative LD plant and is character-
ized by winter and spring growth habits as determined
by natural variation at the two vernalization genes,
VERNALIZATION1 (HvVRN1; HvBM5a) and HvVRN2
(Yan et al., 2003, 2004; Trevaskis et al., 2006). Winter
types accelerate flowering after a prolonged period of
cold (vernalization), whereas spring barley does not re-
spond to vernalization. TheMADS-box geneHvVRN1 is
characterized by a series of different deletions and in-
sertions in the first regulatory intron, which has been
linked to differences in vernalization response and
flowering behavior (Hemming et al., 2009). Photoperiod
response, rapid flowering under LDs, is determined by
natural variation at the PHOTOPERIOD-H1 (Ppd-H1)
gene, which is homologous to the PRR genes of the cir-
cadian clock in Arabidopsis (Turner et al., 2005). The
wild-type allele is prevalent in winter barley, while a
natural mutation in the conserved CCT domain of
Ppd-H1 causes a delay in flowering under LDs and is
predominant in spring barley from cultivation areas
with long growing seasons (Turner et al., 2005; von Korff
et al., 2006, 2010; Wang et al., 2010). Ppd-H1 induces
flowering under LDs by up-regulatingHvFT1, the barley
homolog of FT in Arabidopsis (Turner et al., 2005;
Campoli et al., 2012b). Ppd-H1 is repressed during the
night by HvELF3, HvLUX1, and PHYTOCHROME C,
and mutations in these genes result in a day-neutral
up-regulation of HvFT1 and early flowering (Faure
et al., 2012; Zakhrabekova et al., 2012; Campoli et al.,
2013; Pankin et al., 2014). Consequently, the major ver-
nalization and photoperiod response genes are known in
barley, whether these also play a role for thermores-
ponsive flowering is not known.

In Arabidopsis, commonly used macroscopic indi-
cators of reproductive phase change or floral transition
are time to bolting or rosette leaf number under the
first open floral bud (Pouteau and Albertini, 2009).
Under optimal conditions, floral transition, bolting, and
flowering are well correlated in Arabidopsis. In barley,
most stages of reproductive development, including
flowering, occur within the leaf sheath and can there-
fore only be scored upon dissection of the shoot.
Waddington et al. (1983) developed a quantitative scale
for barley and wheat development based on the mor-
phogenesis of the shoot apex and carpels. This scale is
based on the progression of the most advanced floret
primordium and carpel of the inflorescence. The en-
largement of the apical dome at Waddington stage (W)
1.0 represents an apex that is transitioning to a repro-
ductive state and indicates the end of the vegetative
phase. The emergence of the first floret primordia on
the shoot apex at the double ridge stage (W2.0) specifies
a reproductive shoot apical meristem (SAM). At the
stamen primordium stage (W3.5), the first floral organ
primordia differentiate, and stem elongation initiates.
In barley, the induction of floret primordia on the
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inflorescence continues until the awn primordium stage
(W5.0). Anthesis and pollination of the most advanced
floret occurs at the last stage of the Waddington scale
(W10.0). This last step can be scored macroscopically
because it is marked by the emergence of awn tips from
the top of the leaf sheath (heading). Most commonly,
flowering is scored as heading in barley. However, the
different phases of shoot apex development differ in
their sensitivity to environmental cues and are con-
trolled by different genetic factors, so that floral tran-
sition and flowering may not be correlated and
separated in time by many weeks (Digel et al., 2015).
Variation in the timing of different developmental
phases in turn affects the number of floret primordia,
fertile flowers, and seeds per spike (Digel et al., 2015).
To better understand the effects of temperature on de-
velopment, it is therefore important to investigate the
effects of environmental and genetic variation on indi-
vidual phases of shoot apex development.

The objective of present study was to elucidate the
genetic control of reproductive development under
high ambient temperature in barley. We show that high
ambient temperature delays the phase and reduces the
amplitude of clock gene expression. Further, we dem-
onstrate that under high ambient temperature, flower-
ing time and seed number are controlled by interactions
between Ppd-H1 and HvVRN1 and correlate with
expression levels of the BARLEY MADS-box genes
HvBM3 and HvBM8 in the leaf. These findings provide
new insights into the genetic and molecular control of
flowering time and inflorescence development under
high ambient temperature in barley.

RESULTS

High Ambient Temperature Delays Reproductive
Development and Reduces Seed Set in Spring Barley

To examine the effect of high ambient temperature on
flowering in barley, we scored the spring barley geno-
types Bowman and Scarlett for days to flowering under
control (20°C/16°C) and high temperatures (28°C/
24°C) in LDs. These genotypes carry a mutated ppd-H1
allele, a functionalHvELF3 allele, and a springHvVRN1
allele and therefore do not respond to vernalization and
are late flowering under LDs. Flowering was signifi-
cantly delayed in both Bowman and Scarlett under
high as compared to control temperatures (Fig. 1A). In
addition, high temperature reduced floret and seed
number per spike in both genotypes (Fig. 1, B and C).
The total number of florets and seeds per spike were
reduced in Bowman by 19% and 34% and in Scarlett by
30% and 74%, respectively, at high compared to control
temperatures (Fig. 1, B and C). Under short-day con-
dition (8 h light/16 h dark), Bowman and Scarlett plants
never flowered neither under control nor under high
ambient temperature conditions (data not shown).

The effect of increased temperature on floral devel-
opment was evaluated by monitoring the progression

of the main shoot apex (MSA) in Bowman and Scarlett
plants grown at 20°C/16°C and 28°C/24°C according
to the Waddington scale (Waddington et al., 1983).
Microscopic dissection of the MSA revealed that high
temperature did not have a strong effect on floral
transition (W2.0), but greatly delayed the late repro-
ductive phase of inflorescence development (after
W3.5) both in Bowman and Scarlett (Fig. 2, A and C). In
summary, high ambient temperature primarily delayed
inflorescence development and reduced the number of

Figure 1. High ambient temperature affects flowering time, floret, and
seed number per main spike in barley. Days to flower (A), the number of
florets (B), and the number of seeds per main spike (C) under control
(blue; 20°C/16°C, day/night) and high ambient temperatures (pink;
28°C/24°C, day/night) in the spring barley varieties Bowman and
Scarlett and the derived ILs Bowman(eam8) (Hvelf3), Bowman(Ppd-
H1), S42-IL107 (Ppd-H1), and S42-IL176 (Hvvrn1). Flowering time,
floret, and seed number were recorded for 20 plants per genotype and
treatment under LDs (16 h light/8 h night). N.F indicates nonflowering
plants. Statistical differenceswere calculated bya two-factorial ANOVA
and a post-hoc Tukey’smultiple comparison test: *P, 0.05, **P, 0.01,
***P , 0.001; n.s = nonsignificant.
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seeds per spike in the spring barley genotypes Bowman
and Scarlett.

