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Ambient temperature influenced
co-expression network of major
developmental, circadian, and
photoreceptor genes in bread
wheat
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The developmental process of bread wheat comprises of two major phases: the generative
development of the apices from double ridge to terminal spikelet formation, followed by the intensive
stem elongation. The two phases differ significantly in terms of the most influential environmental
stimuli; ambient temperature above the vernalization threshold exert a more pronounced influence on
the molecular-genetic regulation of intensive stem elongation. We assume that dynamic interactions
among circadian rhythms, photoreceptors, and key developmental genes play a critical role in shaping
the genotypic responses. For this purpose, we chose three, well characterised winter bread wheat
varieties with different genetic backgrounds and developmental patterns, in which we studied the
daily expression of main developmental (VRN1, VRN2, VRN3, PPD1), circadian (CCA1, PRR95, TOC1,
LUX, ELF3, Gl, CO1) and photoreceptor (PHYA, PHYB, PHYC, CRY1, CRY2) genes using generic primers
and determined their possible relationship under three environments (18 °C vernalized/unvernalized
and 25 °C vernalized in the phytotron). The correlation-based network analyses underlined the

strong probability of several gene interactions. The positive relationship between VRN1 and VRN3
existed in all treatments confirming that the close relationship between these two genes is essential
for the flowering regulation. The vernalized VRN2 showed an explicit diurnal activity in late heading
cultivars, which became most expressive at 18 °C. In vernalized plants at 18 °C, PPD1 expression was
significantly increased in all three cultivars, becoming more pronounced in late heading cultivars. We
found a significant negative association between CCA1 and TOC1, in addition a significant negative
association between CCA1 and LUX and a significant positive correlation between TOC1 and LUX was
observed, irrespective to the environment. The close temperature-independent relationship between
these major circadian genes may also illustrate their fundamental role in the floral regulatory system.
Another strong positive correlation was observed between G/ vs LUX and PHYC vs ELF3, independently
of the environment. Our results, obtained by studying gene expression patterns within the complexity
of whole-genome backgrounds, provide complementary information to the knowledge derived from
studies using mutant and/or near-isogenic lines. They demonstrate the environmentally driven genetic
plasticity present in varieties in response to diverse environmental cues, which may represent an
important factor in ecological adaptation and a key element in improving resilience to climate change.

Keywords Vernalization, Photoperiod, Circadian and photoreceptor genes, Daily gene transcription, Gene
network system, Hexaploid wheat

The genetic regulation of plant development and flowering has been dissected in the model plant Arabidopsis
to the largest extent, revealing the complex intricate system that enables the plants to percept the various
environmental signals and to adjust their development accordingly. The large amount of information collected
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in Arabidopsis contributed greatly to the dissection and to the better understanding of this regulation network in
cultivated plant species!. In temperate small grain cereals, it helped to identify various genes of the vernalization
and photoperiod response pathways, several members of the circadian clock (input, core oscillation and output
genes), photoreceptors, plant hormonal pathways, and central elements of flower initiation, with new findings
published almost daily. These comparative studies have revealed similarities and basic differences between
Arabidopsis and cereals in the structures and functionality of orthologous genes and in the compositions of the
specific regulation pathways.

Due to these studies, the basic features of the two most important regulation pathways in cereals—
vernalization and photoperiod response—have been fairly deeply dissected. The vernalization requirement is
determined by the epistatic interactions between two major vernalization response gene families. These are the
dominant flowering activators VRNI (orthologue of the Arabidopsis gene API) and the dominant flowering
repressors VRN2 (ZCCT, having no orthologue in Arabidopsis)*~'!. According to the latest flowering regulation
models of cereals, in autumn, after germination, when the days are still sufficiently long, the active VRN2 gene
prevents the transcription of the VRN3 gene (orthologue of the Arabidopsis gene FT), which could be important
in maintaining the activity of VRNT at a low level'>!*. In the course of vernalization, the activity of the VRN1
gene is gradually enhanced by the cold effect, leading to increasing expression of VRNI1 transcription factors,
which inhibit the functioning of VRN2 while stimulating that of VRN3'4-16, The latter, in turn, enhances the
activity of the VRNI gene, thus inducing heading!*16-!8, The VRN2 gene is unaffected by low temperature as
opposed to photoperiod. Short day inhibits while long day stimulates the expression of this gene®!21%2, In
barley, both phenomic and gene expression analyses have confirmed that VRN2 appears to be controlled by both
the CONSTANS (CO) and VRN, suggesting that this gene is a joint element in photoperiod and vernalization
regulatory pathways®?’. PPDI (PRR37) is the major gene of photoperiod sensitivity?!~2%, and it acts with both
the photoperiod regulating pathway and the circadian clock. In wheat, the dominant photoperiod insensitivity
alleles in PPDI result in rapid heading irrespective of the photoperiod, an effect that is more pronounced
under short photoperiods?®. VRN3 genes (FT1) are the central integrators of the vernalization and photoperiod
pathways, and as such, these important genes are under the control of VRNI, VRN2 and PPD1 series?®*~?. The
functional polymorphisms in these plant developmental genes have been thoroughly analysed, revealing the
similarities and differences between the various cereal species!'**-%. In barley; it has already been described that
different allele combinations of genes that are responsible for the regulation of vernalization requirement and
photoperiod sensitivity lead to different plant development types®?°. However, the knowledge on the complex
regulation system of plant development in cereals is still incomplete, necessitating further experiments.

