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Abstract 

The timing of reproductive development determines spike architecture and thus yield in temperate 

grasses such as barley (Hordeum vulgare L.). Reproductive development in barley is controlled by the 

photoperiod response gene Ppd-H1 which accelerates flowering time under long-day (LD) conditions. 

A natural mutation in Ppd-H1 prevalent in spring barley causes a reduced photoperiod response, and 

thus, late flowering under LD. However, it is not very well understood how LD and Ppd-H1 control pre-

anthesis development, and thus spike architecture and yield in barley.  

This work reports about morphological and molecular changes in the leaf and at the shoot apex of 

barley in response to the photoperiod and genetic variation at Ppd-H1. Expression variation in the leaf 

and main shoot apices (MSA) were analyzed using RNA-sequencing and qRT-PCR in the three spring 

barley cultivars Scarlett, Bowman and Triumph and derived introgression lines. The spring barley lines 

were characterized by the natural mutation in Ppd-H1, whereas the derived introgression lines carry 

the photoperiod responsive, dominant wild type Ppd-H1 allele introduced from wild or winter barley.  

LD and the dominant Ppd-H1 allele accelerated all phases of shoot apex development, but had the 

strongest effect on inflorescence maturation. Photoperiod-shift experiments revealed that the 

duration of the vegetative and early reproductive phase determined the number of spikelet primordia 

and seeds per spike. Whereas in Arabidopsis a few long days are sufficient for floral commitment, in 

barley flowering only occurred under continuous LD exposure. Short-day (SD) did not prevent floral 

transition, but impaired inflorescence development and caused the abortion of the main shoot 

inflorescence. Consequently, long photoperiods and the dominant Ppd-H1 allele reduced the number 

of spikelet primordia, but promoted spikelet fertility and ensured main shoot survival. 

In the absence of a complete barley genome reference sequence, we generated a barley reference 

sequence for improved analysis of a shoot apex specific transcriptome from the vegetative and early 

reproductive phases. Genes differentially regulated during development or in response to day length 

and variation at Ppd-H1 were classified into 31 co-expression clusters, and characterized by enriched 

Gene Ontology terms, thus providing a valuable resource for future studies on shoot apex 

development in barley. 

LD and the dominant Ppd-H1 allele caused an up-regulation of the barley orthologs of Flowering Locus 

T, HvFT1 in the leaf and HvFT2 in the MSA. Both genes were co-regulated with genes involved in 

nutrient transport and flower fertility, suggesting that improved nutrient mobilization under LD was 
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important to maintain inflorescence development. LD and the dominant Ppd-H1 allele up-regulated 

the expression of the three AP1/FUL-like MADS box transcription factors, HvVRN1, HvBM3 and HvBM8 

and floral homeotic genes homologous to APETALA3, PISTILATA, SEPALLATA1 and 3 of Arabidopsis. 

Floral development was thus strongly LD dependent. Contrastingly, floral transition correlated with 

the day-length and Ppd-H1 independent down-regulation of the SHORT VEGETATIVE PHASE-like (SVP-

like) genes HvBM1, HvBM10 and HvVRT2 and a Ppd-H1 independent up-regulation of HvSOC1-1 in the 

MSA. Thus, expression of SVP-like genes and HvSOC1-1 in the MSA seemed to be independent of HvFT1 

and HvFT2 expression levels in barley. These results point to differences in the regulation of the floral 

transition in Arabidopsis, where SOC1 and SVP are regulated by FT. 

In summary, our results demonstrate that LD and Ppd-H1 control the number and maturation of floral 

primordia presumably by up-regulating FT-like genes and improving nutrient mobilization in the leaf 

and MSA. The study thus lays the foundation to understanding the genetic and molecular control of 

pre-anthesis development and yield structure in temperate cereals. 
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Zusammenfassung 

Der zeitliche Ablauf der reproduktiven Entwicklung bestimmt die Ährenstruktur und somit den Ertrag 

in Nutzgräsern der gemäßigten Zone wie zum Beispiel von Gerste (Hordeum vulgare L.). Unter Langtag 

(LT) Bedingungen beschleunigt das Photoperiode abhängige Ppd-H1 Gen die Blüte von Gerste. Eine 

natürliche Mutation in Ppd-H1, wie sie vor allem in Sommergerste vorkommt, führt zu einer 

abgeschwächten Reaktion auf die Photoperiode und verzögert die Blüte im LT. Über die genetische 

Regulation, wie  LT und Ppd-H1 die Entwicklung bis zur Blüte (Prä-Anthese Entwicklung) in Gerste 

steuern und somit die Ährenarchitektur und den Ertrag beeinflussen, ist jedoch nur wenig bekannt. 

Die vorliegende Arbeit beschreibt die morphologischen und molekularen Veränderungen in Blättern 

und am Sprossapex während der Prä-Anthese Entwicklung von Gerste, sowie deren Abhängigkeit von 

der Photoperiode und genetischer Variation in Ppd-H1. Hierzu wurden in den drei Sommergersten 

Scarlett, Bowman und Triumph und in von diesen abstammenden Ppd-H1 Introgressionslinien 

Genexpressionsanalysen mittels RNA-Sequenzierung und qRT-PCR in Blättern und am 

Hauptsprossapex (HSA)  durchgeführt. Die Sommergersten tragen die zuvor beschriebene natürliche 

Mutation in Ppd-H1 und die Introgressionslinien das dominante und Photoperiode sensitive Ppd-H1 

Allel aus Wild- bzw. Wintergerste. 

LT und das dominante Ppd-H1 Allel beschleunigten alle Entwicklungsphasesn des HSA, besonders 

jedoch die Infloreszenzentwicklung. Transferexperimente zwischen LT und Kurztag (KT) zeigten, dass 

die Dauer der vegetativen und frühen reproduktiven Phase die Anzahl der Blütchen und Körner pro 

Ähre bestimmt. Im Gegensatz zu Arabidopsis, der zu einer vollständigen Blühinduktion wenige Tage 

mit langer Photoperiode ausreichen, benötigte Gerste LT Bedingungen während der gesamten Prä-

Anthese Entwicklung zur Produktion fertiler Blüten. Zwar fand die Transition von vegetativem zu 

reproduktivem Wachstum (Blühtransition) auch unter KT statt, die kurze Photoperiode beeinträchtigte 

jedoch die Infloreszenzentwicklung und führte zu einem frühzeitigen Absterben des HSA. Somit 

verringerten LT und das dominante Ppd-H1 Allel zwar die Anzahl der induzierten Blütenprimordien, 

ermöglichten aber die Fortentwicklung der Hauptsprossinfloreszenz und förderten die Blütenfertilität. 

Aufgrund einer nur unvollständigen Gerstengenomsequenz stellten wir für die Analyse des 

Sprossapikaltranskriptoms während der vegetativen und frühen reproduktiven Phase eine spezifische 

Referenzsequenz zusammen. Gene, die zwischen verschiedenen Entwicklungsstadien des HSA, 

Photoperioden oder aufgrund genetischer Variation an Ppd-H1 differentiell reguliert waren, wurden 

in 31 Co-Expressionscluster eingeteilt und mit Hilfe von Gene Ontology Annotationen charakterisiert. 
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Die so identifizierten Gencluster stellen ein wertvolles Hilfsmittel für zukünftige Analysen der 

Sprossapexentwicklung in Gerste dar. 

Im Detail, führten LT und das dominante Ppd-H1 Allel zu einer erhöhten Expression von HvFT1 und 

HvFT2, die beide Orthologe des FLOWERING LOCUS T (FT) Gens in Arabidopsis darstellen. Die Co-

Regulation von HvFT1 und HvFT2 mit Genen des Nährstofftransports und der Blütenentwicklung 

deutete darauf hin, dass möglicherweise eine erhöhte Nährstoffverfügbarkeit zur Aufrechterhaltung 

der Infloreszenzentwicklung unter LT beigetragen haben könnte. Die starke LT Abhängigkeit der 

Infloreszenzentwicklung zeigte sich außerdem an einer LT und Ppd-H1 abhängige Induktion der drei 

AP1/FUL-like MADS-box Transkriptionsfaktoren HvVRN1, HvBM3 und HvBM8 sowie von Homologen 

der homöotischen Blütenentwicklungsgene APETALA3, PISTILATA und SEPALLATA1 und 3 aus 

Arabidopsis. Im Gegensatz hierzu, korrelierte die Blühtransition mit einer Photoperiode und Ppd-H1 

unabhängigen Repression der SHORT VEGETATIVE PHASE-like (SVP-like) Gene HvBM1, HvBM1, HvVRT2 

und einer Ppd-H1 unabhängigen Induktion von HvSOC1-1 im Sprossapex. Die Expression von SVP-like 

Genen und HvSOC1-1 am Sprossapex war daher unabhängig von der HvFT1 und HvFT2 Expression in 

Gerste, was auf Unterschiede zu der FT abhängigen Regulation von SVP und SOC1 in Arabidopsis 

hindeutet. 

Zusammenfassend zeigen die Ergebnisse, dass LT und Ppd-H1 die Anzahl und Entwicklung von 

Blütenprimordien möglicherweise durch die Induktion von FT-like Genen und einer gesteigerten 

Nährstoffverfügbarkeit in Blättern und am Sprossapex regulieren. Wir präsentieren somit erste 

grundlegende Ergebnisse, die zum weiteren Verständnis der genetischen Regulation der Prä-Anthese 

Entwicklung und somit der Ertragsstruktur von Getreiden der gemäßigten Zone beitragen können. 
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1 Introduction 

Cereals are the most important staple crops produced for animal feed and human consumption. Wheat 

and barley are among the top four cereal crop species with a yearly production of ca. 713 Mt and 145 

Mt, respectively, harvested from an arable land of 268 Mha worldwide in 2013 (FAO 2014). Improving 

yield of the small grain cereals barley and wheat requires the plant phenology to match the constraints 

of the targeted environment. Thus, the control of flowering time, as the time from germination to 

anthesis, has been identified as a key adaptive trait in breeding programs to maximize crop yields. 

1.1 Phenology of reproductive development in barley 

Barley is a facultative long-day (LD) plant and flowering time is controlled in response to environmental 

cues, primarily by photoperiod, ambient temperature and vernalization. In some barley genotypes 

short-day (SD) accelerates flowering time in a similar way as cold treatment, and was therefore 

referred to as short-day vernalization (Roberts et al. 1988). Unlike ambient temperature, photoperiod 

and vernalization have a predominant impact on the developmental rate only during certain parts of 

the pre-flowering period (Slafer and Rawson 1994, Gonzáles et al. 2002, Whitechurch et al. 2007), thus, 

different phenological phases of pre-anthesis development differ in their sensitivity to distinct 

environmental cues. 

Pre-anthesis development in temperate cereals has been divided into three phases based on 

morphological changes of the shoot apex: the vegetative phase, the early reproductive phase and the 

late reproductive phase (Fig. 1, Slafer and Rawson 1994, Gonzáles 2002, Garcia del Moral et al. 2002), 

previously described as pre-inductive, inductive and post-inductive phase by Ellis et al. (1988). During 

the vegetative phase, the crop initiates leaves until floral initiation, which is generally estimated as the 

formation of the first spikelet primordia, visible as double ridges at the shoot apex of the main shoot. 

In the subsequent early reproductive phase, the spikelets are differentiated until the initiation of the 

terminal spikelet in wheat. Finally, during the late reproductive phase, the stem internodes elongate, 

the spikelet primordia reach their maximum number at awn primordium stage in barley, and then 

mature. During this process some florets degenerate while others reach the fertile stage at anthesis. 

A quantitative scale for barley development based on the morphogenesis of the shoot apex and carpels 

has been introduced by Waddington et al. (1983). Hereafter, developmental stages of the shoot apex 

will be referred to as Waddington stages (W). 

 
 
 



Introduction 
 

6 
 

 
Figure 1: Yield component traits, as determined during distinct phenological phases of barley. Selected macroscopic stages 
of barley development are shown referring to the Zadoks scale (Zadoks et al. 1974). Z10: time of emergence; Z30: beginning 
of stem elongation; Z49: first awns visible outside the leaf sheath (also: “tipping”, Alqudah and Schnurbusch 2014); Z65: 
beginning of anthesis. Developmental stage of the shoot apex and inflorescence at each macroscopic stage are demonstrated 
in sketches and photos and the Waddington stage is reported below the sketch (Waddington et al. 1983). VA: vegetative 
shoot apex; TA: transition apex; DR: double ridge stage; StP: stamen primordium stage; AwP: awn primordium stage; TP: 
tipping; An: anthesis. Photos at TP and An represent the stigma of the most advanced spikelet of the main shoot spike. 
Developmental processes at the shoot apex, yield component traits and phenological phases are presented in the boxes 
below. Durations of the developmental processes/ phases are represented by the bar length in relation to the developmental 
stages of the apex. The figure is adapted from Slafer and Rawson 1994, García del Moral et al. 2002, Borrás-Gelonch 2013 
(thesis). 
 

Vernalization affects flowering time, predominantly by reducing the duration of the vegetative phase 

(Griffiths et al. 1985, Roberts et al. 1988), although minor effects of vernalization were also reported 

on the subsequent phases (Gonzáles 2002). In contrast, long photoperiods had minor effects on the 

duration of the vegetative phase, but strongly accelerated the late reproductive phase of inflorescence 

development (Roberts et al. 1988, Miralles and Richards 2000). Analyses of wheat development under 

artificially manipulated photoperiods have shown that the stem elongation phase was the most 

sensitive to changes in photoperiod (Slafer et al. 2001). Thus, the timing and duration of the different 

developmental phases vary independently and are determined genetically in response to the 

environment (González et al. 2003, Whitechurch et al. 2007). 

1.2 Flowering time as determinant of yield 

Flowering time integrates the durations of pre-anthesis phases and depends on a timely coordination 

of morphological changes at the shoot apex, formation of the spike, and plant growth, e.g. stem 

elongation. During the maximum stem and spike growth phase floret primordia are aborted, which has 

been attributed to the competition between spike and stem for limited assimilates (Fig. 1, Gonzáles et 
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al. 2003, Ghiglione et al. 2008, Gonzáles et al. 2011). Consequently, the duration of stem elongation 

has been associated with the number of fertile florets (Miralles and Richards 2000, Gonzáles et al. 

2003, Slafer 2003), which is correlated to the spike dry weight at anthesis and sets the final number of 

grains, the most important component of cereal yield (Reynolds et al. 2009). Slafer et al. (2001) 

hypothesized, that increasing the duration of stem elongation phase would result in a higher number 

of fertile florets as an alternative to improving wheat yield potential. However, they further suggested 

that manipulating the length of different developmental phases should be achieved without affecting 

the total time to flowering, but specifically by changing the partitioning between individual pre-

anthesis phases before and after the onset of stem elongation. Thus, a better understanding of the 

physiological and genetic basis of flowering time, including possible signaling in response to different 

environmental cues, such as photoperiod and temperature may permit floret abortion to be minimized 

for a more optimal source-sink balance. 

1.3 Variation in flowering time and adaptation 

Genetic variation in the vernalization and photoperiod pathways was crucial for the successful 

expansion of barley cultivation from the Fertile Crescent to temperate climates. Vernalization 

requirement and response are characterized by the temporal separation between the plant’s exposure 

to cold in winter and the onset of flowering in spring and a renewed vernalization requirement for 

flowering in subsequent generations. This vernalization requirement prevents flowering during winter 

for the protection of the floral organs from cold. After exposure to cold and completed vernalization, 

photoperiod sensitivity induces flowering in response to increasing day length.   

Barley is characterized by two major growth types: winter and spring. Winter growth types are defined 

here as genotypes which show accelerated flowering after vernalization, a prolonged exposure to cold 

temperature. In contrast, spring barley does not respond to vernalization. However, there exists a 

continuous gradation regarding spring and winter growth habits from typical spring to extreme winter 

(vernalization requirement) (Enomoto 1929, within Saisho et al. 2011). Wild barley H. vulgare ssp. 

spontaneum, the progenitor of cultivated barley originated in the Fertile Crescent and is still a 

widespread species found over the Eastern Mediterranean basin and Western Asiatic countries. Wild 

barley is classified as having a winter growth habit and early flowering under LD, indicating that the 

winter growth habit is ancestral in barley (Saisho et al. 2011). In Mediterranean areas and the Near 

East, cultivated barley is generally sown in autumn and typically displays a winter growth habit, 

responds to vernalization, but may also flower eventually in the absence of vernalization. However, 

there exists large variation in growth habit between and within landrace populations from the Fertile 

Crescent (Weltzien 1988, 1989). The distribution of winter and spring type genotypes in the Fertile 
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Crescent coincides with the increasingly continental weather patterns from west and south to east, 

and depends on the use of barley for sheep grazing in some areas. The spring growth type is thus more 

common in coastal areas and southern parts of the Fertile Crescent where winter temperatures are 

mild, but cultivars with and without vernalization response occupy similar cultivation areas (Yasuda et 

al. 1993, Saisho et al. 2011). Winter growth types have been selected and improved for cold resistance 

for cultivation in northern latitudes (Cockram et al. 2007). Spring growth types have been selected and 

bred for sowing in spring and a reduced photoperiod response for late flowering in summer. Late 

flowering in temperate environments with a long growing season allows cereal crops to exploit an 

extended vegetative period for resource storage. A further expansion of barley cultivation to northern 

areas with cold winters and short summers required the selection of early flowering in spring grown 

barley. This led to the selection of early flowering genotypes which do not respond to the photoperiod 

or vernalization, and are characterized by the presence of the so called “earliness per se” (eps) or "early 

maturity” (eam) genes. Scandinavian breeding programs used different mutagenic treatments to 

generate early maturing barley mutants in spring barley backgrounds which produce a day neutral 

phenotype with rapid flowering under SD or LD conditions (Lundvquist 2009). For example, the eam8 

mutation on chromosome 1HL generated by mutagenic treatment and detected in natural lines was 

successfully introduced into breeding lines and released as cultivars adapted to Scandinavian 

cultivation areas. Derived cultivars (Mari) were also used in breeding programs to breed for early 

flowering and adaptation to terminal drought in Mediterranean areas (Lundqvist et al. 2009). 