High Ambient Temperature Accelerates Flowering Time in
Genotypes with a Nonfunctional Hvelf3 Allele and a
Dominant Ppd-H1 Allele

In Arabidopsis, the circadian clock and photoperiod
pathways modulate ambient temperature responses to
regulate flowering. Therefore, we further characterized
reproductive development in introgression lines (ILs)
with a nonfunctionalHvelf3 or dominant Ppd-H1 alleles
under control and high ambient temperatures. HvELF3
is a component of the EC in Arabidopsis and represses

Ppd-H1 expression in the night in barley (Faure et al.,
2012). Therefore, the barley Hvelf3 mutant genotype is
characterized by high expression of Ppd-H1 during the
night (Faure et al., 2012). The IL Bowman(eam8) carry-
ing a nonfunctional Hvelf3 allele in the background of
Bowman and the ILs S42-IL107 and Bowman(Ppd-H1)
with the wild-type Ppd-H1 gene in the background of
Scarlett and Bowman were analyzed along with the
parental genotypes for flowering time, floret fertility,
and seed set. In addition, the microscopic development
of the MSA was evaluated in Scarlett, Bowman, S42-
IL107, and Bowman(eam8) under control and high
ambient temperatures.

Microscopic dissection of the MSA revealed that in
contrast to Bowman with a delayed development under
high temperatures, Bowman(eam8) showed an acceler-
ated MSA development at 28°C/24°C compared to
20°C/16°C (Fig. 2B). As a result, Bowman(eam8) plants
flowered on average 5 d earlier at high compared to
control temperatures (Fig. 1A).

Since HvELF3 might control flowering time through
its downstream target Ppd-H1, we evaluated if varia-
tion at Ppd-H1 mediated the flowering response under
high ambient temperature. In contrast to the parental
lines, S42-IL107 and Bowman(Ppd-H1) plants flowered
on average 7 and 2 d earlier under high ambient com-
pared to control temperatures (Fig. 2D). The dissection
of the MSA in Scarlett and S42-IL107 revealed that
high ambient temperature accelerated in particular the
phase of stem elongation and inflorescence develop-
ment (Fig. 2D). In addition, the ANOVA for floret and
seed number revealed a significant interaction between
Ppd-H1 and HvELF3 with temperature (Supplemental
Table S1). High ambient temperatures caused a larger
reduction in floret and seed number in Bowman and
Scarlett than in the ILs Bowman(eam8), S42-IL107,
and Bowman(Ppd-H1) (Fig. 1, B and C; Supplemental
Table S1).

Taken together, high ambient temperature affected
inflorescence development and flowering time in a
HvELF3- and Ppd-H1-dependent manner. Quantitative
variation in the reduction of seed number under high
ambient temperatures was dependent on HvELF3 and
Ppd-H1.

Variation at HvVRN1 Affects Reproductive Development
under High Ambient Temperature

Natural variation in the length of the first regulatory
intron of HvVRN1 has a strong effect on vernalization
response in barley. Therefore, we examined whether
this variation also affected the response to ambient
temperature variation in barley. For this purpose, we
compared the development of Scarlett with that of S42-
IL176. Scarlett carries a spring HvVRN1 allele with a
deletion in the first regulatory intron, whereas S42-
IL176 carries an introgression of the full-length winter
Hvvrn1 allele. Although high ambient temperature
delayed reproductive development in both genotypes,

Figure 2. High ambient temperature affects MSA development in bar-
ley. Microscopic development of the MSA was scored under control
(blue; 20°C/16°C, day/night) and high ambient (pink; 28°C/24°C, day/
night) temperatures every 3 d according to the Waddington scale
(Waddington et al., 1983). MSA development was delayed under high
compared to control temperature in Bowman (A) and Scarlett (C and E),
accelerated in Bowman(eam8) (B) and S42-IL107 (D), and further
delayed floral transition in S42-IL176 (F). Three or four plants per gen-
otype were dissected at each time point in each treatment under LDs
(16 h light/8 h night). Statistical differences (P , 0.05) were calculated
using a polynomial regression model at 95% confidence interval (Loess
smooth line).
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the effect was more pronounced in S42-IL176, which
did not undergo floral transition and did not flower
until 160 d after emergence (DAE) when the experiment
was stopped (Fig. 2F, 1A). Consequently, the full-length
intron of Hvvrn1 was correlated with a strong delay in
floral transition under high ambient temperatures. In
order to assess if variation at HvVRN1 was also asso-
ciated with inflorescence development in response
to ambient temperature, we shifted Scarlett and S42-
IL176 plants from 20°C/16°C to 28°C/24°C only af-
ter floral transition (W2.0). Under these conditions,
the IL with the winter Hvvrn1 allele also showed a
strong delay in inflorescence development under high
ambient temperatures compared to control conditions

(Supplemental Fig. S1B). Flowering was delayed by
about 2 weeks under 28°C/24°C compared to 20°C/
16°C. However, S42-IL176 plants were able to pro-
duce flowers and seeds, when the temperature treat-
ment was started after floral transition (Supplemental
Fig. S1C).

High Ambient Temperature Affects the Expression of
Clock Genes

To further characterize the Ppd-H1-, HvELF3-, and
HvVRN1-dependent effects of high temperature on
barley development, we analyzed the expression of

Figure 3. Diurnal expression patterns of
circadian clock genes in Scarlett, S42-
IL107, and S42-IL176 under control and
high ambient temperatures. Diurnal ex-
pression of circadian clock genes was
assayed every 2 h for 24 h under control
(blue; 20°C/16°C, day/night) and high
ambient (pink; 28°C/24°C, day/night)
temperatures under LDs (16 h light/8 h
night). Gray boxes indicate nights. Error
bars indicate 6 SD of three biological
replicates.
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barley genes from the circadian clock, photoperiod,
and vernalization response pathways in the parental
and ILs. Because the barley clock is plastic under
abiotic stresses, we first tested the effects of high
ambient temperature on variation in the diurnal
pattern of clock gene expression. Under control
conditions, the circadian clock genes showed a di-
urnal pattern of expression with clock genes peaking
at different times of the day, corroborating previous
results (Campoli et al., 2012b; Habte et al., 2014). The
expression phase of clock genes did not differ be-
tween the parental lines Scarlett, and the ILs S42-
IL107 and S42-IL176, suggesting that Ppd-H1 and

HvVRN1 did not affect diurnal clock oscillations. By
contrast, the expression phase and shape of clock
genes were significantly different between Bowman
and Bowman(eam8). The expression phase of the
clock genes in Bowman(eam8) was advanced by 2 h.
The expression peaks were less defined and broader
in Bowman(eam8) than in Bowman. Moreover,
Bowman(eam8) exhibited higher levels of Ppd-H1 ex-
pression at most time points during the day com-
pared to Bowman. Consequently, the loss-of-function
mutation in HvELF3 affected the diurnal pattern of
clock gene expression and caused a strong increase
in Ppd-H1 expression independent of the ambient
temperature.