1.4 Flowering time genes and floral pathways in barley 

The genetic control of flowering time in response to photoperiod and vernalization has been 

extensively studied in Arabidopsis thaliana, henceforth referred to as Arabidopsis, which is like barley 

and wheat a facultative long-day plant and grows as a summer and winter annual. Flowering time 

genes and pathways as revealed in Arabidopsis show a high degree of conservation across plant 

species. Orthologs of a large number of Arabidopsis flowering time genes, notably from the 

photoperiod response pathway, have been detected in the cereals (Cockram et al. 2007, Distelfeld et 

al. 2009, Higgins et al. 2010). However, major flowering time genes in barley and wheat have been 

identified using natural genetic diversity and QTL mapping (Turner et al. 2005, Yan et al. 2003), rather 

than homology to Arabidopsis flowering time genes. Nevertheless, information from Arabidopsis has 

supported the functional characterization of barley flowering time regulators and assignment to floral 

pathways. Major regulators of flowering time in barley are the photoperiod response gene Ppd-H1, 

and the vernalization responsive genes Vrn-H1, Vrn-H2 and Vrn-H3 (Turner et al. 2005, Yan et al. 2003, 

2004, 2006). Figure 2 provides an overview on barley flowering time genes and their connectivity 
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within the flowering time pathway. Figure 3 indicates map positions of major flowering time genes and 

QTL. Allelic variation and functional interactions between the genes are discussed below.  

 

Figure 2: Flowering time model in barley. The interactions between photoperiod and vernalization pathways are shown. 
Numbers in brackets indicate literature in which experimental evidences support this model, dashed lines indicate alternative 
models of gene interactions; (1) Laurie et al. 1995; (2) Dunford et al. 2005; (3) Turner et al. 2005; (4) Yan et al. 2006; (5) Faure 
et al. 2007; (6) Shitsukawa et al. 2007; (7) Hemming et al. 2008; (8) Li and Dubcovsky 2008; (9) Kikuchi et al. 2009; (10) 
Shimada et al. 2009; (11) Hong et al. 2010; (12) Casao et al. 2011; (13) Kikuchi et al. 2011; (14) Campoli et al. 2012a; (15) 
Faure et al. 2012. 

1.4.1 Photoperiod pathway 

The acquisition of day length neutrality was crucial for the “green revolution” and the development of 

superior wheat cultivars (Borlaug 1983). Photoperiod insensitivity is widespread in the world’s wheat 

varieties and predominates in regions where spring wheat is grown as a crop over the winter (short-

day) period and where autumn sown winter wheat needs to mature in the following year before the 

onset of high summer temperatures (Law 1987, Law and Worland 1997, Worland and Snape 2001). A 

mutation in the regulatory region of the photoperiod response factor Ppd-D1 was identified as 

causative for day length-neutrality in wheat (Beales et al. 2007). Recent studies have shown that 
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functional variation at Ppd-D1a, Ppd-A1a or Ppd-B1a in tetraploid and hexaploid wheat are associated 

with deletions in the promoter of the gene or differences in copy number which all result in an up-

regulation of the Ppd1 homeologous genes (Wilhelm et al. 2009, Shaw et al. 2012, Diaz et al. 2012). In 

barley, the homeologous photoperiod response gene Ppd-H1 maps to the short arm of chromosome 

2H and is considered the key gene in determining flowering time under LD conditions. Ppd-H1 is a 

member of the pseudo-response regulator (PRR) family, orthologous to the circadian clock gene PRR7 

in Arabidopsis. The dominant Ppd-H1 allele causes early flowering under LD and is prevalent in 

(Mediterranean) winter and wild barley. Mutations in the conserved CCT-domain or the sixth exon of 

the gene were associated with the late flowering under inductive long photoperiods, and these 

mutations have been selected in Northern European spring barley genotypes (Turner et al. 2005, Jones 

et al. 2008). Turner et al. (2005) have shown that barley genotypes with a dominant Ppd-H1 allele are 

characterized by elevated expression of Vrn-H3/HvFT1. Similarly, increased expression of Ppd1 in 

wheat up-regulated the TaFT homoeologous genes in a genome-independent manner (Shaw et al. 

2012). TaFT and Vrn-H3 map to the short arm of the homoeologous chromosome group 7 and encode 

a RAF kinase inhibitor like protein with homology to the protein of the Arabidopsis gene Flowering 

locus T (FT). Polymorphisms in the first intron of Vrn-H3 have been associated with winter or spring 

growth habit, where the spring allele shows a higher expression level (Yan et al. 2006). In Arabidopsis, 

FT is the mobile florigen hormone which moves as a protein from the leaves through the phloem to 

the shoot apical meristem where it induces the switch from vegetative to reproductive growth 

(Corbesier et al. 2007). Tamaki et al. (2007) have shown that also in rice the protein encoded by Hd3a, 

orthologous to FT, moves from the leaf to the shoot apical meristem and induces flowering.  

The prominent role of PPD1 in the control of photoperiod sensitivity in wheat and barley suggests that 

the circadian clock plays an important role in the control of flowering in cereals. Circadian clocks 

synchronize biological processes with the diurnal cycle, using molecular mechanisms that include 

interlocked transcriptional feedback loops. In Arabidopsis, the circadian clock is composed of three 

negative feedback loops: (a) the inhibition of evening complex (EC) genes EARLY FLOWERING 3 (ELF3), 

EARLY FLOWERING 4 (ELF4) and LUX ARRHYTHMO (LUX, also known as PHYTOCLOCK1) by the rise of 

CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) late at night, (b) the 

inhibition of PRR genes by the EC  early at night, and (c) the inhibition of LHY/CCA1 by TIMING OF CAB 

EXPRESSION1 (TOC1) in the morning (Huang et al. 2012, Pokhilko et al. 2012). In addition, the evening 

expressed GIGANTEA (GI) protein was modeled as a negative regulator of the EC, which in turn inhibits 

TOC1 expression (Pokhilko et al., 2012).  Campoli and colleagues (2012b) have shown that circadian 

clock genes are structurally conserved in barley compared to Arabidopsis and their circadian 

expression patterns suggested conserved functions. However, phylogenetic analyses revealed that 

duplications/deletions of clock genes occurred throughout the evolution of eudicots and monocots. 
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For instance the PRR genes duplicated independently in monocots and eudicots, and only one homolog 

of the two paralogous Arabidopsis clock genes LHY/CCA1 is found in monocots (Takata et al. 2010, 

Campoli et al. 2012b). In this context it is interesting to note that natural variation at PPD1 in barley 

and wheat are major determinants of photoperiod sensitivity (Turner et al. 2005, Beales et al. 2007), 

while natural variation at PRR genes in Arabidopsis did not have a strong effect on flowering time 

(Ehrenreich et al. 2009). In barley, day length neutrality has not been widely used in breeding 

programs, but natural and induced early maturity (eam) mutants have been used to breed for early 

flowering spring barley (Lundqvist 2009). Recently, the gene underlying the eam8 locus on 

chromosome 1H was identified as HvELF3, orthologous to the Arabidopsis clock gene ELF3 (Faure et 

al. 2012, Zakhrabekova et al. 2012). Faure and colleagues (2012) showed that under non-inductive SD 

conditions, the mutation at HvElf3 causes an up-regulation of Ppd-H1 and consequently an activation 

of the downstream photoperiodic pathway. In Arabidopsis, ELF3 physically associates with the 

promoter of PRR9 to repress its transcription suggesting that transcriptional targets of ELF3 are partly 

conserved between Arabidopsis and barley (Dixon et al. 2011, Herrero et al. 2012). The molecular and 

phenotypic effects of the mutation in HvElf3 were thus similar to the effects of mutation in the 

promoter of Ppd-D1a; both mutations cause an up-regulation of PPD1 and photoperiod insensitivity. 

The circadian clock also controls expression of output genes from the flowering time pathway. In 

Arabidopsis, FT expression is triggered by the photoperiod response gene CONSTANS (CO) (Samach et 

al. 2000). CO is regulated at the transcriptional level by several genes that are part of the circadian 

clock or are under circadian clock control, so that CO mRNA accumulates at the end of a long day. At 

the protein level CO is regulated by the cryptochromes Cry1 and Cry2, the phytochromes PhyA, PhyB, 

and the ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) that respectively stabilize CO 

in light or de-stabilize CO in darkness (Jang et al. 2008). As CO transcription occurs before dusk in LD 

but after dusk in SD, CO protein only accumulates and mediates transcription of FT under LD (Turck et 

al. 2008). 

In barley, nine orthologs of the AtCO gene have been isolated, with HvCO1 and HvCO2 showing the 

highest similarity to the Arabidopsis CO gene, while HvCO1 is the positional ortholog of Hd1, a major 

determinant of photoperiod sensitivity in rice (Griffith et al. 2003, Higgins et al. 2010). Turner et al. 

(2005) suggested that the mutation in Ppd-H1 of spring barley delayed flowering time by shifting the 

diurnal expression peaks of HvCO1 and HvCO2 mRNA into the dark phase, so that the protein is not 

synthesized and Vrn-H3/HvFT1 not expressed. Campoli et al. (2012a) have recently confirmed that 

HvCO1 induces flowering in barley, over-expression of HvCO1 up-regulated HvFT1 and accelerated 

flowering under LD and SD conditions. However, analysis of a mapping population segregating for over-
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expression of HvCO1 and functional variation at Ppd-H1 showed that Ppd-H1 induced HvFT1 expression 

downstream or independent of HvCO1 transcription (Campoli et al. 2012a).  

In Arabidopsis, CO transcription is controlled by the clock protein GI (Fowler et al. 1999).  In barley, 

functional conservation of the single ortholog HvGI has not yet been demonstrated (Dunford et al. 

2005). However, in rice over-expression of OsGI induced expression of Hd1, the rice ortholog of CO in 

Arabidopsis (Hayama et al. 2003). In addition, heterologous expression of the Brachypodium 

dystachion GIGANTEA protein in a GI-deficient Arabidopsis mutant rescued the late flowering 

phenotype, suggesting that the role of GI is conserved in the Triticeae species (Hong et al. 2010).  

In barley, five different FT-like genes were detected, HvFT1, HvFT2, HvFT3, HvFT4 and HvFT5 (Faure et 

al. 2007), of which only HvFT1 (Vrn-H3) has been identified as a flowering promoter (Kikuchi et al. 

2009). However, HvFT3 has been recently proposed as a candidate gene for the photoperiod response 

gene Ppd-H2 which maps to the long arm of chromosome 1H (Faure et al. 2007, Kikuchi et al. 2009). 

So far, two major functional variants of HvFT3 are known (Casao et al. 2011a, 2011b, Cuesta-Marcos 

et al. 2008a). The dominant functional allele is prevalent in Southern European barley germplasm and 

causes faster flowering under SD conditions when vernalization is not fully satisfied (Casao et al. 

2011b). A partial deletion of the gene results in a recessive non-functional allele that is common in 

winter barley (Kikuchi et al. 2009, Faure et al. 2007). Expression of both, HvFT1 and HvFT3 is repressed 

by Vrn-H2 and thus also controlled by the vernalization pathway (Yan et al. 2006, Casao et al. 2011a). 

1.4.2 Vernalization pathway 

Vernalization response in barley is primarily controlled by genetic variation at Vrn-H1 and Vrn-H2. Vrn-

H1, located on the long arm of chromosome 5H, encodes a MADS-box transcription factor with high 

similarity to the Arabidopsis meristem identity genes APETALA1, CAULIFLOWER, and FRUITFUL (Yan et 

al. 2003). The recessive winter allele at Vrn-H1 is only expressed after exposure to cold. Insertions or 

deletions in the first intron of Vrn-H1 in spring barley cause up-regulation of the gene independently 

of vernalization (Hemming et al. 2009). Hemming et al. (2009) identified regions within the first intron 

of Vrn-H1 associated with the repression of the gene in non-vernalized plants. These regions, however, 

are not required for induction of Vrn-H1 by cold (Hemming et al. 2009). Expression of Vrn-H1 is 

important for the transition to reproductive growth. The Triticum monococcum mutant mvp 

(maintained vegetative phase), which carries a deletion of the VRN1 locus, never transitioned from the 

vegetative to the reproductive phase (Shitsukawa et al. 2007). Although a deletion of additional 

flowering time genes, e.g. PHYTOCHROME C, were linked to the deletion of the VRN1 locus in the mvp 

mutant (Distelfeld et al. 2010), Shimada et al. (2009) described that in wheat, the up-regulation of 

VRN1 under LD was followed by the accumulation of VRN3 (TaFT) transcripts, while TaFT was not 

http://jxb.oxfordjournals.org/content/early/2010/12/03/jxb.erq382.full#ref-11
http://jxb.oxfordjournals.org/content/early/2010/12/03/jxb.erq382.full#ref-21
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expressed in the mvp mutant of einkorn wheat. Consequently, the authors suggested that VRN1 is 

upstream of VRN3 (FT) and up-regulates VRN3 expression under LD conditions. Additionally, Diaz et al. 

(2012) have demonstrated that as for PPD1, copy number variation of VRN1 correlated with the 

expression level and vernalization requirement. However, most recently, Chen et al. (2012) reported 

that VRN1 is only indirectly required for the induction of TaFT in wheat, by repressing the TaFT-

repressor VRN2 upon vernalization. However, VRN1 was not required for the induction of TaFT1 and 

flowering in the absence of VRN2. 

In barley, Vrn-H1 down-regulates expression of Vrn-H2, which is only expressed under LD conditions. 

The Vrn-H2 region on chromosome 4HL includes one truncated and two full sequence ZCCT (Zinc finger 

and CCT domain) genes, ZCCT-Ha, ZCCT-Hb, ZCCT-Hc with no clear orthologs in Arabidopsis (Yan et al. 

2004). In photoperiod-sensitive winter barley, Vrn-H2 represses Vrn-H3 (HvFT1) to counteract the Ppd-

H1 dependent long-day induction of Vrn-H3 prior to winter. Vrn-H2 expression is maintained at high 

levels, prior to vernalization and down-regulated by Vrn-H1 during exposure to cold. Up-regulation of 

Vrn-H1 during vernalization and consequent down-regulation of Vrn-H2 promotes inflorescence 

meristem identity at the shoot apex and accelerates inflorescence initiation. Down-regulation of Vrn-

H2 transcript levels in the leaves facilitates the up-regulation of Vrn-H3 under LDs mediated by Ppd-

H1 and possibly by HvCO1 (Yan et al. 2006, Hemming et al. 2008, Campoli et al. 2012a). High levels of 

Vrn-H3 in turn up-regulate Vrn-H1. Li and Dubcovsky (2008) have shown that wheat VRN3 induces 

VRN1 transcription via the interaction with FDL2 (FD-LIKE2) and argue that VRN3 is the integrator of 

low temperature and long daylength responses.  

Kikuchi et al. (2011) have recently shown that HvCO9, which belongs to the same grass specific CO-like 

subfamily of the flowering repressors Vrn-H2 in barley and Ghd7 in rice (Xue et al. 2008), delays 

flowering under non-inductive SD conditions, possibly by down-regulating HvFT1. In the Triticeae, the 

chromosomal region on 4H containing the Vrn2 locus has originated from a duplication of a 

chromosomal region on chromosome 1 carrying the HvCO9 locus (Cockram et al. 2010). The Vrn2 locus 

may thus be derived from a targeted duplication of HvCO9 to the homeologous region after the 

divergence of Triticeae (Kikuchi et al. 2011). It is interesting that grass species have developed systems 

for flowering repression that are different from those of Arabidopsis. Despite homology between 

Arabidopsis and cereal flowering time genes, gene duplication may have favoured functional 

diversification of flowering time pathways. Functional comparison of cereal and Arabidopsis CO and FT 

families, for example, demonstrates that their connectivity within the flowering pathways has been 

modified; and they can be regulated by different external and internal factors.  
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1.5 QTL for flowering time in barley 

Functional variation at Ppd-H1, Ppd-H2, Vrn-H1, Vrn-H2 and Vrn-H3 has been consistently identified in 

QTL studies using crosses between elite winter and spring barley genotypes (Laurie et al. 1995, Sameri 

et al. 2011). However, QTL studies within winter barley germplasm, primarily in Mediterranean barley 

including wild barley (H. spontaneum) and barley landraces have revealed additional major flowering 

time loci.  Figure 3 shows consensus QTL for flowering time in barley and indicates candidate genes or 

potentially allelic mutants which map close to these QTL. A selection of the consensus QTL and possible 

candidate genes are discussed below.  