High ambient temperatures caused a decrease in the
expression of clock genes, as seen for most clock genes
in Scarlett and for HvCCA1 and HvPRR1 in Bowman
(Figs. 3 and 4). Furthermore, the expression phase of
clock genes was delayed by 4 h under high ambient
temperature compared to control conditions in Scarlett
and Bowman. This reduction in expression amplitude
and the shift in the expression phasewere also observed
in all ILs, suggesting that temperature affected the
phase of clock gene expression independently of the
genotype.

High Ambient Temperature Reduces Expression of
Flowering Time Genes

As the clock genes are putative upstream regulators
of flowering-time genes, we investigated whether the
temperature-dependent changes in clock gene expres-
sion correlated with changes in the expression of
flowering-time genes. As observed for the clock genes,
most flowering-time regulators showed a significantly
lower expression under high ambient temperature.
Ppd-H1 exhibited a reduction in expression in Scarlett,
Scarlett-derived ILs, and Bowman(eam8), but not in
Bowman under high ambient temperature. The ex-
pression levels of HvCO1, the barley homolog of
the major Arabidopsis photoperiod response gene
CONSTANS, were reduced, and the peak expression
was delayed by approximately 4 h under high ambient
temperature in Scarlett and Scarlett-derived ILs
(Supplemental Fig. S4). While in Bowman HvCO1 ex-
pression peaked at dusk (T16) under control tempera-
ture, it showed an expression peak in the night at T20
under high ambient temperature (Supplemental Fig.
S5). This suggested that HvCO1 expression was con-
trolled by the clock and a temperature-dependent
phase shift of clock genes. However, no consistent
changes in the level and peak time of HvCO1 expres-
sion were observed in Bowman and Bowman(eam8)
(Supplemental Fig. S5).

The expression levels of HvFT1, a putative target of
Ppd-H1, were significantly down-regulated under high
temperature in all genotypes. In addition, HvFT1 ex-
pression levels were overall significantly different be-
tween genotypes with higher transcript abundance in

Figure 4. Diurnal expression of circadian clock genes in Bowman and
Bowman(eam8) under control and high ambient temperatures. Diurnal
expression of circadian clock genes was assayed every 2 h for 24 h
under control (blue; 20°C/16°C, day/night) and high ambient (pink;
28°C/24°C, day/night) temperatures under LDs (16 h light/8 h night) are
shown. Gray boxes indicate nights. Error bars indicate 6 SD of three
biological replicates.
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S42-IL107 and Bowman(eam8) and lower transcript
levels in S42-IL176 compared to the parental lines (Figs.
5 and 6).

TheMADS-box genesHvVRN1,HvBM3, andHvBM8
were also strongly down-regulated under high versus
control temperatures. In S42-IL176, the expression
levels of the winter Hvvrn1 allele were 90-fold lower,
while the expression levels of the spring HvVRN1 allele
in Scarlett were only 2-fold lower under high ambient
compared to control temperature (Fig. 5). This sug-
gested that the winter allele of HvVRN1 was repressed
by high ambient temperatures (Fig. 5). The expression
patterns of HvBM3 and HvBM8 were comparable to

those of HvVRN1 with a stronger temperature-
dependent down-regulation in S42-IL176 compared to
Scarlett. In contrast, S42-IL107 with a dominant Ppd-H1
allele exhibited an up-regulation of HvVRN1, HvBM3,
and HvBM8 under high compared to control tempera-
tures (Fig. 5). In Bowman(eam8), expression levels of the
HvBM genes were approximately 10-fold higher com-
pared to Bowman under control and high ambient
temperature conditions. In addition, HvVRN1 and
HvBM3 were only slightly down-regulated under high
versus control temperatures, while expression of
HvBM8 was not significantly different between control
and high-temperature conditions (Fig. 6). HvOS2, a

Figure 5. High ambient temperature
affects the expression of flowering-time
genes in Scarlett, S42-IL107, and S42-
IL176 under control and high ambient
temperatures. Diurnal expression of
flowering-time genes was assayed every
2 h for 24 h under control (blue; 20°C/
16°C, day/night), and high ambient
(pink; 28°C/24°C, day/night) tempera-
tures under LDs (16 h light/8 h night) are
shown. Gray boxes indicate nights. Error
bars indicate 6 SD of three biological
replicates.

300 Plant Physiol. Vol. 173, 2017

Ejaz and von Korff

 www.plantphysiol.org on March 24, 2017 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

54

http://www.plantphysiol.org/
http://www.plantphysiol.org


repressor of flowering and homolog of the major Ara-
bidopsis vernalization gene FLC (Greenup et al., 2010,
Ruelens et al., 2013), was up-regulated under high
versus control temperatures andwas controlled by Ppd-
H1, HvELF3, and HvVRN1. Expression levels of HvOS2
were up-regulated under high ambient temperature in
Scarlett and Bowman, but very low during the day in
S42-IL107 and Bowman(eam8) under both tempera-
tures. HvOS2 expression levels were further increased
under high temperatures in S42-IL176 with the winter

Hvvrn1 allele and no detectable expression of Hvvrn1.
HvOS2 expression levels were consequently negatively
correlated with HvVRN1 expression and controlled by
ambient temperature.

Variation at Ppd-H1 and HvELF3, therefore, corre-
lated with the temperature-dependent regulation of the
MADS-box transcription factor genes. It is interesting to
note, that in S42-IL107, the expression patterns of
HvFT1 and the HvBM genes were not correlated under
the different temperature regimes, as the HvBM genes

Figure 6. Diurnal expression of
flowering-time genes in Bowman and
Bowman(eam8) under control and high
ambient temperatures. Diurnal expres-
sion of flowering-time genes sampled
every 2 h for 24 h under control (blue;
20°C/16°C, day/night) and high ambient
(pink; 28°C/24°C, day/night) tempera-
tures under LDs (16 h light/8 h night) are
shown. Gray boxes indicate nights. Error
bars indicate 6 SD of three biological
replicates.
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were up-regulated, but HvFT1 was down-regulated
under high compared to control temperatures. The ex-
pression patterns of theHvBM genes, but not ofHvFT1,
correlated with the differential flowering time in re-
sponse to high ambient temperatures. Low expression
of the HvBM genes under high temperatures in Scarlett
and Bowman coincided with a delay in reproductive
development, while accelerated inflorescence develop-
ment in S42-IL107 correlated with an up-regulation of
the HvBM genes under high ambient versus control
temperatures. In Bowman(eam8) with accelerated de-
velopment under high temperatures, the expression of
HvBM3 and HvBM8 was strongly increased compared
to Bowman and not very different between tempera-
ture regimes. In S42-IL176with awinterHvvrn1 allele, a
complete down-regulation of HvFT1 and HvBM genes
correlated with a strong delay in reproductive devel-
opment, as this genotype did not undergo floral tran-
sition under high temperatures.

Taken together, the wild-type Ppd-H1 and a loss-of-
function Hvelf3 allele correlated with an accelerated

development under high compared to control temper-
atures and a higher expression of HvBM genes under
high compared to control temperatures. In addition,
variation in the regulatory region of the first intron in
HvVRN1 controlled the expression ofHvVRN1 itself, of
the relatedHvBM genes and reproductive development
under high ambient temperatures.

Ppd-H1 and HvVRN1 Interact to Control Inflorescence
Development under High Ambient Temperatures

Our results showed that variation at Ppd-H1 was
correlated with the expression of HvBM genes includ-
ing HvVRN1 under high compared to control temper-
atures. Therefore, we examined if Ppd-H1 andHvVRN1
interacted to control reproductive development under
different ambient temperatures. For this purpose, we
analyzed MSA development and gene expression of
HvVRN1 in F3 families selected from a cross between
the winter barley variety Igri and the spring barley
variety Golden Promise. The F3 families were segre-
gating for variation at Ppd-H1 and HvVRN1 but were
fixed for the spring alleles at the other major flowering
loci HvVRN2 and HvFT1. Reproductive development
was delayed under high ambient temperatures in F3
plants with a spring ppd-H1 allele irrespective of the
HvVRN1 allele as seen for Scarlett and S42-IL176. In
addition, under high ambient temperature, the domi-
nant Ppd-H1 allele accelerated development in the
background of a spring HvVRN1 allele, as observed for
S42-IL107. F3 plants carrying a winterHvvrn1 allele and
a wild-type Ppd-H1 allele exhibited a delay in MSA
development under high ambient temperature com-
pared to control conditions (Fig. 7A). Consequently,
Ppd-H1 interacted with HvVRN1 to control the devel-
opment under high temperatures, where only plants
with a dominant Ppd-H1 and a spring HvVRN1 allele
showed an accelerated development under high versus
control temperatures. The expression of the spring
HvVRN1 allele was not affected in the presence of a
dominant Ppd-H1 allele under high ambient versus
control temperatures. However, the winter Hvvrn1
allele was down-regulated in the Ppd-H1 and ppd-H1
backgrounds under high compared to control temper-
ature (Fig. 7B). The winter Hvvrn1 allele was stronger
down-regulated than the spring HvVRN1 allele as
shown for Scarlett and S42-IL176. These results indi-
cated that Ppd-H1 interacts with HvVRN1, where a
dominant Ppd-H1 allele only accelerated floral devel-
opment under high ambient temperature in the back-
ground of a spring HvVRN1 allele.

DISCUSSION

Understanding how ambient temperature controls
plant development and eventually grain yield in crop
plants is gaining importance in the light of a predicted
increase in average global temperatures. The circadian
clock influences plant adaptation to different abiotic

Figure 7. Ppd-H1 and HvVRN1 interact to control the development of
the MSA under different ambient temperatures. Microscopic changes in
MSA development were scored under control (blue; 20°C/16°C, day/
night) and high ambient (pink; 28°C/24°C, day/night) temperatures
under LDs (16 h light/8 h night) in F3 families derived from a cross
between the winter barley Igri and the spring barley Golden Promise.
Selected F3 families segregated for Ppd-H1 and HvVRN1 and were
fixed for the spring alleles at HvVRN2 (deleted) and HvFT1. Early MSA
development was accelerated under high temperature in Ppd-H1/
HvVRN1 and delayed in Ppd-H1/Hvvrn1, ppd-H1/HvVRN1, and ppd-
H1/Hvvrn1. Significant differences were determined by a two-way
ANOVA and a Tukey HSD pairwise comparison test: *P , 0.05, **P ,
0.01, ***P , 0.001., n.s = nonsignificant.
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stresses and controls many different output traits, in-
cluding plant development. Furthermore, the circadian
clock itself is altered in response to changing environ-
mental conditions. For example, osmotic stress in-
creased the amplitude and advanced the expression
phase of clock genes in barley, and high salinity resul-
ted in a lengthening of the circadian period in wheat
(Erdei et al., 1998; Habte et al., 2014). We found that an
increase in ambient temperature from 20°C/16°C to
28°C/24°C decreased expression levels and delayed the
phase of clock gene expression. Although the clock is
temperature-compensated and maintains an approxi-
mately 24 h period over a range of ambient tempera-
tures (Pittendrigh, 1954; Gould et al., 2006; Salomé et al.,
2010), previous studies have reported changes in the
expression phase and amplitude of oscillator compo-
nents under different temperatures. For example, in
Arabidopsis peak expression levels of CCA1 and LHY
RNA rhythms increased in amplitude as temperatures
decreased from 17°C to 12°C (Gould et al., 2006;
Mizuno et al., 2014). Temperatures of above 30°C
are considered as heat stress for temperate cereals
(Barnabás et al., 2008). However, an induction of a
stress response when increasing the temperature from
20°C to 28°C cannot be excluded. Therefore, the ob-
served alterations in clock oscillations in this work may
be related to changes in the level of stress-response
hormones. In Arabidopsis, application of the stress
hormone abscisic acid lengthened the period of the
Arabidopsis clock (Hanano et al., 2006), probably
through evolutionary conserved ABA-responsive ele-
ments (ABREs) ABREs present in the promoters of
TIMING OF CAB EXPRESSION1, LHY, and CCA1
(Bieniawska et al., 2008; Spensley et al., 2009; Picot et al.,
2010; Habte et al., 2014). In addition, the heat shock
transcription factor HsfB2b repressed transcription of
PRR7 at high temperatures and in response to drought
(Kolmos et al., 2014). Salomé et al. (2010) and Kolmos
et al. (2014) found that the PRR genes are important for
the temperature compensation of the clock in Arabi-
dopsis, as high temperature led to overcompensation
and lengthening of the period in a HsfB2b over-
expression line or double prr7/9 mutant. In our study,
the changes in clock gene expression under high am-
bient temperature were also observed in S42-IL107 and
Bowman(eam8), suggesting that these temperature-
mediated changes of the clock were not controlled by
the PRR homolog Ppd-H1 or its upstream regulator
HvELF3. In addition, the down-regulation of all PRR
genes under high ambient temperature suggested that
the repressive EC consisting of HvELF3, HvELF4, and
HvLUX1 was not reduced in its activity under high
temperature in barley as demonstrated for Arabidopsis
(Mizuno et al., 2014).
Although the function of clock plasticity under dif-

ferent environmental conditions is not well understood,
it may affect the expression of different clock output
genes and related traits. We observed that the altered
clock expression patterns correlatedwith changes in the
diurnal expression patterns of flowering-time genes.