In crosses involving wild barley or Mediterranean landrace genotypes, QTL for flowering time are 

consistently detected close to the Eam6 locus at the centromeric region of chromosome 2H (Marquez-

Cedillo et al. 2001, Pillen et al. 2004, von Korff et al. 2008, Wang et al. 2010). This locus has major 

effects on flowering time in autumn sown field trials in Mediterranean and Australian environments 

and has been associated with variation in the duration of the basic vegetative period (Boyd et al. 2003, 

Cuesta-Marcos et al. 2008a, b). Eam6 on chromosome 2H was identified as an ortholog of Antirrhinum 

CENTRORADIALIS (HvCEN), homeologous to Arabidopsis TFL1. TFL1 is an FT-like gene, but unlike FT 

encodes a repressor of flowering. Comadran et al. (2012) showed that natural variation at HvCEN 

contributed to the adaptation of barley to higher latitudes with cool and wet summers and thus 

extended growing seasons. Genetic variation for flowering time control was also identified at the FLT-

2L locus on the long arm of chromosome arm 2H (Teulat et al. 2001, Ivandic et al. 2002, Boyd et al. 

2003, Baum et al. 2003, Pillen et al. 2003, 2004, von Korff et al. 2006, 2008, 2010, Eleuch et al. 2008, 

Borràs-Gelonch et al. 2010). The locus, which also affected plant height and rachis internode length, 

was fine mapped to a region which included HvAP2, a gene encoding an AP2 domain protein, with 

sequence similarity to the wheat domestication gene Q located on chromosome 5A and conferring a 

similar phenotype to the barley Flt-2L mutation (Chen A et al. 2009). A number of crosses involving 

elite and exotic germplasm also revealed genetic variation for flowering time at the long arm of 

chromosome 3H (Laurie et al. 1995, Bezant et al. 1996, Boyd et al. 2003, Baum et al. 2003, Szücs et al. 

2006, Cuesta-Marcos et al. 2008a). Early flowering at this locus was caused by the exotic allele and was 

correlated with increased plant height and reduced yield under favourable conditions, but increased 

yield under marginal rain-fed conditions (von Korff et al. 2006, von Korff et al. 2008). This QTL coincides 

with the sdw1/denso locus which reduces growth and has been selected in elite barley to reduce 

lodging and optimize yield under favourable conditions. Ga20-oxidase, a gene involved in the synthesis 

of gibberellin has been recently proposed as a potential candidate for this locus (Jia et al. 2009).  
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Figure 3: Consensus map of flowering time QTL positions in barley. Positions of QTL and flowering time candidate genes 
were projected onto the Barley OPA 2011 consensus map of Muñoz-Amatriaín et al. (2011). Markers to the left of the 
chromosomes represent POPA SNP markers.  Numbers in diamond shaped boxes to the right of the chromosomes summarize 
approximate positions for flowering time QTL identified in at least four independent studies. QTL identified for individual pre-
anthesis phases in Borrás-Gelonch et al. 2010 and 2012 are indicated as circles: QTL for vegetative and early reproductive 
phase in blue (A-E) and QTL for stem elongation phase in red (F-J). Positions of centromeres are indicated as black filled ovals. 
References for candidate genes are reported in the text. Publications corresponding to QTL positions are indicated with 
indices. 1: Baum et al. 2003; 2: Bezant et al. 1996; 3: Borrás-Gelonch et al. 2010; 4: Boyd et al. 2003; 5: Chen A et al. 2009; 6: 
Cuesta-Marcos et al. 2008a; 7: Cuesta-Marcos et al. 2008b; 8: Ivandic et al. 2002; 9: Laurie et al. 1995; 10: Márquez-Cedillo 
et al. 2001; 11: Pillen et al. 2003; 12: Pillen et al. 2004; 13: Szücs et al. 2006; 14: Teulat et al. 2001; 15: von Korff et al. 2006; 
16: von Korff et al. 2008; 17: Wang et al. 2010, 18: Borrás-Gelonch et al. 2012. 

 

QTL for flowering time at the centromeric region of chromosome 6H also coincided with QTL for plant 

height and yield, where the wild barley alleles reduced time to flowering, plant height and yield under 

favourable conditions (Laurie et al. 1995, Bezant et al. 1996, Ivandic et al. 2002, Pillen et al. 2004, Korff 

et al. 2006, Cuesta-Marcos et al. 2008a, b). The blue/UV-A light cryptochrome photoreceptors Cry1a 

and Cry2, which regulate plant growth and development (Quail 2002), map to the centromeric region 

of 6H (Szücs et al. 2006). Furthermore, the same region of 6H harbours the eam7 mutation which 

determines photoperiod insensitivity and early flowering under LD conditions (Stracke and Börner 

1998). QTL studies for agronomic traits suggest that flowering time is strongly correlated with plant 

height and yield. However, very little is known about direct or indirect effects of individual flowering 

time genes and QTL on plant architecture and yield structure. Genetic dissection of individual pre-
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anthesis phases may thus allow further characterizing pleiotropic effects of individual flowering time 

genes on plant architecture and yield components. 

1.6 Pleiotropic effects of flowering time genes 

Studies in rice and tomato have already demonstrated that flowering time genes have pleiotropic 

effects on a number of traits including inflorescence architecture and grain yield. In rice, Ghd7 

encoding a CCT domain protein, acts as a regulator of flowering time, panicle size and seed number 

(Xue et al. 2008). In tomato, the loss-of-function allele of SINGLE FLOWER TRUSS (SFT) increases the 

total number of inflorescences, flowers and fruits per plant. This gene was shown to increase yield up 

to 60% if in heterozygous state, providing one of the first example of overdominance in heterosis for 

yield (Krieger et al. 2010). Although major cereal genes have been identified which affect the time from 

germination to flowering/anthesis, little information exists about genes and molecular changes in the 

leaf and in the meristem that determine the initiation and duration of the different developmental 

phases (Shitsukawa et al. 2007, Chen Y et al. 2009, González et al. 2005, Borrás-Gelonch 2012a, 2012b). 

In wheat, expression of VRN1 is important for the transition to a reproductive meristem (Shitsukawa 

et al. 2007). However, Chen Y et al. (2009) found that variation in stem elongation and inflorescence 

development mapped close to Vrn-H1 in a barley mapping population, suggesting that this gene also 

affects later developmental phases. Variation in the duration of the vegetative phase was also ascribed 

to eam or eps loci.  Lewis et al. (2008) found that variation at the eps-A1 locus affected transition to 

the reproductive stage and formation of a terminal spikelet, but not inflorescence development in 

wheat. These differences were paralleled by a significant decrease in the number of spikelets per spike, 

in both greenhouse and field experiments. In contrast, variation at the photoperiod response gene 

Ppd-H1 and over-expression of HvCO1 primarily affected the stem elongation phase and inflorescence 

development (Campoli et al. 2012a). However, studies in wheat have shown that variation at Ppd-D1 

affected all phases of pre-anthesis development (González et al. 2005). The authors also showed that 

lengthening the late reproductive phase of stem elongation in wheat, increased spike weight and the 

number of fertile florets at anthesis. These studies demonstrate that flowering time genes have an 

indirect effect on yield potential by fine-tuning flowering time for an optimal adaptation to different 

environments. In addition to this indirect effect, flowering time genes have a more direct impact on 

yield by affecting basic developmental processes and thus individual grain yield components.  
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1.7 Thesis aims 

As described above, a better understanding of the genetic basis of pre-anthesis development may 

contribute to unravelling the genetic basis of inflorescence architectures and thus yield in cereals. 

However, previous studies investigated the genetic regulation of individual pre-anthesis phases by QTL 

analyses (Borrás-Gelonch et al. 2012a, 2012b) or focused on a limited number of candidate genes 

(Gonzáles et al. 2005, Trevaskis et al. 2007a, Shitsukawa et al. 2007). To the best of our knowledge, no 

efforts have been undertaken in wheat or barley so far to identify genes specifically acting at the shoot 

apex to regulate pre-anthesis development on a genome wide scale.  

Thus, in the present study, we were aiming at a detailed description of morphological and 

transcriptional changes in leaves and at the shoot apex during the leaf and spikelet initiation phase. 

Using RNA-sequencing and qRT-PCR, we intended to identify molecular changes in the shoot apex and 

leaf and correlate these to morphological changes at the main shoot apex. Our investigations on the 

genetic regulation of pre-anthesis development followed three major objectives:  

1) We aimed to characterize the effects of the photoperiod and variation at Ppd-H1 on 

different phases of shoot apex development, i.e. the floral transition, development and 

maturation of floret primordia and thus spikelet fertility and seed set.  

2) Although barley requires long photoperiods for completion of the flowering process, floral 

transition and early stages of inflorescence development are also reached by plants under 

short photoperiods. By investigating the transcriptomes of shoot apices at defined 

developmental stages of SD and LD grown plants, we were aiming at the identification of 

central regulators of the floral transition and early inflorescence development independent of 

the photoperiod in barley. 

3) Ppd-H1 has been described to promote the floral transition and inflorescence development 

in barley through induction of HvFT1 expression in leaves in response to long photoperiods 

(Turner et al. 2005, Campoli et al. 2012b). However, little is known about the genes acting 

downstream of Ppd-H1/ HvFT1 in leaves and at the shoot apex to promote reproductive 

development of barley. Thus, by making use of natural genetic variation at Ppd-H1, we 

intended to identify candidate genes acting as part of the photoperiod and Ppd-H1 dependent 

flowering pathway in leaves and shoot apices.  
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2 Results 

We investigated photoperiod and Ppd-H1-dependent and photoperiod-independent morphological 

and molecular changes during barley MSA development. For this purpose, we studied MSA and leaf 

development in three pairs of spring barley and derived introgression lines, Scarlett/S42-IL107, 

Bowman/BW281 and Triumph/Triumph-IL all differing for the natural mutation in Ppd-H1. Whole 

transcriptome changes in MSA and leaves of Scarlett and S42-IL107 were examined under SDs and LDs. 

In order to confirm developmental and Ppd-H1 dependent effects observed in the whole transcriptome 

analysis, expression of selected candidate genes was verified in MSA and leaves of all three pairs of 

introgression lines. 

2.1 Morphological analysis of barley lines with allelic variation at Ppd-H1 

2.1.1 Introgression of Ppd-H1 in spring barley background results in an acceleration of all phases 

of pre-anthesis development 

When plants were grown under LDs, heading date of the main shoot spike was recorded for Bowman 

at 39 days after germination (DAG), for Scarlett at 46 DAG and Triumph at 60 DAG (Fig. 5A). The 

introgression lines with the dominant Ppd-H1 allele exhibited a faster floral transition and reproductive 

development. BW281 headed at 23 DAG, S42-IL107 at 27 DAG and Triumph-IL at 35 DAG and thus 16, 

19 and 25 days earlier than the respective recurrent parents carrying the natural mutation at ppd-H1. 

Under LDs, the MSA of all genotypes showed a biphasic pattern of development. LDs and the 

introgression of Ppd-H1 caused only a moderate acceleration of the vegetative phase and early 

reproductive development until the beginning of internode elongation, but a strong acceleration of 

inflorescence development until heading (Fig. 4B, Suppl. Tab. S1). The acceleration of early plant 

development in the introgression lines was also reflected by the lower final number of leaves emerged 

from the main culm (Fig. 5B). Under SDs, the MSA developed at a constant rate and was not affected 

by genetic variation at Ppd-H1 (Fig. 4B, Suppl. Tab. S1). However, none of the investigated genotypes 

flowered from the main shoot under SDs, as the main shoot inflorescence was aborted before anthesis 

during the time of stem elongation (W4.0-W6.0). 
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Figure 4: Developmental phenotypes of barley main shoot apices 
(A) Development of the main shoot apex of Scarlett and S42-IL107. Developmental stage of the apex (W: Waddington stage) 
and number of leaves emerged from the main shoot are reported. Plants were grown under short-day conditions (SD) or 
transferred to long photoperiods (LD) seven days after germination (Day 0). Blue labels indicate stages, at which leaf and apex 
samples were harvested for transcriptome profiling using RNA-sequencing. White bars (500µm), blue bars (1mm). Broken 
line regression analyses are shown for (B) shoot apex development and (C) spikelet primordia appearance on main shoot 
inflorescences of plants germinated and grown under SD or LD. Positions of regression line breakpoints and their 95% 
confidence intervals (95%-CI) are indicated above each chart. Slopes of individual segments of the composite regression lines 
representing the rate of apex development and spikelet primodia induction with their 95%-CIs are presented in Suppl. Tab. 
S1. 
 
 

Further, we tested if the faster maturation of the MSA in the introgression lines was associated with 

an increased global activity of the shoot apical meristem. For this purpose, we determined the rate of 

spikelet primordia emergence at the MSA in Scarlett and S42-IL107 (Fig. 4C). The rate of spikelet 

primordia emergence was increased in both genotypes under LDs as compared to SDs. S42-IL107 

showed an earlier induction of the first spikelet primordia under LDs, and the rate of spikelet primordia 

emergence was increased with 2.7 as compared to Scarlett with 2.1 spikelet primordia per day (Suppl. 
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Tab. S1). Variation at Ppd-H1 affected the longevity of the inflorescence meristem (IM), as the period 

of spikelet primordia induction was prolonged in the presence of the mutated ppd-H1 allele, e.g. until 

W4.0 in S42-IL107 and until W6.0 in Scarlett. However, the number of spikelet primordia at W3.5 

corresponded to the number of fully developed spikelets per spike at flowering, suggesting that 

spikelet primordia emerged after W3.5 did not develop into fertile flowers (Fig. 5C). Because the 

duration of the early developmental phase was longer in the presence of a mutated ppd-H1 allele, the 

number of spikelet primordia at stamen primordium stage (W3.5), the number of final spikelets and 

seeds per spike was increased in Scarlett, Bowman and Triumph as compared to the introgression lines. 

 

 
Figure 5: Development related phenotypes of Scarlett/S42-IL107, Bowman/BW281 and Triumph/Triumph-IL 
(A) Main shoot related phenotypes recorded at the time of heading: (A) heading date, (B) leaf number. (C) Phenotypes of the 
main shoot spike recorded at stamen primordium stage (W3.5, spikelet primordia per inflorescence) or at plant maturity 
(spikelets per spike, seeds per spike). Bars represent means ± standard deviation over 5-15 plants. Significant differences 
(p<0.05) between spring barleys and derived Ppd-H1 introgression lines and between spike related phenotypes are indicated 
as asterisks and small letters on top of the charts, respectively. 
 

Taken together, the introgression lines showed an accelerated reproductive development under LDs, 

but not SDs. Under LDs, allelic variation for Ppd-H1 had the strongest effect on inflorescence 

development, while under SDs the MSA transitioned to a reproductive state but did not lead to the 

production of fertile spikelets on the main shoot spike. The increased number of seeds per spike in 

plants carrying the ppd-H1 allele (Fig. 5C), was caused by a decelerated IM maturation, and 

consequently IM termination, despite the reduced rate of spikelet primordia induction at the MSA. 

The coincidence of the number of spikelet primordia at W3.5 with the number of spikelets per spike 
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at plant maturity highlights the importance of the early reproductive development on determining the 

yield potential. 

2.1.2 SD increases the yield potential during the vegetative and early reproductive phases while 

LD is required for spikelet development and internode elongation during the late 

reproductive phase 

To further investigate the effects of the photoperiod during early phases of plant development on 

plant architecture and reproductive traits in more detail, we conducted a photoperiod shift-

experiment, transferring Scarlett and S42-IL107 plants from SD to LD and vice versa at different stages 

of MSA development. 

 

 

Figure 6: Effects of the photoperiod during plant development on heading date and final leaf number of Scarlett and S42-
IL107 
Plants of Scarlett (black) and S42-IL107 (white) were grown under short-day (SD) or long-day (LD) conditions. At different 
stages of MSA development (W0.5 – W10), plants were transferred from (A, C) LD to SD or from (B, D) SD to LD and remained 
in the respective photoperiod until plant senescence. (A, B) Heading date and (C, D) leaf number of the main shoot flag leaf 
were recorded for plants. Bars represent means ± standard deviation over 3 plants. Significant differences (p<0.05) between 
genotypes transferred from SD to LD and vice versa at the same developmental stage are indicated by asterisks above bar 
graphs. 
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Heading date of both genotypes was gradually delayed by short photoperiods, when plants were 

germinated under SD and transferred to LD conditions during early stages of MSA development 

(≤W4.5) (Fig. 6B). Plants responded as early as three days after germination to differences in 

photoperiod treatments, indicating the absence of a photoperiod insensitive, juvenile phase in barley. 

In agreement with the SD dependent delay of heading date, final number of leaves emerging from the 

main shoot gradually increased with prolonged SD treatments before shifting plants to LD, diminishing 

the difference of 2-3 leaves observed between genotypes under constant LD conditions (Fig. 6D). Both 

genotypes flowered with the same number of leaves, when plants were kept in SD until the emergence 

of the first spikelet primordia on the MSA, supporting that differences in the length of the vegetative 

phase (≤W1.5-2.25) between genotypes is reflected by the number of leaves emerged from the main 

shoot in barley. However, plants of both genotypes transferred to LD at W3.5 and W4.5 produced even 

more leaves than plants grown under SD until the end of the vegetative phase. This suggests that the 

number of leaves emerging from the main shoot is not a definite indication for the length of the 

vegetative phase, and thus does not reflect the time-point of floral transition with certainty. 