Similar to the reduction in the expression amplitudes of
clock genes, the expression levels of the majority of
flowering-time genes including Ppd-H1 and its down-
stream targetHvFT1were strongly reduced under high
ambient temperatures. However, in contrast to the
clock genes, temperature-dependent changes in the
expression of flowering-time genes were controlled by
Ppd-H1, HvELF3, and HvVRN1. Ppd-H1 and HvFT1
transcripts were reduced under high compared to the
control temperatures in all genotypes. In contrast, rel-
ative expression patterns of BARLEY MADS-box (BM)
genes HvBM3, HvVRN1 (HvBM5a), and HvBM8 were
genotype and condition specific. While in Scarlett
HvVRN1, HvBM3, and HvBM8 were down-regulated,
they were not down-regulated or even up-regulated
under high versus control temperature in S42-IL107
and Bowman(eam8). This indicated that Ppd-H1 and
HvELF3 controlled the relative expression levels of BM
genes under different ambient temperature conditions.
HvBM3 andHvBM8 are known targets of Ppd-H1 under
LD conditions and their expression patterns correlate
with the development of the inflorescence (Digel et al.,
2015, 2016). In this study, we show that the effect of Ppd-
H1 on HvBM3 and HvBM8 expression and flowering
time was temperature dependent. Scarlett and Bowman
with a mutated ppd-H1 allele showed a relatively lower
expression ofHvBM3,HvVRN1, andHvBM8 and a delay
in floral development under high versus control tem-
peratures. S42-IL107, with a wild type Ppd-H1 allele,
exhibited a relatively higher expression of HvBM3,
HvVRN1, andHvBM8 and was characterized by a faster
inflorescence development under high versus control
temperatures. Interestingly, functional variation at Ppd-
H1 also had a strong effect on the number of florets and
seeds per main spike under high ambient temperatures.
While in Scarlett and Bowman themutated ppd-H1 allele
was correlated with a strong reduction of the number of
seeds per main spike, S42-IL107 did not show a signifi-
cant reduction in seed number under high temperatures.
This suggested that Ppd-H1 affected floret fertility and
seed set under high ambient temperatures, possibly by
controlling the rate of development of the inflorescence.

A previous study found that high ambient tempera-
tures accelerated flowering time under LDs, but
delayed development under SDs in a winter barley
with a wild-type Ppd-H1 allele (Hemming et al., 2012).
The authors suggested an interaction between the
photoperiod and thermosensitive pathway. Our study
demonstrates that this interaction is mediated by Ppd-
H1, which is functional under LDs, but not under SDs
(Digel et al., 2015). Furthermore, we show that the effect
of Ppd-H1 on early reproductive development under
high temperatures is dependent on HvVRN1. Only
in the background of a spring HvVRN1 allele or
after up-regulation of Hvvrn1 by vernalization, the
wild-type Ppd-H1 allele is capable of accelerating
early reproductive development under high ambient
temperatures.

Among the BM genes, HvVRN1 has been extensively
characterized for its role in vernalization response. The
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winter HvVRN1 allele is up-regulated by a prolonged
exposure to cold to allow flowering after winter. Our
results suggest that HvVRN1 expression is negatively
regulated by high ambient temperature, and this down-
regulation of the winter Hvvrn1 allele correlated with a
strong delay in reproductive development. The full-
length winter Hvvrn1 allele in S42-IL176 was more
strongly down-regulated by high ambient temperature
compared to the spring HvVRN1 allele with a deletion
in the first intron. Interestingly, a recent study has
revealed that natural variation in the first intron of the
MADS-box gene FLM was responsible for differential
temperature response in Arabidopsis (Lutz et al., 2015).
Consequently, structural variation in related MADS-
box transcription factors may play a role in temperature
adaptation across different species. In Arabidopsis,
high ambient temperature accelerates plant develop-
ment and growth. However, different Arabidopsis
ecotypes show substantial variation in the thermo-
sensitive response mediated by natural variation at the
vernalization gene and floral repressor FLC. High ex-
pression levels of FLC in autonomous pathwaymutants
functioned as a potent suppressor of thermal induction
(Balasubramanian et al., 2006). HvOS2, the putative
barley homolog of FLC, was up-regulated under high
ambient temperature in aHvVRN1-dependent manner.
The barley vernalization gene andfloral inducerHvVRN1,
in turn, was down-regulated by high temperature, and
this correlated with a down-regulation of HvBM3 and
HvBM8 and a delay in floral development. Different
vernalization genes might, therefore, mediate thermo-
sensitive flowering across different species.

CONCLUSION

Our study demonstrates that an interaction of Ppd-H1
and HvVRN1 controls reproductive development and
the number of seeds per spike under high ambient
temperatures. These genetic interactions between Ppd-
H1 andHvVRN1 are important to consider for breeding
barley better adapted to climate change.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and Phenotyping

Flowering time, development of the SAM, flower fertility, and seed set
were scored in the spring cultivars Bowman and Scarlett and four derived ILs.
Bowman and Scarlett are characterized by a mutation in the CCT domain of
Ppd-H1 and the spring allele (HvVRN1-1; Hemming et al., 2009) at the ver-
nalization response gene HvVRN1. The IL Bowman(eam8.w) carries a base
pair mutation leading to a premature stop codon in HvELF3, orthologous to
ELF3 in Arabidopsis (Arabidopsis thaliana; Faure et al., 2012). Bowman(Ppd-
H1) carries an introgression of the dominant Ppd-H1 allele from wild barley
(Hordeum vulgare; Druka et al., 2011). The Scarlett derived ILs S42-IL107 and
S42-IL176 carry a dominant allele of Ppd-H1 and a recessive winter Hvvrn1
allele, respectively, both derived from wild barley (von Korff et al., 2006;
Schmalenbach et al., 2008; Wang et al., 2010). In addition, development of the
MSA and expression of HvVRN1 were analyzed in selected F3 families de-
rived from a cross between the winter barley Igri and the spring barley
Golden Promise. These F3 families segregated for natural variation at Ppd-H1
and HvVRN1 and were fixed for the spring alleles at HvFT1 and VRN-H2
(locus deleted, Mulki et al., 2016).

For scoring of shoot apex development, flowering time, floret number, and
seed number per spike seeds were stratified at 4°C for 5 d for even germination
followed by a transfer to controlled growth chambers with day/night tem-
peratures of 20°C/16°C or 24°C/28°C, a light intensity of ;300 mM and long
photoperiods (LD; 16 h light/8 h dark). Light and temperature were monitored
throughout the experiments using WatchDog series 1000 light sensors. Plants
were fertilized once per week, and trays were shuffled twice a week to nor-
malize for position effects. Plants were either shifted to high ambient temper-
atures after stratification or after floral transition as determined by the
formation of a double ridge SAM (Waddington et al., 1983). Experiments were
replicated two or three times using different randomizations to minimize the
environmental effects.

The MSA of three to four representative plants per genotype (Bowman,
Bowman(eam8), Scarlett, S42-IL107, and S42-IL176) and treatment were dis-
sected every 3 to 7 d starting from the third DAE until 36 DAE. At each time
point, the developmental stage of the MSA was determined according to the
quantitative scale of Waddington et al. (1983), which rates the development of
themost advanced floret primordium. Images of apiceswere obtained using the
Nikon imaging software and a stereo microscope (Nikon SMZ18) equipped
with a digital camera (Nikon digital sight DS-U3). The apex was dissected with
a microsurgical stab knife (5 mm blade at 15° [SSC#72-1551], Sharepoint, Sur-
gical Specialties) under the stereo microscope to confirm the developmental
stage of each harvested MSA. In addition, morphological phenotypes of the
main shoot, i.e. heading date (at Z49; Zadoks et al., 1974), the number of florets
per spike, and the number of grains per spike, were recorded during devel-
opment and at plant maturity for 20 plants per genotype.

Leaf Sampling, RNA Extraction, and Gene
Expression Analysis

For the analysis of diurnal expression variation in clock and flowering-time
genes in Scarlett, S42-IL107, S42-IL176, Bowman, and Bowman(eam8.w), plants
were grown in 96-well trays (Einheitserde) under day/night temperatures of
20°C/16°C or 24°C/28°C, a light intensity of ;300 mM and long photoperiods
(LD; 16 h light/8 h dark). Leaf samples were harvested 21 DAE at 2 h intervals
starting from the onset of light (ZT0) to the end of the night (T22). For all
genotypes and treatment conditions, three biological replicates of two pooled
plants were sampled per time point. Total RNA extraction, cDNA synthesis,
and quantitative real-time-PCRs using gene-specific primers as detailed in
Supplemental Table S2 were performed as explained in Campoli et al. (2012a,
2012b). The expression of target genes was normalized against the geometric
mean of the three internal controls HvACTIN, HvGAPDH, and HvbTUBULIN
(Supplemental Table S1). Two technical replicates were used for each sample,
and each data point was quantified based on the titration curve for each target
gene and normalized against the geometric mean of the three housekeeping
genes using the LightCycler 480 Software (Roche; version 1.5).

Statistical Analysis

Significant differences in flowering time, floret, and seed number were
calculated with a two-factorial ANOVA with the factors genotype and tem-
perature treatment. In addition, least squaremeans for eachgeneby temperature
combination were calculated followed by a Tukey’s multiple comparison test.
Significant differences inHvVRN1 expression were calculated with an ANOVA
including temperature treatment, HvVRN1, and Ppd-H1 genotype and all
possible interaction effects. Statistical differences in the MSA development
between temperature regimes were calculated using a polynomial regression
model at 95% confidence interval (Loess smooth line).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. HvVRN1 affects reproductive development in
response to ambient temperature after floral transition.

Supplemental Figure S2. Diurnal expression of circadian clock genes
HvPRR73 and HvPRR95 in Scarlett, S42-IL107, and S42-IL176 under con-
trol and high ambient temperatures.

Supplemental Figure S3. Diurnal expression of circadian clock genes
HvPRR73 and HvPRR95 in Bowman and Bowman(eam8) under control
and high ambient temperatures.
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Supplemental Figure S4. High ambient temperature down-regulates the
expression of the flowering-time gene HvCO1 in Scarlett, S42-IL107, and
S42-IL176.

Supplemental Figure S5. Effect of high ambient temperature on diur-
nal expression of the flowering-time gene HvCO1 in Bowman and
Bowman(eam8).

Supplemental Table S1. Two-factorial ANOVA and least square means for
heading date, floret, and seed number.