When plants were shifted from LD to SD conditions, long photoperiods gradually accelerated the 

timing of the vegetative to reproductive transition in Scarlett and S42-IL107, as indicated by the 

reduced number of leaves emerging from the main shoot (Fig. 6C).  The reduction in final leaf number 

was observed, when plants were shifted from LD to SD before the induction of the first floret primordia 

at the MSA (≤W2.0) and was more pronounced in S42-IL107 as compared to Scarlett, reflecting the 

increased photoperiod sensitivity of S42-IL107 in the presence of the photoperiod responsive Ppd-H1 

allele. 

Heading was observed in Scarlett only when transferred to SD after W8.0, i.e. shortly before heading 

(W8.5-9.5) under constant LD conditions (Fig. 6A). S42-IL107 plants also reached the heading stage 

when shifted to SD conditions at W5.0 already. However, for successful seed production on the main 

shoot spikes, Scarlett and S42-IL107 plants required LD until W9.0 and W8.0, respectively (Fig. 7G). In 

coincidence with heading date and seed production, LD was required for internode elongation of 

shoots and spikes in both genotypes (Fig. 7A, C).  Although spikes at plant maturity as well as shoot 

apices at any developmental stage were shorter in S42-IL107 than in Scarlett when plants were 

constantly grown under LD conditions (Fig. 4A, 7D), main shoot spikes were longer in S42-IL107 as 

compared to Scarlett, when plants were transferred to SD conditions before W8.0, i.e. the promoting 

effect of LD on internode elongation in spikes was retained to some extent in S42-IL107 but not in 

Scarlett even under SD. Despite its inhibitory effect of short photoperiods on internode elongation, SD 

conditions indirectly increased internode elongation of shoots and spikes, when plants were shifted to 

LD after a prolonged SD treatment during the vegetative phase (Fig. 7B, D). This effect was  
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Figure 7: Effects of photoperiod during plant development on stem elongation and spike traits of Scarlett and S42-IL107 
Plants of Scarlett (black) and S42-IL107 (white) were grown under short-day (SD) or long-day (LD) conditions. At different 
stages of MSA development (W0.5 – W10), plants were transferred from (A, C, E, G) LD to SD or from (B, D, F, H) SD to LD 
and remained in the respective photoperiod until plant senescence. Phenotypes of the main shoot were recorded for plants: 
(A, B) height of the main shoot, (C, D) spike length, (E, F) spikelet number per spike, (G, H) seed number per spike. Bars 
represent means ± standard deviation over 3 plants. Significant differences (p<0.05) between genotypes transferred from SD 
to LD and vice versa at the same developmental stage are indicated by asterisks above bar graphs. 
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observed in both genotypes, but more pronounced in S42-IL107. Similarly, the number of spikelets and 

seeds per spike were increased in plants, for which cultivation under LD was preceded by a period of 

SD during the vegetative phase (Fig. 7F, H). However, Scarlett plants shifted to LD conditions after the 

vegetative phase (≥W2.25) had reduced number of seeds and florets per spike, highlighting the need 

for long photoperiods during the reproductive phase. 

Interestingly, S42-IL107 plants germinated and kept under SD until W1.25 and shifted to LD, had the 

same number of leaves emerging from the main shoot and the same number of seeds per spike as 

compared to Scarlett plants kept under constant LD (Fig. 6D, 7H). At the same time, these S42-IL107 

plants still headed 8 days earlier than the respective Scarlett plants indicating a shorter reproductive 

phase (Fig. 6B). Taken together, this suggest that a prolonged vegetative rather than reproductive 

phase in Scarlett as compared to S42-IL107, when both genotypes are constantly grown under LD, 

leads to the observed differences in the number of seeds per spike.  

In summary, long photoperiods promote MSA development during vegetative and reproductive stages 

in an additive manner and are crucial during the reproductive phase for internode elongation and 

spikelet development. SD treatments during vegetative, but not reproductive stages of plants lead to 

an increased number of seeds per spike. Thus, an extended vegetative phase rather than a prolonged 

reproductive development might account for the increased yield potential in Scarlett as compared to 

S42-IL107 plants.  

2.2 Characterization of transcriptional changes in leaves and at the shoot apex during the 

vegetative and early reproductive phase 

As the development of the MSA until W3.5 determined the final number of spikelets per spike, we 

were interested in identifying the molecular basis of variation in MSA activity and maturation until this 

stage. We conducted whole transcriptome expression profiling of developing shoot apices during the 

vegetative (W0.5-W1.0) and early reproductive phases (W2.0-W3.5) of Scarlett and S42-IL107 plants 

grown under LDs. Because Scarlett and S42-IL107 did not differ in development under SDs (Fig. 4), 

expression changes under SDs were only probed in S42-IL107. Shoot apex and leaf samples of the two 

genotypes and photoperiods were not harvested at the same time after germination, but at the same 

developmental stages. This experimental set-up enabled us to identify: a) candidate genes for the 

photoperiod independent regulation of shoot apex development, i.e. genes of central importance for 

shoot apex development per se, and b) candidate genes acting as part of the photoperiod and Ppd-H1 

dependent flowering pathway in leaves and apices. The latter ones are represented by intersections 

of differentially expressed transcripts (DETs) between photoperiods and between genotypes, i.e. 

transcripts co-regulated by LDs and by S42-IL107, and in the following will be termed as candidates 

acting down-stream of Ppd-H1.  



Results 
 

25 
 

2.2.1 Whole transcriptome profiles of developing shoot apices 

Among the 25152 transcripts expressed in leaves or MSA samples, we identified 6602 DETs between 

apices at different developmental stages across photoperiods and genotypes (Fig. 8B). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Differential gene expression analysis in leaves and 
developing shoot apices 
(B) Differentially expressed transcripts (DETs) during shoot 
apex development of Scarlett under long-day (LD) or S42-
IL107 under short-day (SD) or LD. Venn-diagrams illustrate 
intersections of DETs between shoot apices during floral 
transition (W0.5 – W2.0) and between stamen primordium 
stage (W3.5) and prior developmental stages. Intersections of 
650 up- (green) and 464 down-regulated (red) DETs plus 320 
DETs (grey) with a different expression pattern throughout 
MSA development were considered as developmental core 
set of DETs. (A, C) Overrepresentation of Gene Ontology (GO) 
terms assigned to biological processes among (A) 4097 up- 
and (C) 2183 down-regulated transcripts. Significant 
(FDR<0.05) leaf nodes of the GO-tree were summarized to 
common parental GO-terms. Bars indicate the relative 
abundance of transcripts assigned to the GO-terms in the test 
set (dark grey) and the reference set (light grey), respectively. 
(D) Transcripts as candidates downstream of Ppd-H1. Venn-
diagrams are shown for co-regulated DETs between 
photoperiods and genotypes in leaves (green box) and shoot 
apices (orange box). DETs between LD and short-day SD 
grown S42-IL107 plants (Photoperiod) or between LD grown 
S42-IL107 and Scarlett plants (Genotype). DETs co-regulated 
by LD and in S42-IL107 are depicted as up- (green) and down-
regulated (red) in the boxes below each Venn-diagram. 29 
DETs (grey) were regulated with opposing trends by LD and 
S42-IL107 in leaves and apices, respectively. In shoot apices 
intersections with a core set of 1434 transcripts differentially 
regulated during shoot apex development are also reported 
(Development). DETs regulated during MSA development 
independent of photoperiod and genotype are depicted in the 
box on the right side of the Venn-diagram. 
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In addition, 1427 DETs in leaves and 518 DETs in apices were differentially regulated under LDs and in 

S42-IL107 (Fig. 8D). Taken together, we identified in total 7604 DETs, which were characterized by 31 

distinct expression profiles (Fig. 9, Suppl. Fig. S1). The hierarchical structure of the 31 co-expression 

clusters revealed three tissue specific expression profiles (Fig. 9A, Suppl. Tab. S2), with transcripts 

predominantly expressed in leaves (cluster I), similarly expressed in leaves and shoot apices (cluster II) 

or transcripts expressed to higher levels at the shoot apex (cluster III).  

 

 

Figure 9: Model based clustering of 7604 transcripts into 31 co-expression clusters 
(A) Heatmap of co-expression clusters for 7604 differentially expressed transcripts (DET). Colors represent log2-fold changes 
(FC) in expression levels relative to the mean transcript abundance across the tested conditions, i.e. leaf and apex samples of 
Scarlett (Sc) and S42-IL107 (S42), when plants grown under short- (SD) and long-day (LD) conditions and harvested at different 
developmental stages (Waddington stage 0.5-3.5). P: Photoperiod; G: Genotype; W: Waddington Stage; T: Tissue. Co-
expression clusters (1-31) were assigned to three higher level clusters (I-III) with distinct expression patterns between apex 
and leaf samples (see Suppl Tab. S2). Number and assignment of DETs to higher and lower level co-expression clusters are 
shown above the heatmap. Similarity of co-expression clusters is indicated in the hierarchical tree structure below the 
heatmap. (B) Selected set of co-expression clusters representative for DETs during shoot apex development and DETs co-
regulated by LD and in S42-IL107. Cluster sizes and co-expressed flowering time genes are indicated above the co-expression 
plots. Expression levels for individual transcripts (light colors) and mean expression level across all transcripts within each 
cluster (bright color) were plotted. Co-expression plots depict transcript expression patterns in leaves (green) and apices 
(orange) as mean centered and scaled transcript levels (Z-Score). 
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Photosynthesis and light response related Gene Ontology (GO) terms were over-represented among 

leaf expressed transcripts in cluster I (Fig. 10A). Apex specific transcripts in cluster III were enriched for 

genes related to the regulation of the cell cycle, meristem and flower development (Fig. 10C). In all 

three clusters, we identified an overrepresentation of transcripts related to various transport 

processes (see also Fig. 10B). 

 

 
 

Figure 10: Overrepresentation of Gene Ontology terms among transcripts in higher level Co-expression Clusters I-III 
Overrepresentation analysis of Gene Ontology terms assigned to biological processes for transcripts co-expressed within (A) 
cluster I, (B) cluster II and (C) cluster III. Clusters are representative for transcripts predominantly expressed in leaves (cluster 
I), shoot apices (cluster III) or equally expressed in both tissues (cluster II). Significant (FDR<0.05) leaf nodes of the GO-tree 
were summarized to common parental GO-terms. Bars indicate the relative abundance of transcripts assigned to the GO-
terms in the test set (dark grey) and the reference set (light grey), respectively. 
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2.2.2 Genes differentially expressed during MSA development are involved in cell cycle control, 

carbohydrate metabolism, transport and meristem development 

Of the 6602 DETs identified in apices, 4097 transcripts showed an up-regulation and 2183 a down-

regulation during either the vegetative (W0.5-2.0) or early reproductive (W2.0-3.5) phase (Fig. 8B). 322 

transcripts presented an expression pattern distinct from a consistent up- or down-regulation during 

early or later stages of MSA development. Among DETs regulated during MSA development, the 

majority of 3299 DETs were specifically induced and 1539 DETs repressed at stamen primordium stage 

(W2.0-3.5) and were not differentially regulated during floral transition (W0.5-W2.0). 

Gene ontology (GO) term enrichment analysis revealed that transcripts involved in various metabolic 

processes, responses to endogenous and exogenous stimuli, developmental and transport processes 

were over-represented among the 4097 up-regulated transcripts (Fig. 8A). In addition, 

overrepresentation of photosynthesis and light response related genes was detected in the set of 3299 

DETs specifically up-regulated in shoot apices at stamen primordium stage but not among DETs during 

floral transition (Fig. 8B, Suppl. Tab. S3 and S4). Accordingly, greening of the inflorescence was more 

advanced at stamen primordium stage than at double ridge stage (Fig. 4A). Whereas unsupervised 

clustering of all gene expression data clearly separated apex and leaf derived expression data sets 

(Suppl. Fig. S4C), data sets of shoot apices at the stamen primordium stage clustered at an intermediate 

position between leaf samples and samples of early stages of MSA development. Thus, gene 

expression in shoot apices at stamen primordium stage partially resembled gene expression in leaf 

organs. 

GO-terms assigned to the regulation of the cell cycle, nucleosome assembly and histone modifications 

were overrepresented among the 2183 DETs down-regulated during MSA development (Fig. 8C). 

Because we were interested in identifying genes causative for primary developmental changes in 

meristematic cells of the shoot apex throughout all tested stages of MSA development, we focused 

our further analyses on a core set of 1434 DETs (Fig. 8B). Transcripts in this core set were differentially 

regulated in the MSA during the vegetative (W0.5-2.0) and during the early reproductive (W2.0-3.5) 

phase. By this means we mainly excluded DETs specifically detected at stamen primordium stage, e.g. 

photosynthesis related transcripts, and with generally low expression levels in MSA samples as 

compared to leaf samples. Within the remaining core set, 650 transcripts were gradually up-regulated 

and 464 transcripts gradually down-regulated, while 320 DETs presented an expression pattern distinct 

from a consistent up- or down-regulation during MSA development (Fig. 8B). GO-enrichment analysis 

among the 1434 DETs highlighted genes involved in the regulation of meristem development, 

maintenance of inflorescence and floral meristem identity and floral meristem determinacy (Suppl. 

Tab. S5).  
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In the following, we will present a selection of identified DETs, which are either regulated during 

development at the shoot apex independent of the photoperiod and genotype or are expressed in a 

genotype and photoperiod dependent manner in leaves and apices. 

2.2.3 Developmental stage specific expression SVP-like and homeotic genes at the shoot apex 

Within the core set of 1434 DETs regulated during MSA development, 564 DETs were differentially 

regulated during development independent of the genotype and photoperiod (Fig. 8D). Of these, 245 

DETs, represented by seven co-expression clusters (Suppl. Tab. S6), were gradually up-regulated and 

154 DETs, represented by four co-expression clusters (Suppl. Tab. S7), consistently down-regulated 

during MSA development. 165 DETs presented developmental stage specific expression patterns 

distinct from gradual induction or repression during MSA development. 
 

Table 1: Selected* transcripts up-regulated during MSA development
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Among the up-regulated genes we the homeotic genes HvAG1 (AGAMOUS-LIKE 1; Hv.20746), HvKN1 

(KNOTTED 1; Hv.12878) and MLOC_13032.1, homologous to the flowering time related transcription 

factor AtSPL4 (SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE 4) in Arabidopsis (Table 1). These genes 

were induced in shoot apices upon induction of the first spikelet primordia independent of the 

genotype and photoperiod (Fig. 11A). Furthermore, these homeotic genes were co-expressed with 

HvSOC1-1, a barley ortholog of the floral integrator gene AtSOC1 in Arabidopsis (Table 1, Fig. 9B, cluster 

16). However, induction of HvSOC1-1 at W2.0 was dependent on the photoperiod (Fig. 11A), which 

could be confirmed by qRT-PCR in shoot apex enriched samples of three independent sets of Ppd-H1 

introgression lines and their recurrent parents (Fig. 12B, Suppl. Fig. S2B+D).  

 

Figure 11: Transcripts expressed in a developmental stage dependent manner at the MSA 
RNA-sequencing derived expression data of selected transcripts (A) up- or (B) down-regulated throughout MSA development 
in a developmental stage dependent manner. Transcript expression is presented for leaf (green) and shoot apex tissue 
(orange). Normalized expression values are reported in reads per kilo base per million (RPKM). Error bars indicate standard 
deviation across two to three independent RNA samples. 
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Among the 154 transcripts, down-regulated during MSA development we identified genes with high 

expression levels at the vegetative stage and a strong down-regulation upon floral transition (W2.0) 

(Table 2). Among those, we identified Hv.35135 and Hv.12609 as only regulated in the MSA and not 

detected in the leaf. Hv.35135 and Hv.12609 are homologous to AtVRN1 (REDUCED VERNALIZATION 

RESPONSE 1) and AtAP2 (APETALA 2), respectively known regulators of floral transition and flower 

development in Arabidopsis (Table 2, Fig. 9B, Fig. 11B, cluster 30) (Levy et al. 2002, Hong et al. 2010). 

In addition, we identified a similar expression of three MADS box transcription factors HvVRT2, HvBM1 

and HvBM10, homologous to AtSVP (SHORT VEGETATIVE PHASE) in Arabidopsis with high expression 

levels in leaves and apices (Table 2, Fig. 9B, cluster 21).  

 

Table 2: Selected* transcripts down-regulated during MSA development

 

Starting from high transcript levels in vegetative shoot apices, all three SVP-like genes were gradually 

down-regulated during MSA development (Fig. 11B). HvBM1 was completely down-regulated after 

floral transition coinciding with the induction of the first spikelet primordia at the shoot apex (W2.0). 

Reduction of HvBM10 and HvVRT2 transcript levels was less pronounced and complete repression of 

HvVRT2 occurred at stamen primordium stage (W3.5). We independently confirmed the down-

regulation of the three SVP-like genes during MSA development by qRT-PCR (Fig. 12B, Suppl. Fig. 

S2B+D). However, we did not detect a complete repression of these genes, as samples for qRT-PCR 

verification were only enriched for apex tissue and also comprised vegetative tissues of young leaf 
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primordia with presumably high transcript levels of these genes. Similarly, the photoperiod 

independent repression of these genes was not as clear in the apex enriched samples (qRT-PCR) as 

compared to the pure apex samples (RNA-sequencing). 
 