Supplemental Table S2. List of primers used in this study.
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S u p pl e m e n t a r y  Fi g u r e 1: H v V R N 1 a ↵ e c t s r e p r o d u c ti v e  d e v el o p m e n t i n r e s p o n s e t o a m bi e n t t e m p e r a t u r e af t e r  fl o r al t r a n si ti o n. D e v el o p m e nt of
t h e  m ai n s h o ot a p e x ( M S A)  w a s s c or e d u n d er c o nt r ol ( bl u e) a n d hi g h a m bi e nt ( pi n k) t e m p er at ur e s e v er y t e n d a y s a c c or di n g t o t h e  W a d di n gt o n s c al e ( W a d di n gt o n
et al., 1 9 8 3).  M S A d e v el o p m e nt  w a s n ot a ↵ e ct e d u n d er hi g h c o m p ar e d t o c o nt r ol t e m p er at ur e s i n S c arl ett ( A) a n d d el a y e d i n fl or e s c e n c e d e v el o p m e nt i n t h e d eri v e d
i nt r o gr e s si o n li n e S 4 2-I L 1 7 6 (H v v r n 1 ) ( B).  Pl a nt s  w er e gr o w n at c o nt r ol t e m p er at u r e ( bl u e, 2 0 / 1 6 � C, d a y / ni g ht) a n d t r a n sf er r e d t o hi g h t e m p er at u r e ( pi n k, 2 8 / 2 4 � C,
d a y / ni g ht) at fl or al t r a n siti o n ( W 2. 0). 3- 4 pl a nt s p er g e n ot y p e  w er e di s s e ct e d at e a c h ti m e p oi nt i n e a c h t r e at m e nt u n d er l o n g d a y s ( 1 6 h li g ht / 8 h ni g ht). St ati sti c al
di ↵ er e n c e s  w er e c al c ul at e d u si n g a p ol y n o mi al r e gr e s si o n  m o d el at a 9 5 % c o n fi d e n c e i nt er v al ( L o e s s s m o ot h li n e). ( C)  D a y s t o fl o w eri n g of t h e  M S A u n d er c o nt r ol
( bl u e, 2 0 / 1 6 � C, d a y / ni g ht) a n d hi g h a m bi e nt t e m p er at u r e s ( pi n k, 2 8 / 2 4 � C, d a y / ni g ht) i n t h e s p ri n g b arl e y v ari et y S c arl ett a n d t h e d eri v e d i nt r o gr e s si o n li n e S 4 2-I L 1 7 6
(H v v r n 1 ).  Fl o w eri n g ti m e  w a s r e c or d e d f or 6- 8 pl a nt s p er g e n ot y p e a n d t r e at m e nt. St ati sti c al di ↵ er e n c e s  w er e c al c ul at e d b y a n  A N O V A a n d a p o st h o c  T u k e y s  H S D
p ai r wi s e c o m p ari s o n t e st: * P < 0. 0 5, * * P < 0. 0 1, * * * P < 0. 0 0 1, n. s = n o n- si g ni fi c a nt.
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S u p pl e m e n t a r y  Fi g u r e 2:  Di u r n al e x p r e s si o n of ci r c a di a n cl o c k g e n e s H v P R R 7 3 a n d H v P R R 9 5 i n  S c a rl e t t,  S 4 2- I L 1 0 7, a n d  S 4 2- I L 1 7 6  u n d e r
c o n t r ol a n d  hi g h a m bi e n t t e m p e r a t u r e s. G e n e e x p r e s si o n  w a s a s s a y e d e v er y t w o h o u r s f or 2 4 h o u r s u n d er c o nt r ol ( bl u e, 2 0 / 1 6 � C, d a y / ni g ht) a n d hi g h a m bi e nt
( pi n k, 2 8 / 2 4 � C, d a y / ni g ht) t e m p er at u r e s u n d er l o n g d a y s ( 1 6 h li g ht / 8 h ni g ht).  G r e y b o x e s i n di c at e ni g ht s.  E r r or b ar s i n di c at e ± S D of t h r e e bi ol o gi c al r e pli c at e s.
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S u p pl e m e n t a r y  Fi g u r e 3:  Di u r n al e x p r e s si o n of ci r c a di a n cl o c k g e n e s H v P R R 7 3 a n d H v P R R 9 5 i n  B o w m a n a n d  B o w m a n (e a m 8 )  u n d e r c o n t r ol a n d
hi g h a m bi e n t t e m p e r a t u r e s G e n e e x pr e s si o n  w a s a s s a y e d e v er y t w o h o u r s f or 2 4 h o u r s u n d er c o nt r ol ( bl u e, 2 0 / 1 6 � C, d a y / ni g ht) a n d hi g h a m bi e nt ( pi n k, 2 8 / 2 4 � C,
d a y / ni g ht) t e m p er at u r e s u n d er l o n g d a y s ( 1 6 h li g ht / 8 h ni g ht).  G r e y b o x e s i n di c at e ni g ht s.  E r r or b ar s i n di c at e ± S D of t h r e e bi ol o gi c al r e pli c at e s.
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S u p pl e m e n t a r y  Fi g u r e 4:  Hi g h a m bi e n t t e m p e r a t u r e  d o w n r e g ul a t e s t h e e x p r e s si o n of  fl o w e ri n g ti m e g e n e H v C O 1 i n  S c a rl e t t,  S 4 2- I L 1 0 7, a n d
S 4 2- I L 1 7 6. Di u r n al e x p r e s si o n of H v C O 1 w a s a s s a y e d e v er y t w o h o u r s f or 2 4 h o u r s u n d er c o nt r ol ( bl u e, 2 0 / 1 6 � C, d a y / ni g ht) a n d hi g h a m bi e nt ( pi n k, 2 8 / 2 4 � C,
d a y / ni g ht) t e m p er at u r e s u n d er l o n g d a y s ( 1 6 h li g ht / 8 h ni g ht).  G r e y b o x e s i n di c at e ni g ht s.  E r r or b ar s i n di c at e ± S D of t h r e e bi ol o gi c al r e pli c at e s.
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S u p pl e m e n t a r y  Fi g u r e 5:  E ↵ e c t of  hi g h a m bi e n t t e m p e r a t u r e o n  di u r n al e x p r e s si o n of  fl o w e ri n g ti m e g e n e H v C O 1 i n  B o w m a n a n d  B o w m a n (e a m 8 ).
Di u r n al e x p r e s si o n of H v C O 1 w a s a s s a y e d e v er y t w o h o u r s f or 2 4 h o u r s u n d er c o nt r ol ( bl u e, 2 0 / 1 6 � C, d a y / ni g ht) a n d hi g h a m bi e nt ( pi n k, 2 8 / 2 4 � C, d a y / ni g ht)
t e m p er at u r e s u n d er l o n g d a y s ( 1 6 h li g ht / 8 h ni g ht).  G r e y b o x e s i n di c at e ni g ht s.  E r r or b ar s i n di c at e ± S D of t h r e e bi ol o gi c al r e pli c at e s.
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Supplementary Table 1: A) Two-factorial ANOVA, F values and significances (**p<0.01, *** 
p<0.001, ns = non-significant) and B) Least square means for heading date, floret and seed number for 
each genotype (P = Parental genotype, Scarlett or Bowman, V = Introgression line for HvELF3, PPD-
H1 or HvVRN1) by environment combination (C = Control, H= High ambient temperatures). Small 
letters indicate significant differences (p<0.05).  

A 

Factor Heading Floret number Seed number 
 F Value F Value F Value 
HvELF3    
Temperature 44*** 27*** 10** 
HvELF3 1102*** 310*** 15*** 
HvELF3*Temp 178*** 22*** 15*** 
Ppd-H1    
Temperature 50*** 35*** 53*** 
PPD-H1 2098*** 117*** 12*** 
PPD-H1*Temperature 189*** 10*** 19*** 
HvVRN1       
Temperature 6995*** 732*** 363*** 
HvVRN1 6131*** 236*** 23*** 
HvVRN1*Temp 4617*** 235*** 1 ns 

B 

Factor P/C P/H V/C V/H 
HvELF3     
Heading 40a 51c 29.8b 26d 
Floret number 21a 17c 13b 13b 
Seed number 9a 3b 9a 9a 
PPD-H1     
Heading 42a 52b 26c 23d 
Floret number 26a 19c 16b 14b 
Seed number 15a 4c 14ab 11b 
HvVRN1     
Heading 46a 56c 52b >106d 
Floret number 30a 22b 30a 0c 
Seed number 23a 5c 19b 0d 
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Supplementary Table 2: List of q-PCR primers used in this study. 
Gene ID Gene name Forward primer sequence Reverse primer sequence Source 
AY145451 HvACTIN CGT GTT GGA TTC TGG TGA TG AGC CAC ATA TGC GAG CTT CT Campoli et al.2012a 
AJ249143 HvBM3 GCC GTC ACC AGC ACA AGC AA CCC CAT TCA CCC TGT AGC AAA GA Digel et al. 2015 
AJ249146 HvBM8 CCA CAG CAG CCG ACA CCT A TGC CTT TGG GGG AGA AGA CG Digel et al. 2015 
JN603242 HvCCA1 CCT GGA ATT GGA GAT GGA GA TGA GCA TGG CTT CTG ATT TG Campoli et al.2012b 
AF490468 HvCO1 CTG CTG GGG CTA GTG CTT AC CCT TGT TGC ATA ACG TGT GG Campoli et al.2012a 
DQ100327 HvFT1 GGT AGA CCC AGA TGC TCC AA TCG TAG CAC ATC ACC TCC TG Campoli et al.2012a 
AK362208 HvGAPDH GTG AGG CTG GTG CTG ATT ACG AGT GGT GCA GCT AGC ATT TGA GAC unpublished 
AY740524 HvGI TCA GTT AGA GCT CCT GGA AGT GGT AGT TTG GGC TTT GGA TG Campoli et al.2012b 
Hv.20312 HvLUX1 AAT TCA GTC CAC GGA TGC TC CTT CAC TTC AGC TCC CCT TG Campoli et al.2012 
HM130525 HvOS2 CAA TGC TGA TGA CTC AGA TGC T CGCTATTTCGTTGCGCCAAT Green up et al. 2010 
JN603243 HvPRR1 GAG CAT AGC ATG GCA CTT CA TGT CTT TCC TCG GAA ATT GG Campoli et al.2012b 
AK361360 HvPRR59 GAA ATT CCG CAT GAA AAG GA TTC CGC ATC TTC TGT TGT TG Campoli et al.2012b 
AK376549 HvPRR73 GCG CCG TAG AGA ATC AGA AC CAT GTC GGG TAC AGT CAT CG Campoli et al.2012b 
AK252005 HvPRR95 CAG AAC TCC AGT GTC GCA AA TGC TGT TGC CAG AGT TGT TC Campoli et al.2012b 
Y09741 HvßTUBLIN GTG CAT GGT TCT TGA CAA CG GCA TGT GAC TCC ACT CAT GG unpublished 
AY750995 HvVRN1 CTG AAG GCG AAG GTT GAG AC TTC TCC TCC TGC AGT GAC CT Campoli et al.2012a 
AY970701 PPD-H1 GAT GGA TTC AAA GGC AAG GA GAA CAA TTG GCT CCT CCA AA Campoli et al.2012a 
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 VI. Abbreviation 
Abbreviation Explanation 
% percent 
< less and equal 
> greater and equal 
°C degree Celsius 
2D two dimentional 
ABREs ABA-responsive elements  
AM auxiliary meristems  
ANOVA analysis of variance 
AP1 APETALA1 
bHLB basic helix-loop-helix 
Bt2 Brittle 2 
C14  isotope of carbon 

C3  C3 carbon fixation 

C4  C4 carbon fixation 
CCA1 CIRCADIAN CLOCK ASSOCIATED1  
CCT CONSTANS, CO-like, and TOC1 
CDK cyclin-dependent kinase 
CTD C-terminal domain  
CWI CELL WALL INVERTASE 
DAE days after emergence 
eam8 early maturity 8  
EC evening complex  
EG1 EXTRA GLUME1  
ELF3 EARLY FLOWERING3  
ELF4 EARLY FLOWERING4  
F3 third filial generation 
FLC FLOWERING LOCUS C  
FLD FLOWERING LOCUS D 
FLM FLOWERING LOCUS M 
FM floral meristems  
FRI FRIGIDA 
FT FLOWERING LOCUS T  
GA gibberellins 
GAox3 GA oxidase 3 
GBSS1 Granule bound starch synthase-1 
GI GIGANTEA 
h hour 
H3 Histone 3 
H4 Histone 4 
HsfB2b heat shock factors B2b 
Hv Hordeum vulgare 
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Abbreviation Explanation 
HvBM3 Barley MADS-box 3 
HvBM5 Barley MADS-box 5 
HvBM8 Barley MADS-box 8 
HvPpd1 Dominant photoperiod 1 allele in barley 
Hvppd1 Recessive mutated photoperiod 1 allele in barley 
HvVRN1 Vernalization 1 gene/also referred to the spring allele 
Hvvrn1 Winter allele of Vernalization 1 
HvVRN2 Vernalization 2 gene in barley 
IL Introgression lines 
IM inflorescence meristem  
LD long day  
LHY LATE ELONGATED HYPOCOTYL  
LRP late reproductive phase  
LUX LUX ARRHYTHMO  
MADS-box MCM1, AGAMOUS, DEFICIENS, SRF 
MAF MADS AFFECTING FLOWERING  
Mha1 Plasma membrane H+ATPase gene 
mRNA messenger RNA  
MSA main shoot apex 
MST1 Monosaccharide transporter gene 
MYB myeloblastosis 
NIR near infrared  
no. number 
Ox-lipids  oxidized acyl chains 
PGM pollen grain mitosis  
PIF4 PHYTOCHROME INTERACTING FACTOR 4 
PMC Pollen mother cells  
Pn net photosynthesis  
PPD1  Photoperiod 1 referred to wheat 
PPD-D1 Photoperiod 1 allele in wheat 
Ppd-H1 Barley Photoperiod 1 
PRR PSEUDO-RESPONSE REGULATOR 
PSII photosystem II 
QTL quantitative trait loci  
RCA Rubisco activase  
RILs recombinant Inbred Lines 
RNA ribonucleic acid 
ROS reactive oxygen species  
RPB1 RNA polymerase II; the largest subunit 
SAM shoot apical meristem  
SbIncw1 Sorghum cell wall invertase gene 123 
SbIvr2 Sorghum vacuolar invertase gene 
SD short day  
Sh1 Shrunken 1 
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Abbreviation Explanation 
SM spikelet meristems  
SNP single nucleotide polymorphism 
SOC1 SUPPRESSOR OF CONSTANS 1  
SU1 Sugary 1 
Sus1 Sucrose synthase 1 
SVP SHORT VEGETATIVE PHASE  
Ta Triticum aestivum  
TFs transcription factors  
TOC1 TIMING OF CAB EXPRESSION1  
TSM triple spikelet meristem  
UGPase UDP-pyrophosphorylase gene 
uM micro moles 
  
VRN1 vernalization 1 
VRN2 vernalization 2 
  
W Waddington 
ZCCT zinc finger and CCT domain 
ZT zeitgeber 
α alpha 
β beta 
δ delta 
ф phi 
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