 

Figure 12: Validation of transcript levels in leaves and shoot apices of Scarlett and S42-IL107 
Quantification of transcript levels by quantitative real time PCR (qRT-PCR) in (A) leaf samples and (B) samples enriched for 
shoot apex tissue at different stages of plant development. Transcript levels are demonstrated relative to the transcript 
abundance of HvActin. Error bars indicate the standard deviation over three biological replicates. Asterisks highlight 
significant differences (p<0.05) between transcript levels of S42-IL107 and Scarlett of plants at the same developmental stage 
grown under long photoperiods. 

 

In summary, our analysis showed that transcripts differentially expressed at the MSA during 

development were enriched for genes with roles in cell cycle, carbon metabolism, transport, meristem 

and organ identity and development. In particular, we identified transcripts which were differentially 

expressed between vegetative and reproductive shoot apices independent of the photoperiod and 

Ppd-H1 and thus represent valuable marker genes for the staging of the barley development. 
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2.2.4 Characterization of genes in leaves and at the MSA as candidates downstream of Ppd-H1 

Allelic variation for Ppd-H1 had strong effects on reproductive development in response to long 

photoperiods (Fig. 4, Fig. 5). We therefore aimed at identifying expression differences in leaves and 

shoot apices caused by genetic variation at Ppd-H1. In order to confirm the genetic effect of Ppd-H1 

on gene expression, selected candidate genes were tested in three pairs of spring barley genotypes 

with a mutated ppd-H1 allele and derived lines with introgressions of the dominant Ppd-H1 allele (Fig. 

12, Suppl. Fig. S2). 

2.2.4.1 HvCO1, HvCO2 and HvFT1 are co-expressed in leaves with genes related to nutrient 

transport and flower fertility 

In leaves, we identified 1427 transcripts co-regulated between photoperiods and between genotypes 

at the time of floral transition (Fig. 8D), the majority of which was down-regulated under LDs and in 

the presence of the dominant Ppd-H1 allele (1205 DETs), suggesting that Ppd-H1 predominantly acts 

as a repressor in the leaf. GO enrichment among the down-regulated genes highlighted biological 

processes related to the regulation of transcription, plant growth and developmental processes (Suppl. 

Tab. S8). 

The expression profiles of 193 transcripts up-regulated in leaves in a Ppd-H1 dependent manner (Suppl. 

Tab. S9) primarily contained transcripts with high expression levels in leaves and low or no expression 

at the MSA (Fig. 9B, cluster 8, 9 and 11, Suppl. Fig. S1). Among those, we identified HvCO1, HvFT1 

(cluster 9) and HvCO2 (cluster 11), previously described as putative downstream targets of Ppd-H1 in 

barley (Turner et al. 2005, Faure et al. 2007, Campoli et al. 2012b). In qRT-PCR assays, the HvFT1 

expression levels in all three tested spring barley genotypes were close to the detection limit, while 

the presence of the photoperiod responsive Ppd-H1 allele caused at least a ten-fold increase in HvFT1 

expression levels in leaves of the introgression lines as compared to the spring barley reference 

genotypes at any stage of development (Fig. 12A, Fig. 13A, Suppl. Fig. S2A+C). Interestingly, variation 

in HvFT1 expression levels among spring barley genotypes correlated well with variation in MSA 

development, i.e. Triumph with the lowest HvFT1 expression levels showed the strongest delay in MSA 

development. Similarly, transcript levels of HvCO1 were increased under LDs in the introgression lines 

at the time of floral transition, but dropped in BW281 and Triumph-IL at W2.0 to the expression levels 

of their recurrent parents (Fig. 12A, Suppl. Fig. S2A+C). Transcript levels of HvCO2 were 7-20 times 

lower than for HvCO1, but also up-regulated in the introgression lines grown under LDs. In contrast to 

HvCO1, HvCO2 expression in leaves of the spring barley genotypes remained low independent of the 

photoperiod. 
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Figure 13: Expression of transcripts representing candidate genes down-stream of Ppd-H1 in leaves and shoot apices 
RNA-sequencing derived expression data of selected transcripts up-regulated in a Ppd-H1 dependent manner in (A) leaves 
and (B) shoot apices. Transcript expression is presented for leaf (green) and shoot apex tissue (orange). Normalized 
expression values are reported in reads per kilo base per million (RPKM). Error bars indicate standard deviation across two to 
three independent RNA samples. 

 

HvCO1, HvCO2 and HvFT1 were co-expressed with genes involved in the regulation of flowering time, 

disease resistance, nutrient transport and floral organ development (Table 3, Fig. 13A). Among those, 

we identified contig_38668, representing a barley gene homologous to the Arabidopsis AtSPA4 

(SUPPRESSOR OF PHYA-105 1 RELATED 4) gene, which is involved in the photoperiod dependent 

regulation of flowering time in Arabidopsis (Laubinger et al. 2006). Interestingly, the transcript 

Hv.18604, as another CCT/B-box zinc finger domain containing gene besides HvCO1 and HvCO2, 

showed a Ppd-H1 and LD dependent up-regulation in leaves upon floral transition. 

Among genes involved in disease resistance, we identified the transcripts MLOC_1192.1 and 

contig_385738, homologous to the innate immunity receptors AtRPM1 (RESISTANCE TO P. SYRINGAE 

PV MACULICOLA 1) and AtFLS2 (FLAGELLIN-SENSITIVE 2) of Arabidopsis. AtFLS2 has been linked to 

signaling cascades important for stem cell maintenance of the shoot apical meristem, and thus to the 

regulation of plant development, in addition to its function in plant defense responses (Lee et al. 2011). 

In addition, Hv.8671 and Hv.10430, encoding genes homologous to the YELLOW STRIPE LIKE gene 

AtYSL3 and the sugar transporter AtPMT1 (POLYOL/MONOSACCHARIDE TRANSPORTER 1) in 

Arabidopsis, respectively, were co-expressed with HvCO1 and HvFT1. YSL-genes encode for metal-

phytosiderophore transporters and a role has been proposed for AtYSL3 in ensuring flower fertility 

(Chu et al. 2010). Similarly, transcripts for contig_144168 and contig_332463, homologous to the 

Arabidopsis AtROXY1 and AtMS2 (MALE STERILITY 2) genes, were co-regulated with HvCO2. In 
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Arabidopsis, both genes have been linked to pollen and anther development, respectively (Murmu et 

al. 2010, Chen et al. 2011). 

 

Table 3: Selected* transcripts up-regulated in a Ppd-H1 dependent manner in leaves

 

 

2.2.4.2 HvFT2 is co-expressed with floral homeotic genes at the shoot apex 

In the MSA, an intersection of 518 DETs were co-regulated between photoperiods and between the 

genotypes Scarlett and S42-IL107 (Fig. 8D). 266 DETs were up-regulated in a Ppd-H1 dependent 

manner at the shoot apex and comprised genes involved in the regulation floral organ development, 

hormone synthesis and signaling, nutrient and carbohydrate metabolism, disease resistance, cell cycle 

regulation and nucleosome assembly (Table 4). 

Interestingly, we identified HvFT2, a member of the barley FLOWERING LOCUS T-LIKE gene family, 

among the up-regulated DETs. qRT-PCR assays revealed that transcript levels of HvFT2 in leaves were  
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Table 4: Selected* transcripts up-regulated in a Ppd-H1 dependent manner in shoot apices
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only detected under LDs and in the introgression lines carrying a dominant Ppd-H1 allele, except for 

Triumph-IL (Fig. 12A, Suppl. Fig. S2A+C). HvFT2 was induced in leaves at stamen primordium stage 

subsequent to the expression of HvFT1. Expression analysis in samples enriched for shoot apex tissue 

confirmed the Ppd-H1 dependent induction of HvFT2 at the shoot apex, already before floral transition 

(<W2.0) in S42-IL107 and BW281 and at lemma primordium stage (W3.0) in Triumph-IL (Fig. 12B, Suppl. 

Fig. S2B+D). Thus, the induction of HvFT2 in shoot apices preceded its induction in leaf tissue. In 

contrast to HvFT2 expression in leaves, HvFT2 transcripts were also detected in the shoot apices of the 

recurrent spring barley genotypes Scarlett and Bowman under LDs, but at later stages and lower levels 

than in the respective introgression lines. Expression profiles for 266 DETs, up-regulated in a Ppd-H1 

dependent manner at the shoot apex, were represented by eight co-expression clusters (Suppl. Tab. 

S10). HvFT2 was co-expressed with 209 other transcripts in cluster 16 (Fig. 9B, Suppl. Tab. S10). Among 

those we identified transcripts for MLOC_57803.1, Hv.29973, Hv.20696 and Hv.20726, representing 

barley genes homologous to the Arabidopsis floral homeotic genes AtSEP1 (SEPALLATA1), AtSEP3, AtPI 

(PISTILATA), AtAP3 (APETALA 3) (Fig. 13B). 

In addition to transcripts co-regulated with HvFT2, we identified HvBM3, HvVRN1 (HvBM5a) and 

HvBM8, three barley homologs of the AtAP1/AtFUL (APETALA 1/ FRUITFUL) gene family of MADS-box 

transcription factors in Arabidopsis (Schmitz et al. 2000, Trevaskis et al. 2007a), to be up-regulated 

during MSA development in a photoperiod and Ppd-H1 dependent manner. In general, transcript levels 

of HvVRN1, HvBM3 and HvBM8 gradually increased in leaves and shoot apices during pre-anthesis 

development (Fig. 13B). However, their induction occurred at different developmental stages and their 

individual expression patterns were organ specific. In leaves, transcript levels for the AP1-/FUL-like 

genes were significantly lower compared to their expression in shoot apices (Fig. 12, Suppl. Fig. S2), 

while this effect was less pronounced for HvVRN1. HvVRN1 presented the highest expression levels 

among the AP1-/FUL-like genes in leaves and shoot apices. Induction of HvVRN1 expression at the MSA 

was already observed at W0.5 in all tested genotypes and photoperiods. Interestingly, as in the RNA-

sequencing data, elevated HvVRN1 transcript levels were detected under LDs in vegetative shoot 

apices of BW281 and S42-IL107 (Fig. 12B, Fig. 13B, Suppl. Fig. S2B). This Ppd-H1 dependent induction 

of HvVRN1 during the vegetative phase was specific for shoot apex tissue and was not detected in 

leaves. 

At the MSA, HvVRN1 expression preceded the induction of HvBM3 at W1.0 under SDs, followed by the 

expression of HvBM8 at W2.0. The expression of HvBM3 was strongly up-regulated at the MSA (W0.5) 

and at later developmental stages in the leaves (W3.0) under LDs and in the presence of the dominant 

Ppd-H1 allele in S42-IL107 and BW281 (Fig. 12, Suppl. Fig. S2). Likewise, induction of HvBM8 in leaves 

and shoot apices during MSA development was more pronounced in genotypes carrying the dominant 
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Ppd-H1 allele in response to LDs. In leaves of the spring barley genotypes and of plants grown under 

SD conditions, HvBM8 expression remained at a low level throughout MSA development. 

Among 266 DETs, up-regulated in a Ppd-H1 dependent manner at the MSA, transcripts in cluster 31 

were generally down-regulated during MSA development (Fig. 9B). Transcripts in cluster 31 were 

attributed to reproductive development, cell cycle, nucleosome assembly and histone modifications, 

as revealed by GO-enrichment analysis (Suppl. Tab. S11). For example, Hv.11786, a barley homolog of 

AtMSI1 (MULTICOPY SUPPRESSOR OF IRA1), which is associates to the polycomb repressive complex 2 

(PRC2), was up-regulated in S42-IL107 under LDs, while its expression was generally down-regulated 

during MSA development (Fig. 13B). 

In summary, we identified sets of 1427 and 518 transcripts possibly acting as candidate genes down-

stream of Ppd-H1 in leaves and apices, respectively. In leaves, we identified a co-expression of the 

known flowering time regulators HvCO1, HvCO2 and HvFT1 with genes involved in nutrient transport, 

e.g. a metal ion-phytosiderophore transporter of the YSL-gene family. In shoot apices, transcripts 

related to the regulation of floral organ development were regulated in a Ppd-H1 dependent manner. 

Interestingly, HvFT2 was identified as a candidate down-stream of Ppd-H1 at the MSA and the timing 

of its induction at the shoot apex correlated well with inflorescence development, i.e. the earlier HvFT2 

was induced during MSA development the faster the main shoot inflorescence of the respective 

genotype developed (Fig. 5A+12B, Suppl. Fig. S2B+D). 

In addition, we identified stage and tissue specific expression patterns for the three barley AP1-/FUL-

like MADS-box transcription factors HvBM3, HvVRN1 and HvBM8. The successive induction of these 

genes during MSA development and their Ppd-H1 dependent regulation, point to specific roles for 

these genes in regulating different processes during early reproductive development. 

Furthermore, we identified transcripts related to chromatin and nucleosome assembly among the 266 

up-regulated transcripts as candidates downstream of Ppd-H1 at the shoot apex. This is in accordance 

with the faster development and presumably with a faster cell proliferation in shoot apices of plants 

under LDs and in the presence of the photoperiod responsive Ppd-H1 allele. 

2.2.4.3 Expression of HvFT2 in shoot apices links HvFT1 expression in leaves with expression of 

MADS-box genes at the shoot apex  

To estimate the level of co-regulation between transcripts in leaves and shoot apices, we correlated 

their qRT-PCR derived expression profiles obtained from the three Ppd-H1 introgression lines and their 

recurrent parents during shoot apex development (Fig. 14). We also aimed at identifying marker genes 

which are associated with spikelet number, and therefore correlated gene expression with the number 

of induced spikelets at the MSA at each developmental stage. In accordance with co-expression results 

of the RNA-sequencing data, transcript levels of HvCO1, HvCO2 and HvFT1 were positively correlated 

(r > 0.66). Interestingly, we identified a positive correlation (r > 0.62) between HvFT1 expression levels 
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in leaves and the transcript levels of HvFT2 in shoot apices. HvFT2 expression levels in shoot apices 

were further positively correlated with HvSOC1-1, HvBM3 and HvBM8. HvSOC1-1 presented the 

highest level of connectivity among transcripts expressed in shoot apices and transcripts expressed in 

leaves. Its expression levels were predominantly correlated to the expression of AP1-/FUL-like 

transcripts in leaves and at the shoot apex. Furthermore, expression of HvSOC1-1, HvVRN1 and HvBM3 

were positively correlated with the number of spikelet primordia formed at the shoot apex throughout 

development, indicating their potential contribution to the regulation of spikelet primordia induction 

and further development of floral organs. Although spikelet primordia were induced under SD and LD 

conditions, fertile flowers and seeds were only produced under LDs, which coincided with the presence 

of HvFT1 expression in the leaf and HvFT2 expression in the apex. 

In further agreement with the RNA-sequencing results, transcript levels of the SVP-like genes HvBM1, 

HvBM10 and HvVRT2 were positively correlated with each other in leaves (r > 0.65)  and in shoot apices 

(r > 0.52), respectively. In shoot apices, expression of the SVP-like genes negatively correlated to the 

transcript levels of HvVRN1 (r < -0.48). 

 

Figure 14: Correlation network for gene expression data 
in leaves and shoot apices 
Correlation network between transcript level of flowering 
time genes in leaf and shoot apex samples and number of 
spikelet primordia emerged at the shoot apex during early 
stages of shoot apex development. Transcript abundance 
was determined by qRT-PCR in leaves (green ellipses) and 
shoot apex enriched tissue (orange ellipses) of Scarlett, 
Bowman, Triumph and their derived Ppd-H1 introgression 
lines (see also Fig. 12 and Suppl. Fig. S2). Lines connecting 
transcripts indicate positive correlations in blue and 
negative correlations in red. Only correlations with 
Pearson correlation coefficients R>|0.4| and FDR<0.05 
were plotted. 

 

 

 

 

In summary, the correlation network of qRT-PCR derived expression data of leaf and apex samples 

revealed that HvFT2 possibly connects the Ppd-H1 dependent induction of HvFT1 in leaves with the 

Ppd-H1 dependent regulation of floral meristem identity genes such as HvVRN1, HvBM3 and HvBM8 

at the shoot apex. Expression of HvSOC1-1, HvVRN1 and HvBM3 correlated positively with spikelet 

primordia induction, while HvFT2 expression was in coincidence with spikelet maturation and 

flowering. 
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3 Discussion 

Flowering time has a large impact on yield potential in crop plants because it ‘fine-tunes’ the life cycle 

to the target environment. The photoperiod dependent effect of Ppd-H1 on flowering time and its 

adaptive value for the wide expansion of barley cultivation to diverse environments is well established 

(Laurie et al. 1994 and 1995, Jones et al. 2006). Here we report a more detailed analysis of the effect 

of allelic variation at Ppd-H1 on individual phases of pre-anthesis development and gene expression 

changes in the leaf and MSA. Differences between the three tested introgression lines and their 

recurrent spring barley parents were only detected under LD but not under SD, indicating that the 

introgressed Ppd-H1 alleles, rather than other genes within the introgressions, were causal for the 

observed morphological and molecular phenotypes. 

3.1 Effect of the photoperiod and Ppd-H1 on pre-anthesis development and yield 

component traits 

3.1.1 Ppd-H1 accelerates all phases of pre-anthesis development 

All phases of pre-anthesis development, but predominantly the late reproductive phase, were 

accelerated in the three introgression lines with the dominant Ppd-H1 allele. This is in accordance with 

an increased photoperiod sensitivity of the stem elongation phase (e.g. Slafer and Rawson 1994) and 

with a recently reported QTL at Ppd-H1 linked to both, the duration of the leaf and spikelet initiation 

phase and, more strongly, the stem elongation phase in the spring barley cross Steptoe x Morex 

(Borràs-Gelonch et al. 2012a). Interestingly, in wheat specific effects have been identified for the 

different homeologous copies of the Ppd1 genes on the duration of individual pre-anthesis phases 

(Gonzalez et al. 2005, Borràs-Gelonch et al. 2012b). However, similar to Ppd-H1 in barley, Ppd-D1 was 

reported to affect both phases before and after the onset of stem elongation. 

3.1.2 Duration of the early reproductive phase contributes to the yield potential in S42-IL107 

In accordance with its effect on the duration of pre-anthesis development, variation at Ppd-H1 affected 

the number of fertile spikelets per spike and seeds per spike at plant maturity. Both, the duration of 

spikelet initiation phase and spikelet growth during the stem elongation phase have been associated 

with yield potential (Kitchen and Rasmusson 1983). However, especially the pre-anthesis late 

reproductive phase of stem elongation has always been described as most important for yield because 

competition between spike and stem for limited assimilates during this phase causes the abortion of 

spikelet primordia (Gonzáles et al. 2003, Ghiglione et al. 2008, Gonzáles et al. 2011, Alqudah and 
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Schnurbusch 2014).  Consequently, the duration of stem elongation has been associated with the 

number of fertile spikelets and final seeds (Miralles and Richards 2000, Gonzáles et al. 2003, Slafer 

2003). In contrast to these findings, we show in the present study that the number of fertile spikelets 

and final seeds also corresponded to the number of spikelet primordia initiated before the beginning 

of stem elongation (W3.5) (Fig. 5C).  

The introgression lines with a dominant Ppd-H1 allele, and thus increased photoperiod response, 

exhibited a shorter vegetative and early reproductive phase under LD as compared to the recurrent 

spring barley genotypes Scarlett, Bowman and Triumph, while SD further delayed development in the 

genotypes independent of the Ppd-H1 allele. Consequently, the number of spikelet primordia 

produced at onset of stem elongation was highest under SD in all genotypes, followed by the spring 

barley cultivars under LD and lowest in the introgression lines under LD. The relevance of the duration 

of the early reproductive phase for the final seed number was supported by results of the shift 

experiments, where Scarlett and S42-IL107 plants were transferred from SD to LD at different 

developmental stages to extent the duration of the vegetative and early reproductive phase. Shifting 

S42-IL107 and Scarlett plants from SD to LD during or at the end of the early reproductive phase (W2.25 

and W3.5) resulted in the same number of fertile spikelets per spike between genotypes and an 

increased number of seeds per spike in S42-IL107 (Fig. 7F), although the late reproductive phase during 

stem elongation was shortened in S42-IL107 as compared to Scarlett, as indicated by the faster heading 

date of S42-IL107 after the transfer to LD (Fig. 6B). Thus, prolonging the vegetative and early 

reproductive phase independent of the duration of the late reproductive phase determined the 

number of fertile spikelets in S42-IL107 and was causative for the difference in final seed number 

observed between Scarlett and S42-IL107 when genotypes were constantly grown under LDs.  This 

suggests that in contrast to recent studies, the duration of the vegetative and early reproductive phase 

might also contribute to determine the number of final seeds per spike, which in turn is associated 

with the number of grains/m2 as the most important yield component in wheat grown under field 

conditions (e.g. Slafer and Andrade 1993, Slafer and Rawson 1994). However, the relevance of the 

spike initiation phase was supported by an earlier study by Kitchen and Rasmusson (1983) who showed 

that in barley the duration of spike initiation correlated well with leaf area, spikelet primordia number, 

and seed number.  

3.1.3 Long photoperiods and the dominant Ppd-H1 allele promote spikelet fertility and ensure 

main shoot survival 

The number of fertile spikelets and seeds per spike were reduced in Scarlett as compared to S42-IL107, 

when both genotypes were grown under SD until the end of the early reproductive phase and 

subsequently transferred to LD. This indicates that a strong photoperiod response during the late 
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reproductive phase might be required for a fast maturation of the established spikelet primordia to 

ensure the production of fertile spikelets. Accordingly, the shift experiment also demonstrated that LD 

did not only accelerate floral transition and early reproductive development, but was also crucial for 

spikelet fertility in general. Scarlett and S42-IL107 grown under SD generated spikelet primordia, 

however, they failed to produce fertile spikelets and seeds. These were only produced when plants of 

both genotypes were moved to SD at or after reaching the stage W8.0, and thus just before heading 

(W9.0). Two recent studies have shown that application of Gibberellins (GA) under SD accelerated 

inflorescence development in wheat and barley, but both species failed to produce seeds under SD 

suggesting that in addition to GA a signal under LDs is necessary for spikelet fertility in these temperate 

crops (Pearce et al. 2013, Boden et al. 2014). Shading experiments in barley revealed that limitations 

in the supply of photoassimilates from vegetative organs to developing spikes during the stem 

elongation phase reduced spikelet fertility (Arisnabarreta and Miralles 2008a). Accordingly, the 

abortion of spikelet primordia of all genotypes grown under SD conditions and the abortion of the MSA 

at stages W4.0-6.0 suggests that LD might have maintained the nutrient supply or lead to a preferential 

distribution of assimilates to the MSA. 

 

3.2 Transcriptional changes in leaves and shoot apices during pre-anthesis development 

dependent and independent of the photoperiod and Ppd-H1 

By probing gene expression at the same developmental stage in the MSA and leaf under SD, and LD in 

two genotypes differing in photoperiod response, we aimed at identifying molecular changes 

important for the regulation of LD dependent and independent MSA development.  

3.2.1 HvFT1 links LD and Ppd-H1 dependent promotion of spikelet fertility to transcriptional 

changes in nutrient metabolic genes in leaves 

In the leaf, Ppd-H1 predominantly acted as a repressor since the majority of transcripts were down-

regulated by the dominant Ppd-H1 allele. The repressive effect of Ppd-H1 thus corresponded to the 

role of the homologous pseudo response regulator genes in Arabidopsis which have been described as 

transcriptional repressors (Nakamichi et al. 2010). Similar to genes directly targeted by PRR7 in 

Arabidopsis (Liu et al. 2013), transcripts down-regulated by Ppd-H1 in the leaves were assigned to 

biological processes involved in the regulation of transcription, plant growth and development.  

However, we also observed the up-regulation of ca. 200 genes by Ppd-H1 and these genes were 

specifically regulated in the leaf and not or little expressed in the MSA. The dominant Ppd-H1 allele in 

all introgression lines caused a strong up-regulation of HvFT1 in leaves already during the vegetative 
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phase and of its closest ortholog HvFT2, but after floral transition. Both genes encode barley orthologs 

of Flowering Locus T in Arabidopsis, which is transported as protein to the shoot apical meristem where 

it promotes the floral transition (Corbesier et al. 2007, Kikuchi et al. 2009). Turner et al. (2005) have 

already shown that natural variation at Ppd-H1 affects flowering time under LDs by controlling the 

expression of HvFT1 in the leaf of barley. Under LD, we also observed a Ppd-H1 dependent up-

regulation of HvCO1 during the vegetative phase and HvCO2 during the vegetative or reproductive 

phase, depending on the genotype. Both, HvCO1 and HvCO2, represent the closest barley orthologs of 

Arabidopsis photoperiod response gene CONSTANS (Griffith et al. 2003). Contrastingly, previous 

studies in barley and wheat demonstrated that the dominant Ppd-H1 allele in barley or increased 

expression of Ppd-1a in photoperiod insensitive wheat mutants did not lead to an increase, but rather 

to a decrease in the expression of CO-like genes (Campoli et al. 2012a, Shaw et al. 2013). However, 

Shaw et al. (2012) also reported that at very early developmental stages Ppd-1a caused an up-

regulation of TaCO1 expression, and suggested that Ppd-1a might specifically up-regulate TaCO1 at 

early stages of development to induce TaFT1, which then at later stages, as a negative feedback, causes 

a down-regulation of HvCO1. This is in accordance with our results that Ppd-H1 promotes an up-

regulation of HvCO1 at least until the end of the vegetative phase, while at later stages gene expression 

HvCO1 expression levels might decrease, as seen for in Bowman/BW281 and Triumph/Triumph-IL (Fig. 

12A, Suppl. Fig. S2A+C). Campoli et al. (2012a) have shown that HvCO1 causes an up-regulation of 

HvFT1 and promotes flowering time as in Arabidopsis. However, Ppd-H1 was shown to control HvFT1 

expression also independently of HvCO1 expression (Campoli et al. 2012a), suggesting that Ppd-H1 

controls HvFT1 expression through up-regulating HvCO1 at early stages of development and through 

unknown mechanism downstream of HvCO1 expression throughout development. 

HvCO1 and HvCO2 were co-regulated with contig_38668, a transcript homologous to the Arabidopsis 

AtSPA1-4 (SUPPRESSOR OF PHYA-105 1 RELATED 4) gene, which plays an important role in the 

photoperiod dependent degradation of CONSTANS protein in Arabidopsis (Laubinger et al. 2006).   So 

far, we have very little information about the SPA gene family and their regulation in barley, however 

one likely ortholog has been identified from Brachypodium and rice, respectively (Higgins et al. 2010). 

Similar to the Ppd-H1 and LD dependent induction of contig_38668 after the floral transition, transcript 

levels of AtSPA1, 3 and 4 were increased in adult Arabidopsis plants and up-regulated by light 

(Fittinghoff et al. 2006). This and the involvement of SPA genes in the regulation of responses to the 

photoperiod in Arabidopsis on the one hand, and the effect reported for SPA3 and SPA4 on elongation 

growth on the other hand (Laubinger et al. 2004), makes them interesting candidates to be studied in 

more detail in barley, especially since internode elongation was severely impaired in Scarlett and S42-

IL107, as well as the other genotypes, under SD. 
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Interestingly, HvFT1 was co-expressed with genes involved in the regulation of nutrient transport and 

floral organ development. These transcript included genes homologous to the sugar transporter 

AtPMT1, metal transporter AtYSL3, the Zinc transporter AtZIP5 and the K+ transporter AtHAK5, 

suggesting that up-regulation of HvFT1 was associated with an increase in nutrient and micronutrient 

transport. Relatively little is known about the role of nutrient and micronutrient availability on 

flowering time in model and crop plants. However, there is emerging evidence that carbohydrate 

availability and signaling play a crucial role in the regulation of vegetative and reproductive 

development (reviewed in Rolland et al. 2006), e.g. mutations in genes of key enzymes in sugar and 

starch metabolism such as HEXOKINASE1 (HXK1) and PHOSPHOGLUCOMUTASE1 (PGM1) affect various 

aspects of plant development, including flowering. A recent study has shown that TREHALOSE-6-

PHOSPHATE SYNTHASE 1 (TPS1), which catalyzes the formation of trehalose-6-phosphate (T6P) 

controls flowering time by up-regulating FT expression and has been suggested to function as a 

signaling molecule that relays information about carbohydrate availability to other signaling pathways 

(Wahl et al. 2013). In this context it is interesting to note that plants expressing HvFT1 and nutrient 

transporters under LD developed fertile spikes, while under SD in the absence of HvFT1 expression and 

low expression levels of transporter genes spikes stopped developing during stem elongation and 

became senescent. These transporter genes together with other genes, such as homologs of 

Arabidopsis AtROXY1 and AtMS2 (MALE STERILITY 2) co-expressed with HvFT1, have been associated 

with flower fertility in Arabidopsis (Chu et al. 2010, Murmu et al. 2010, Chen et al. 2011). Their up-

regulation coincided with the improved spikelet fertility observed in plants under LD as compared to 

SD and in S42-IL107 with the dominant Ppd-H1 allele as compared to Scarlett with reduced 

photoperiod sensitivity.  

3.2.2 HvFT2 expression acts downstream of the photoperiod pathway at the shoot apex to 

promote spikelet fertility 

In the MSA, variation at Ppd-H1 also controlled genes involved in the regulation of nutrient and 

carbohydrate metabolism and disease resistance as in the leaf and in addition to genes involved in  

floral organ development, hormone synthesis and signaling, cell cycle regulation and nucleosome 

assembly, suggesting that LD and Ppd-H1 enhanced developmental reprogramming of the MSA. 

 

Interestingly, HvFT1 expression in the leaf was positively correlated with expression of HvFT2 in the 

MSA, where it was expressed before floral transition in a photoperiod and Ppd-H1 dependent manner. 

In accordance with this finding, the homologs of FT2 in Brachypodium and wheat have recently been 

suggested to act downstream of FT1, as FT1 and FT2 expression levels were correlated in lines over-
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expressing FT1 under SD conditions or down-regulating FT1 in RNAi lines (Lv et al. 2014). However, the 

finding, that HvFT2 might act downstream of HvFT1 at the shoot apex is novel to the temperate cereals. 

Two recent studies have shown that also in Arabidopsis FT is expressed in a photoperiod and 

CONSTANS independent manner in the inflorescences and siliques, where it is important for 

maintenance of inflorescence and floral meristem identity (Liu et al. 2014, Müller-Xing et al. 2014). 

Müller-Xing et al. (2014) have shown that this floral commitment requires Polycomb-group (Pc-G) 

proteins, which mediate epigenetic gene regulation. Pc-G proteins maintain the identity of 

inflorescence and floral meristems after floral induction by repressing Flowering Locus C and 

maintaining high levels of Flowering Locus T expression in inflorescences independently of the 

photoperiod (Müller-Xing et al. 2014). In contrast to Arabidopsis, HvFT2 expression in the MSA was 

clearly dependent on LD and variation at Ppd-H1 and was thus not environmental stable as in 

Arabidopsis. Barley plants shifted from LD to SD after floral transition (W2.0) produced additional 

leaves in our experiment. Those additional leaves were most likely derived from leaf primordia formed 

during the double ridge stage, which usually under inductive conditions remain as vestigial organs. A 

comparable phenotype of additional leaf like structures emerging from the base of the spike has also 

recently been reported in a Ppd1 loss of function mutant of wheat insensitive to inductive 

photoperiods (Shaw et al. 2013). Thus, the outgrowth of this leaves under non-inductive conditions or 

in plants insensitive to LD might thus be comparable to the floral reversion or reduced inflorescence 

identity observed in Arabidopsis Pc-G mutant lines and ft-10 mutants (Müller-Xing et al. 2014, Liu et 

al. 2014).  

Interestingly, the transcript Hv.11786 homologous to AtMSI1 in Arabidopsis was up-regulated by LD 

and in the introgression line S42-IL107 (Fig. 13B). In Arabidopsis, MSI1 protein associates with the 

polycomb repressive complex 2 (PRC2) and is important for photoperiodic control of flowering as it 

controls the expression of AtCO, AtFT and functions in the epigenetic regulation of AtSOC1 (Bouveret 

et al. 2006, Steinbach and Henning 2014). Shift experiments showed that the transient exposure to LD 

caused a stable commitment to flowering in the wild type, but not in msi1 mutant plants, suggesting 

that MSI1 plays a role in the epigenetic memory of inductive photoperiods and flower maintenance in 

the shoot apex. While in Arabidopsis AtMSI1 has been placed upstream of the CO-FT pathway, our data 

suggested that expression of AtMSI1 in the MSA of barley is controlled by photoperiod and presumably 

HvFT1 as AtMSI1 expression levels were increased by LD and in S42-IL107.  

Since HvFT2 expression correlated well with flower fertility, we were interested in identifying co-

expressed genes. Genes co-regulated with HvFT2 were homologous to the Arabidopsis floral homeotic 

genes AtSEP1 (SEPALATA1), AtSEP3, AtPI (PISTILATA), AtAP3 (APETALA 3), which orchestrate flower 

organogenesis in Arabidopsis (review by Jack 2004 and Krizek 2005). Their counterparts have also been 

identified and partially characterized in cereals as recently reviewed by Murai 2013. Co-expression of 
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HvFT2 with the set of homeotic genes might further reflect the function of HvFT2 in promoting floral 

organ development and thus contributing to flower fertility. In addition, genes involved in glycolysis 

and carbon transport and mobilization were co-expressed with HvFT2 suggesting that LD and variation 

at Ppd-H1 improved the nutritional status of the MSA. Early studies in Sinapsis alba and Lolium 

temulentum have already reported a strong mobilization of carbohydrates to the shoot apex after 

floral induction (Bodson et al. 1977, Périlleux and Bernier 1997). FT-like genes in barley may thus 

improve flower development and fertility by improving nutrient availability at the shoot apex.  

3.2.3 Regulation of SVP-like genes and HvSOC1-1 points to differences in the photoperiod 

dependent induction of flowering between barley and Arabidopsis 

Detailed phenotyping of MSA development and spike characteristics clearly demonstrated that the 

duration of the early reproductive phase until W3.5 determined the number of floret primordia and 

spikelets. The duration of this early reproductive phase was affected by photoperiod and variation at 

Ppd-H1, but all plants transitioned to a reproductive meristem and developed until W3.5 equally under 

LD and SD. In addition, whereas variation at Ppd-H1 showed large effects on inflorescence 

development and floral maturation, the rate of floret primordia initiation was only marginally faster in 

S42-IL107 as compared to Scarlett under LD. We were therefore interested in identifying molecular 

changes which correlated with MSA development independently of photoperiod and variation at Ppd-

H1.  

We show that SVP-like genes, in particular HvBM1, are specifically down-regulated during floral 

transition in the MSA under LD and SD. In Arabidopsis, the Short Vegetative Phase (SVP) gene encodes 

a MADS-box transcription factor that delays the floral transition (Hartmann et al., 2000, Andrès et al. 

2014). Mutations that disrupt SVP cause early flowering (Hartmann et al., 2000), whereas ectopic 

expression of SVP and SVP-like genes results in late flowering, inhibits floral meristem identity and 

causes floral reversion (Brill and Watson 2004, Masiero et al. 2004). Similarly, ectopic over-expression 

of HvBM1 and HvBM10 in barley caused floral reversion and delayed development after the floral 

transition, suggesting that SVP-like genes also function to suppress floral meristem identity in barley 

(Trevaskis et al. 2007a, reviewed by Greenup et al. 2009). Trevaskis et al. (2007a) have found that 

HvBM1, HvBM10 and HvVRT2 were stably expressed in the leaves independent of the photoperiod and 

developmental stage, but induced upon cold temperatures. At the shoot apex the SVP-like genes were 

down-regulated during development. However, repression occurred well after floral transition. The 

authors concluded that in barley transcriptional repression of SVP-like genes is not required to 

promote floral transition in response to LD conditions. However, we show that transcriptional 

regulation of HvBM1, HvBM10 and HvVRT2 differ between MSA and leaf with a strong down-regulation 

of SVP-like genes only in the MSA upon floral transition under LD and SD. Interestingly, the time of 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1761976/#bib15
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1761976/#bib15
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1761976/#bib4
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1761976/#bib17
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complete down-regulation differed between individual SVP-like genes: HvBM1 was completely down-

regulated at floral transition (W2.0), while complete repression of HvVRT2 occurred at stamen 

primordium stage (W3.5). The differential regulation may further indicate functional diversification 

between the SVP-like genes in barley. 

The differences in gene expression of SVP-like genes obtained from shoot apex samples of our study 

as compared to previous data of Trevaskis et al. 2007a is most likely due to differences in sample 

compositions used for expression analysis. Using RNA from samples enriched for apex tissue, i.e. 

including leaf primordia and nodal tissues (Fig. 15B), on which we conducted expression analysis by 

qRT-PCR, revealed a down-regulation of SVP-like genes during MSA development and their incomplete 

repression after floral transition. Additionally, analysis of these samples pointed to a photoperiod and 

Ppd-H1 dependent regulation of the SVP-like genes in BW281 and Triumph-IL (Suppl. S2B+D). However, 

limiting the analysis of shoot apex pools excluding surrounding tissues (Fig. 15A), as we did for 

expression analysis by RNA-sequencing, revealed the complete and developmental stage specific 

repression of the SVP-like genes as early as floral transition occurred (W2.0) for HvBM1 and later stages 

(W3.5) for HvVRT2, respectively. Thus, expression of SVP-like genes in and around the shoot apex 

seems to be spatially tightly controlled, with a photoperiod independent regulation in the shoot apex 

and a photoperiod dependent regulation surrounding the shoot apex.  

However, this day length independent down-regulation of SVP-like genes specifically in the barley 

shoot apex seems to be in contrast to regulation of SVP in Arabidopsis. Recently, Andrès et al. (2014) 

have shown that in the early stages of the floral transition LD causes a repression of SVP and that this 

contributes to an increase in GA20ox2 expression and synthesis of GA4 at the shoot apex. This 

photoperiod dependent down-regulation of SVP was caused by FT and TSF and their downstream 

target genes SOC1 and FUL. We could also show that in barley variation at Ppd-H1 and thus the levels 

of HvFT1 expression controlled the expression of GA20ox1 in the MSA at the time of floral transition 

(Table 4, Suppl. Fig. S3), which is in line with recent results in wheat where over-expression of an FT 

gene caused an increase in GA levels in shoot apices (Pearce et al. 2013). However, since SVP-like genes 

were not regulated by FT in barley shoot apices, FT might act independently of SVP repression to 

increase GA levels in shoot apices of temperate cereals. This suggests that the LD and FT dependent 

regulation of GA levels in the shoot apical meristem might be conserved across species, while the 

regulation of SVP-like genes differs between eudicots and monocots. However, a more detailed 

analysis on the spatio-temporal expression patterns of SVP-like genes in the MSA and in MSA 

surrounding tissues of barley will be needed to further support this hypothesis. 

In Arabidopsis, SVP acts as a repressor of SOC1 (Li et al. 2008), which encodes a MADS box transcription 

factor that is expressed in the shoot apical meristem during floral induction and is the earliest gene 

shown to be up-regulated by environmental cues such as day length (Samach et al. 2000, Lee et al. 
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2000, Borner et al. 2000). SOC1 binds directly within an intron of SVP where it might contribute to its 

repression during floral induction. In barley, HvSOC1-1 and HvBM1 show mutually exclusive temporal 

expression patterns at the MSA with HvBM1 being expressed during the vegetative phase whereas 

HvSOC1-1 is activated during the transition to flowering. These data demonstrate that the reciprocal 

repression of SVP/SOC1 might be conserved between barley and Arabidopsis. In Arabidopsis, SOC1 

expression is induced by long photoperiods and high levels of FT expression (Lee et al. 2000, Samach 

et al. 2000, Yoo et al. 2005, Searle et al. 2006). This is in contrast to expression patterns of HvSOC1-1 

in the MSA of barley, where HvSOC1-1 expression levels increased after floral transition independently 

of variation at Ppd-H1. However, it is well known that SOC1 integrates many different flowering 

pathways. For example, Li et al. (2008) have shown that also in Arabidopsis SOC1 mRNA increased in 

svp mutants largely independently of FT and AGL24, suggesting that removal of SVP activity may 

activate SOC1 expression independently of those known SOC1 activators. In Arabidopsis, SOC1 induces 

the expression of LEAFY, a floral meristem identity gene widely conserved in monocots and dicots 

(Bomblies et al. 2003) and controls the induction of floral meristems at the shoot apex (Weigel and 

Nilsson 1995). LFY shows a weak expression in young Arabidopsis leaves during the vegetative phase 

and progressively increases as the plant approaches floral induction (Blàzquez et al. 1997). We found 

that like HvSOC1-1, HvLFY shows a rather photoperiod independent up-regulation during development 

(Suppl. Fig. 3). However, HvLFY was already strongly induced at the vegetative MSA and thus before 

HvSOC1-1. Similar to the expression of HvLFY at vegetative shoot apices we identified an early 

induction of HvVRN1, an AP1/FUL-like gene, supporting recent results in wheat which showed that 

TaLFY was up-regulated by GA and VRN1 (Pearce et al. 2013). Indeed, up-regulation of TaSOC1 and 

TaLFY were absolutely dependent on the expression of TaVRN1 and GA, suggesting that both genes 

act downstream of the FUL-like gene VRN1 in temperate cereals. During development, expression of 

HvVRN1 was followed by the expression of two orthologous genes, HvBM3 and HvBM8. Similar to the 

FT dependent up-regulation of AP1 in Arabidopsis (Abe et al. 2005), all three AP1/FUL-like genes 

showed a Ppd-H1 dependent induction at the MSA, however, their induction occurred at different 

stages of development. In Arabidopsis, AP1 is initially expressed throughout floral meristems, and later 

its expression becomes restricted to sepal and petal primordia consistent with its different roles of 

specifying the identity of floral meristem, sepals and petals. In the present study we did not localize 

AP1/FUL-like gene expression within the MSA, but strong correlations of HvVRN1 and HvBM3 with the 

number of floret primordia formed during development until the beginning of stem elongation (W3.5), 

pointed to their function in regulating spikelet primordia formation in barley. Furthermore, differences 

in the expression levels of the three AP1/FUL-like genes during development suggested that HvVRN1 

was important for floral transition and acted downstream of HvFT1 as previously proposed (Trevaskis 

et al. 2007b, Li et al. 2008, Pearce et al. 2013). The strong up-regulation of HvBM3 and HvBM8 in S42-
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IL107 suggested that the expression of these AP1-like genes is also regulated by FT and LD. However, 

their induction in shoot apices subsequent to HvVRN1 expression suggested a function at later stages 

of floral development. Accordingly, HvVRN1, but not HvBM3 and HvBM8 are regulated by vernalization 

(Sasani et al. 2009), supporting the hypothesis that these three closely related genes are functionally 

divergent. However, in contrast to their individual expression patterns throughout shoot apex 

development, Kobayashi et al. (2012) suggested a redundant role for the AP1/FUL-like genes 

OsMADS14, OsMADS15 and OsMADS18, orthologous to HvVRN1, HvBM3 and HvBM8, respectively, in 

rice in regulating the floral transition downstream of Hd3a.  

In summary, the developmental stage dependent regulation of SVP-like genes independent of the 

photoperiod and allelic variation at Ppd-H1 highlighted their central role in regulating early stages of 

shoot apex development. However, detailed analysis of their spatio-temporal expression at and 

around the shoot apex might help to better understand their connection also to the photoperiod 

dependent flowering pathway, e.g. acting through HvSOC1-1, downstream of Ppd-H1/HvFT1 in barley. 
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3.3 Concluding Remarks 

The objective of this study was to characterize the effects of the photoperiod and natural allelic 

variation at Ppd-H1 on individual phases of pre-anthesis development in barley. We were aiming at 

the identification of transcriptional changes in leaves and shoot apices associated with the floral 

transition and early reproductive development.  

The results confirmed the Ppd-H1 dependent expression of HvFT1 in the leaf of spring barley. 

Interestingly, a close FT-like ortholog HvFT2 was induced by Ppd-H1 and LD at the shoot apex. The 

timing of HvFT2 induction in the MSA correlated well with the differences in the rate of shoot apex 

development and floret fertility. Thus, we hypothesize, that HvFT2 might act as a central regulator of 

inflorescence development and is crucial for spikelet fertility in barley.  

Co-regulation of FT-like and nutrient transport related genes with inflorescence maturation indicated 

that increased nutrient mobilization and transport in leaves and shoot apices might be linked to the 

observed spikelet fertility phenotype under LD. Thus, it would be interesting to determine the specific 

effects of HvFT1 and HvFT2 expression on nutrient levels, e.g. sugars or micronutrients like iron and 

zinc, in leaves and shoot apices during floral transition and inflorescences development. Future 

experiments should separate the effects of the photoperiod response pathway per se and increased 

availability of assimilates under LD than SD on nutrient availability and transport to the developing 

MSA. The shift experiments indicated that continuous exposure to LD and expression of FT-like genes 

in the leaf and the shoot apex was crucial to maintain inflorescence development. It is thus important 

to unravel the regulation of HvFT2 in the MSA and to identify targets of HvFT2 at early, but also late 

developmental stages to understand the effects of photoperiod on spikelet fertility. Differences in the 

timing of HvFT2 expression in the shoot apex (RNA-seq) as compared to shoot apex enriched samples 

(qRT-PCR) suggested tissue specific expression of HvFT2 in and around the shoot apex. Future 

experiments should reveal the precise localization of HvFT2 expression within the MSA to provide 

further information on its functional role in floral development. 

 Our experiments also showed that the down-regulation of SVP-like genes and up-regulation of 

HvSOC1-1 marked the floral transition under LD and SD and thus can be used as developmental 

markers in barley. This is similar to Arabidopsis, where induction of SOC1 in the shoot apical meristem 

marks the floral transition under SD and LD conditions (Borner et al. 2000). Interestingly, the 

expression of SVP-like genes and HvSOC1-1 was Ppd-H1 and thus HvFT1 independent suggesting that 

floral transition in contrast to inflorescence maturation is not dependent on the expression of FT-like 

genes in barley. 
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In general, we report changes of the leaf and shoot apex transcriptome throughout early stages of 

barley development by RNA-sequencing. We believe that the generation of an improved reference for 

transcriptome mapping, classification of the 7604 identified DETs into 31 co-expression clusters and 

enriched GO-terms will be of great help for subsequent studies on early stages of pre-anthesis 

development in barley. We have shown that these early stages are important determinants of final 

number of seeds per spike. Optimizing the early reproductive development will thus greatly enhance 

yield potential of barley plants. 
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4 Materials and Methods 

4.1 Plant material 

In this study, we used three spring barley genotypes which carry a natural mutation in the CCT domain 

of Ppd-H1 (Turner et al. 2005) and three derived backcross lines carrying introgressions of the 

dominant Ppd-H1 allele. The spring barley genotypes were Scarlett, Bowman and Triumph and the 

derived introgression lines S42-IL107, BW281 and Triumph-IL, respectively. S42-IL107 and BW281 carry 

introgressions of the dominant Ppd-H1 allele from wild barley (Schmalenbach et al. 2008, Druka et al. 

2011). Triumph-IL is a BC4F2-selected introgression line derived from the doubled haploid (DH) 

population of a cross between Triumph and the winter barley Igri (Laurie et al. 1995) and was kindly 

provided by David Laurie (John Innes Centre, Norwich). The size of the introgression in S42-IL107 and 

BW281 was determined by high-resolution genotyping using the Barley Oligo Pool arrays (Illumina 

Golden Gate) (Schmalenbach et al. 2011, Druka et al. 2011). The 9 K Infinium i-Select barley array was 

used to genotype the Triumph-IL line. 

4.1.1 Plant cultivation and phenotyping 

For all experiments, plants were sown in the soil “Mini Tray” (Einheitserde®) in 96-cell growing trays. 

Plants were kept at 4°C for 3 days, followed by germination under SD conditions (8h, 22°Cday; 16h, 

18°C night; PAR 270µM/m²s). Subsequent to germination, plants were transferred to LD conditions 

(16h, 22°Cday; 8h, 18°Cnight) or cultivation was continued under SDs. For the RNA-sequencing 

experiment, Scarlett and S42-IL107 were germinated and kept under SDs for 7 days prior to separation 

into LD and SD conditions. 

Three representative plants per genotype and photoperiod were dissected every three to four days 

from germination to seed set in two independent experiments. At each time point, the developmental 

stage of the main shoot apex (MSA) was determined according to the quantitative scale of Waddington 

et al. (1983), in the text referred to as Waddington stage (W), reflecting the development of the most 

advanced floret primordium on the MSA. In addition, morphological phenotypes of the main shoot, 

number of emerged leaves, number of spikelet primordia were recorded for each genotype during 

development. Heading date (at Z49, Zadoks et al. 1974), and at plant maturity, number of spikelets per 

spike and number of grains per spike were recorded for ten plants per genotype. Minor adjustments 

of the Waddington scale were performed, i.e. Waddington stage 0.5 (W0.5) was assigned to shoot 

apices prior to the elongation of the apical dome present in transition apices at W1.0. Pictures of apices 

were taken with the Diskus imaging software (version 4.8.0.4562, Hilgers Technisches Büro) using a 

stereo microscope (model MZ FLIII, Leica) equipped with a digital camera (model KY-F70B, Leica). 
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Broken-line regressions were calculated for MSA development and emergence of spikelet primordia 

with the “segmented” package (version 0.2-9.5, Muggeo 2003, 2008) in the statistical software R 

(version 3.0.1, R Development Core Team, 2008). Regression models were fitted for the presence of 

none to four breakpoints, and the model with the highest Bayesian Information Criterion (BIC) score 

was selected. Slopes of the individual linear segments and their 95% confidence intervals were 

extracted from the broken-line regression model. 

Significant genetic differences in morphological phenotypes recorded at plant maturity were identified 

by a Student’s t-tests. 

4.1.2 Photoperiod shift-experiment 

Seeds of Scarlett and S42-IL107 were germinated in 96-well planting trays under SD. After germination, 

plants of both genotypes were transferred to 3L-sized pots and cultivation was continued under SD or 

LD, respectively. At eight stages of MSA development (W0.5-4.5) under SD und nine stages (W0.5-10) 

under LD, three plants per genotype were dissected to determine the developmental stage of the MSA 

prior to the transfer of another three plants from SD to LD of vice versa. Cultivation of three plants per 

genotype was constantly continued under either SD or LD conditions. Heading date (at Z49, Zadoks et 

al. 1974) and final leaf number of the main shoot were recorded before plant maturity for each plant. 

At plant maturity, height, spike length, number of spikelets and seeds per spike were recorded for the 

main shoot of each plant. The experiment was stopped 150 days after germination, as many plants 

grown under SD conditions did not flower. 

 

4.2 Transcriptome analysis of developing barley shoot apices 

4.2.1 Library preparation and sequencing 

For RNA-sequencing, leaf and shoot apex tissue was harvested from main shoots of Scarlett and S42-

IL107 plants grown under SD at W0.5, W1.0, W2.0 and W3.5 and under LD at W1.0, W2.0 and W3.5. 

Samples were harvested 2 hours before the end of the light period. MSA samples included tissues of 

young leaf and spikelet primordia as indicated in Figure 15A. Samples collected during the vegetative 

phase (W0.5 and W1.0) consisted of 25 to 30 pooled apices. At double ridge stage (W2.0) and stamen 

primordium stage (W3.5), 15 and 7 shoot apices were pooled, respectively. Leaf samples were 

harvested from a subset of seven plants, of which apex tissue was collected at the time of floral 

transition (W1.0, W2.0). Harvested leaf tissue was restricted to the distal part of the leaf around 2-4 

cm before the leaf tip. Leaf and apex samples designated for RNA-sequencing were harvested in three 

replicate pools. 
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Figure 15: Representative main shoot apices dissected for RNA extraction 
Total RNA was extracted from pools of isolated shoot apices including the tissue above the red dashed lines. Waddington 
stages (W) of harvested shoot apices are indicated below the pictures. White bars represent 500µm. (A) Shoot apex samples 
harvested for RNA-sequencing comprised dissected tissues of the apical dome, young leaf primordia (green arrows) and floret 
primordia (orange arrows). Older leaf primordia (blue arrows) and basal parts of the shoot apex were excluded. (B) Apex 
enriched tissue harvested for qRT-PCR analysis at different stages of development also included older leaf primordia and 
basal parts of the shoot apex. 

 

For gene expression analysis by quantitative reverse transcription PCR (qRT-PCR), leaf and shoot apex 

tissues were harvested at four to six stages between W0.5 to W5.0 from the main shoot of all six 

genotypes grown under SD and LD. Each leaf and shoot apex sample comprised pooled tissues of five 

plants. Harvested shoot apex samples were enriched for shoot apex tissue, i.e. parts of the crown and 

young leaf primordia surrounding the inflorescence were also included (Fig. 15B). 

Samples harvested for RNA extraction were immediately frozen in liquid nitrogen and stored at           -

80°C. Total RNA was extracted from ground tissue using the RNeasy® Micro Kit (Qiagen®) and TRIZOL® 

(Life Technologies) for RNA-sequencing and qRT-PCR, respectively. Residual DNA was removed using 

the DNA-freeTM kit (Ambion®). RNA extraction and DNase treatment were performed following the 

manufacturers’ instructions. RNA concentration and integrity were determined using the 2100 

Bioanalyzer (Agilent) prior to RNA library preparation for RNA-sequencing. 

cDNA-libraries were prepared according to the TruSeqTM RNA sample preparation protocol (version v2, 

Illumina®). Clonal sequence amplification and generation of sequence clusters were conducted on the 

cBot (Illumina®). Single end sequencing was performed on the HiSeq2000 (Illumina®) platform by 

multiplexing 12 libraries (libraries A-X, 1st set) and 24 libraries (libraries A1-AE1, 2nd set), respectively. 

In total, 47 libraries were sequenced, generating 672,463,624 1 x 100 bp single-end reads. Detailed 

information on sequencing results is presented in Suppl. Tab. S12. 

Quality of the sequencing data was verified with the FastQC software (version 0.10.1, by S. Andrews) 

prior to further processing with the CLC Genomics workbench (version 6.0.4, CLCbio). PCR duplicates 

were removed from the raw sequencing data using the Duplicate Read Removal plugin of CLC. Reads 
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were trimmed, with an error probability limit calculated from the Phred scores of 0.05 and allowing 

for a maximum of two ambiguously called nucleotides per read. Reads shorter than 60bp, subsequent 

to the quality based trimming, were removed from the data set. After removal of PCR duplicates and 

quality based filtering 391,047,834 reads were retained, corresponding to an average of 59% of the 

raw sequencing data per library (Suppl. Fig. S4A). 

4.2.2 Design of the reference sequence 

To obtain a comprehensive reference sequence, we compared the mapping efficiency of the filtered 

reads against two sets of transcript clusters available for barley. 

Recently, the International Barley Genome Sequencing Consortium (IBGSC) published the draft 

genome sequence of barley including the transcribed gene space assigned to a set of 26,159 annotated 

high-confidence genes (HC) and a set of 53,220 low-confidence genes (LC) (IBGSC, Nature 2012). 

Sequences of the HC and LC were downloaded from the Barley project webpage 

(ftp://ftpmips.helmholtz-muenchen.de/plants/barley/public_data/genes/, sequence version of March 

23rd, 2012). Secondly, a cluster of 26,944 barley UniGenes (UniGene build #59 at NCBI), henceforth 

referred to as unigenes, was downloaded from NCBI 

(ftp://ftp.ncbi.nih.gov/repository/UniGene/Hordeum_vulgare/) and used for comparison. 

Filtered reads of all libraries were combined and mapped against the respective reference sequences 

using the RNA-Seq Analysis function of CLC with default parameters. Test mappings were performed 

on the unigenes, HC and LC sets alone and on various combinations of those. In addition, we assembled 

de novo contigs using CLC de novo assemble tool. 

To determine the most appropriate reference set for our study, we estimated the extent of sequence 

redundancy within the different reference sets using BLASTn. Redundancy was defined as a proportion 

of blast hits longer than 100bp with 97% identity. Furthermore, as an estimate for sequence 

redundancy, we extracted the proportion of reads with multiple mapping positions (≤10 positions) 

within a respective reference set. In addition to low sequence redundancy, we expected a 

comprehensive set of reference sequences to yield a high proportion of reads with unique mapping 

positions and a low percentage of reads assigned as unmapped, i.e. reads without mapping position 

or mapped to more than ten locations. 

The unigenes were selected as a core set due to its lowest sequence redundancy and highest 

proportion of uniquely mapping reads as compared to the HC and LC datasets (Suppl. Fig. S4B), e.g in 

total we mapped 280,871,398 reads against the unigene set, of which 269,468,960 reads had unique 

and 11,402,438 reads had multiple mapping positions. Against transcripts of the HC dataset, we 

mapped 226,964,864 reads in total with unique and multiple mapping positions for 206,228,484 reads 

and 20,736,380 reads, respectively. Thus, other datasets were added to transcripts of the unigene set 
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in the following order of priority: HC, LC, de novo contigs. Redundancy in the combined datasets was 

eliminated using Minimus2 software with parameters set to 130bp overlap and 97% minimum identity. 

Filtering transcripts appropriately yielded 8,391 HC (sHC) and 23,232 LC (sLC) progressively added to 

the unigenes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Schematic representation of the RNA-sequencing 
(RNAseq) pipeline 
(A) Selection of transcripts used as reference sequences in the 
read mapping step prior to differential gene expression 
analysis. (B) Annotation of transcripts in the RNAseq reference 
based on BLASTx results against different plant protein 
databases (left panel) and retrieval of Gene Ontology terms 
with Blast2GO software (right panel). (C) Summary of the 
differential gene expression and co-expression analysis using 
the edgeR- and MBCluster.Seq-packages of the R statistical 
software, respectively. DET: Differentially expressed 
transcripts; Hv, Unigenes: Barley NCBI UniGene set; HC: High 
confidence gene set; LC: Low confidence gene set; sHC/sLC: 
selected subset of unique HC or LC 

 

To allow the identification of new transcripts specific for shoot apex tissue used in our study, we used 

CLC de novo assembly tool with default parameters to construct a set of 473,651 de novo contigs (DNC) 

from 85,0125,80 reads, which did not map to a reference sequence constructed from unigenes, sHC 

and sLC. Contigs were filtered for a minimum length of 200bp and a 10X average coverage. A set of 

10,172 DNC with BLASTx hits in the Triticeae family (E-value ≤ 10-5), henceforth DNC-T, was selected 

from the 75,675 DNC identified as Minimus2 singletons. A schematic representation of the pipeline 

used to construct the reference sequence is presented in Fig. 16A. 

 

In summary, a final set of 68,739 transcripts, consisting of 26,944 unigenes, 8,391 sHC, 23,232 sLC and 

10,172 DNC-T, was used as a custom reference for the RNA-sequencing analysis. Using this as reference 

set, 80.6% (315,108,855 reads) of the quality filtered reads could be mapped in total with 74.9% 

(292,699,606 reads) having unique and  5.7% (22,409,249 reads) multiple mapping positions. 
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The reference set was annotated using BLASTx against protein databases of Arabidopsis (TAIR version 

10), Brachypodium (Brachypodium distachyon, Project version 1.2), Rice (MSU Rice Genome 

Annotation Project release 7), Aegilops (downloaded on 8-05-2013, Jia et al 2013) and Sorghum (1.4, 

Paterson et al. 2009) with cut-off E-value 10-5. 

The open reading frames (ORF) of barley transcripts were predicted using the OrfPredictor software 

guided by the BLASTx results against TAIR (≥30 aa, Min et al. 2005). Conserved domain annotation of 

the translated ORFs was performed using InterProScan4 software (Hunter et al., 2011). These data 

together with the top 20 BLASTx hits against the Viridiplantae sub-set of NCBI ‘nr’ database were used 

to determine gene ontology (GO) terms for the reference barley transcripts using Blast2GO pipe 2.5.0 

(Consea et al., 2005). An overview the reference sequence annotation pipeline is depicted in Fig. 16B. 

4.2.3 Differential gene expression analysis and calculation of co-expression clusters 

Quality filtered reads of each library were mapped against the reference sequence using the RNA-Seq 

Analysis tool of the CLC Genomics workbench with default parameters (Suppl. Tab. S12). Counts of 

uniquely mapped reads were extracted and used for downstream analyses. Differentially expressed 

transcripts (DET) were identified with the R/Bioconductor package “edgeR” (version 3.2.3, Robinson 

et al., 2010) using the generalized linear model (GLM) with the factors genotype, photoperiod and 

developmental stage of the MSA. Five separate models needed to be specified because under SDs only 

S42-IL107 MSA and leaf samples were subjected to RNA-sequencing. For DET calling, individual 

contrasts were specified to extract DETs between individual developmental stages in MSA samples, 

between photoperiods and between genotypes in MSA and leaf samples. DETs were called at an FDR 

less than 10-4. Additionally, DETs detected between individual developmental stages at the MSA 

required an absolute log2-fold-change > 1. 

Prior to DEG calling transcripts with counts less than 5 cpm in at least two libraries were removed and 

the remaining 25,152 transcripts were considered expressed. Expression values of the filtered 

transcripts were correlated between individual libraries to verify quality of biological replication 

(Suppl. Tab. S13). One library was identified for S42-IL107 (MSA library under SD at W3.5, biological 

replicate 1) with correlation coefficient of r ≤ 0.86 as compared to its biological replicates. However, 

transcripts with low correlations between the biological replicates in this set of libraries were also 

among the transcripts with highest variation between biological replicates in other library sets. Thus, 

we decided to keep the library with low correlation coefficient for differential gene expression analysis, 

as biological rather than technical reasons were causative differences in expression values in this 

library.  

Co-expression analysis was performed on RPKM (reads per kilo base per million) normalized expression 

levels of 7406 DETs. To optimize the number of co-expression clusters, negative binomial models were 
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fitted for different numbers of co-expression clusters ranging from 5 to 120 using the R package 

“MBCluster.Seq” (version 1.0, Si et al. 2013). Convergence of the EM-algorithm for estimation of 

cluster centers was called in a maximum of 103 iterations. The final number of clusters was determined 

based on visual inspection of the hybrid tree supported by high average probability of clustered 

transcripts (Suppl. Tab. S14). 

Over-representation of identified DET subsets within co-expression clusters was tested by Pearson’s 

Chi-squared test in R (Monte Carlo simulation, 2000 replicates). 

Over-representation of particular GO terms within the co-expression clusters and identified subsets of 

DETs was estimated against the GO-annotated reference (18,890 out of 25,152 expressed transcripts) 

using Fisher’s exact tests implemented in the Blast2GO software (FDR < 0.05).  

4.2.4 Verification of gene expression by qRT-PCR assays 

DNAse-treated total RNA (1µg) was reverse-transcribed using the SuperScriptTMII reverse transcriptase 

(Life TechnologiesTM) according to the manufacturer’s instructions. Expression levels of target genes 

were quantified by qRT-PCR. Reactions included 1µl of cDNA, 1U of GoTaq® Flexi DNA Polymerase 

(Promega), 0.2 mM deoxynucleotide triphosphate (dNTP), 2.5 mM MgCl2, 0.2 μM of each primer and 

1 μl of EvaGreen® (Biotium). Oligonucleotide sequences for forward and reverse primers are given in 

Suppl. Tab. S15. qRT-PCR was performed on the Roche LightCycler® 480 System (Roche) with the 

following amplification conditions: 95°C (5 min), 40 cycles of 95°C (10 sec), 60°C (10 sec) and 72°C 

(10 sec). No template controls were included in each 384-well plate and dissociation curve analysis 

was performed at the end of each run to ensure specificity of single reactions. Initial concentrations of 

each gene were calculated from titration curves using the LightCylcer® 480 software (Roche, version 

1.5.0). 

HvActin, HvGAPDH and HvUbiquitin showed stable expression across tissues, developmental stages 

and photoperiods in the RNA-sequencing experiments and HvActin was chosen for relative 

quantification of the target gene expression levels in the qRT-PCR assays. qRT-PCR data for each target 

gene are presented as average expression levels over three biological replicates, with two technical 

replicates per reaction, relative to the expression levels of the HvActin reference gene. 
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7 Supplementary Information 

 

Supplementary Figure S1: Transcript expression patterns for 7604 DETs in 31 co-expression clusters 
Co-expression clusters of 7604 differentially expressed transcripts (DET). Expression levels for individual transcripts (light 
colors) and mean expression level across all transcripts within each cluster (bright color) were plotted. Co-expression plots 
depict transcript expression patterns in leaves (green) and apices (orange) as mean centered and scaled transcript levels (Z-
Score). Detailed statistics for each cluster are presented in Suppl. Tab. S14. 
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Supplementary Figure S2: Validation of transcript levels in leaves and shoot apices of Bowman, BW281, Triumph and 
Triumph-IL 
Quantification of transcript levels by quantitative real time PCR (qRT-PCR) in leaf samples (green) and samples enriched for 
apex tissue (orange) at different stages of plant development. Samples were harvested from the barley genotypes (A, B) 
Bowman and BW281, as well as (C, D) Triumph and Triumph-IL. Transcript levels are demonstrated relative to the transcript 
abundance of HvActin. Error bars indicate the standard deviation over three biological replicates. Asterisks highlight 
significant differences (p<0.05) between transcript levels of BW281 and Bowman or Triumph-IL and Triumph, respectively, 
when plants were at the same developmental stage and grown under long photoperiods. 
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Supplementary Figure S3: Transcripts of HvLFY and HvGA20ox1 expressed in leaves and at the MSA 
RNA-sequencing derived expression data of HvLFY (MLOC_14305.1) and HvGA20ox1 (Hv.21105). Transcript expression is 
presented for leaf (green) and shoot apex tissue (orange). Normalized expression values are reported in reads per kilo base 
per million (RPKM). Error bars indicate standard deviation across two to three independent RNA samples. 
 
 
 

 
 
Supplementary Figure S4: Overview of RNA-sequencing statistics 
(A) Quality- and length-based filtering of raw sequencing reads (100bp, single-end, Illumina), derived from two independent 
sequencing runs. Reads of libraries A to X (1st set) and of libraries A1-AE1 (2nd set) retained after filtering. See Suppl. Tab. S12 
for detailed information on the libraries. (B) Statistics of mapping to reference sets of different transcript combinations. Hv: 
barley NCBI UniGene set; HC: high confidence gene set; LC: low confidence gene set; sHC/sLC: selected subset of unique HC 
or LC; DNC, de novo contigs assembled from unmapped Illumina reads; DNC-T, selected de novo contigs with BLASTx hit in 
the Triticeae. (C) Unsupervised clustering of RNA samples in two dimensions by multidimensional scaling (MDS) performed 
with the edgeR-package of the R statistical software. 
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Supplementary Table S1: Rate of shoot apex development and induction of spikelet primordia obtained from broken-line 
regressions

 
 

 

Supplementary Table S2: Average* log2-fold changes between 
transcripts within major co-expression clusters I-III 
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Supplementary Table S3: GO-term enrichment for 3299 transcripts specifically up-regulated in shoot apices at stamen 
primordium stage 
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Supplementary Table S4: GO-term enrichment for 798 transcripts up-regulated during floral 
transition (W0.5-W2.0) 
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Supplementary Table S5: GO-term enrichment for 1434 “core set” transcripts differentially expressed at the shoot apex 
during floral transition and at stamen primordium stage  
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Supplementary Table S6: Co-expression clusters enriched 
for transcripts up-regulated during MSA development 
independent of the photoperiod and genotype 

 
 

Supplementary Table S7: Co-expression clusters enriched 

for transcripts down-regulated during MSA development 

independent of the photoperiod and genotype
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Supplementary Table S8: GO-term enrichment for 1427 transcripts down-regulated in leaves by long 
photoperiods and in S42-IL107 
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Supplementary Table S9: Co-expression clusters enriched 
for transcripts up-regulated in leaves by long photoperiods 
and in S42-IL107 

 
 

 

 

Supplementary Table S10: Co-expression clusters enriched 
for transcripts up-regulated in shoot apices by long 
photoperiods and in S42-IL107 
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Supplementary Table S11: GO-term enrichment for transcripts in co-expression cluster 31 
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Supplementary Table S12: Overview of RNA samples and sequencing statistics
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Supplementary Table S13: Correlation analysis for quality control of biological replicates used for RNA-sequencing 
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Supplementary Table S14: Statistics of co-expression clustering 
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Supplementary Table S15: Oligonucleotide sequences used in qRT-PCR assays 
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