One of the major differences between Arabidopsis and cereals appears in the relationship of floral
differentiation and stem elongation. In Arabidopsis, these two processes normally occur in parallel; the first
visible sign of the vegetative—generative turning point is the initiation of bolting from the vegetative rosette
stage. Thus, the differentiation of the various floral organs takes place during the stem elongation. In the case
of cereals, however, these two processes are separated in time. The vegetative—generative transition, followed
by the floral differentiation and even the terminal spikelet formation in the case of wheat have all already taken
place by the time the intensive stem elongation starts (the first visible sign for the latter is the appearance of the
first node at the base of the stem). This phenomenon is well documented in the previous studies*>*’, but it has
not been considered in genetic models of cereal flowering regulation. In temperate cereals, photoperiod and
low temperature vernalization are the two most decisive environmental factors determining the developmental
processes of the plant'#?’. In addition, several other factors fine-tune the heading or flowering, including
the ambient temperature above vernalizing levels, the various characteristics of light, and water and nutrient
availability that can show large variability within a short time frame, and it also varies by location and season.

The temperature above vernalizing levels has a more complex effect on plant developmental dynamics
than the day length, as it may exhibit considerable deviation not only seasonally, but also at an annual or daily
level®®38-42 Research on cereals proved that the ambient temperature influences not only the heading date,
but also the number and development rate of leaves, tillers, and spikelets43‘45. In addition to the light impulse,
ambient temperature is also an important input signal in the entrainment of the circadian rhythm?*. In barley
seedlings germinating in the dark, the daily cycling in ambient temperature in itself is able to activate the
circadian rhythm?®’. The ability to compensate for changes in external temperature is also characteristic of the
circadian rhythm. The length of the period remains relatively constant in a wider range of ambient temperature,
which is a fundamental element in keeping the cell metabolism at a relatively stable level, regardless of the
external temperature.

Circadian rhythm with its incoming and outgoing regulation networks has been identified as the major
component in continuously adjusting the various plant processes to the actual environmental conditions. As
such, it must be also an important part of regulating the process of intensive stem elongation in cereals. The
circadian rhythm is an internal regulatory mechanism (autonomous oscillator) by which plants synchronise
their internal biological processes with daily changes in the various external environmental conditions including
temperature and light*’~*°. Plant circadian clocks consist of multiple interconnected transcription / translation
feedback loops'. The central oscillator mechanism of the clock is based on proteins providing feedback by directly
or indirectly repressing their own activity or their own transcriptions from the corresponding genes. One of the
central loops consists of three genes TOCI, and CCA1/LHY. Expression of genes encoding the transcription
factors CIRCADIAN CLOCK-ASSOCIATED 1 (CCAI) and LATE-ELONGATED HYPOCOTYL (LHY) peaks in
the early morning®®!. In the morning, CCAI and LHY genes inhibit the expression of the TIMING OF CAB
EXPRESSION 1 (TOC1) gene, then in the late afternoon, the expression of the TOCI gene is increased, which
reduces the expression of the CCAI and LHY genes (negative feedback loop)>>°3. Subsequently, the expression
of PSEUDORESPONSE REGULATOR (PRR) genes also increases until the evening hours (PRR9, PRR7, PRR5,
PRR3, PRR59, PRR73, and PRR95)°!. The ARRHYTHMO (LUX), EARLY FLOWERING 3 (ELF3) and ELF4
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circadian genes show maximum expression in the evening and night periods, respectively and they are part of
the evening complex (EC)?*!. In Arabidopsis, the circadian clock regulates the induction of FT and its critical
transcriptional inducer CONSTANS (CO) via an external coincidence mechanism in which light coincides with
an inductive window that is gated by the circadian clock. In this process, the clock component GIGANTEA (GI)
plays an important role in forming a transcriptional complex via cycling changes in their protein abundance>.
The study of the molecular bases of circadian clock in monocots has lagged behind'. Orthologs of circadian
clock genes have been identified in cereals; however, their functions can largely differ from those described
in Arabidopsis®®=°. In barley and in wheat, to a smaller extent, several orthologs have been identified as the
candidate genes of various earliness per se loci, which contributed significantly to the latitudinal spreading of
these species?>8:60-63,

The photoreceptors are important input genes of the circadian oscillation, acting as the major sensors of
light, but new results demonstrate the possible participation of some of its members in ambient temperature
sensing as well®*%. In Arabidopsis, two major photoreceptor families have been identified, the five members of
phytochromes (from PHYA to PHYE) and the cryptochromes (CRY1 and CRY2)37%6-6% In cereals, the orthologues
of PHYA, PHYB, PHYC, CRY1 and CRY2 have already been identified””-72. Their effects on flowering regulation
have been proven mostly in association with photoperiodism and light spectral composition, but only limited
information is available on their reaction to ambient temperature.

In summary, the regulatory mechanism of the plant circadian rhythm has been extensively explored in
Arabidopsis, and several homologous genes have already been described in wheat, but few of these have been
studied thoroughly. Much of this knowledge has been originated from diploid Triticurn monococcum and
tetraploid species with smaller genome sizes, or from specific crossing lines (RIL, NIL, mutant and transgenic
lines). In addition, even less is known about the intrinsic relationship between circadian rhythm, major plant
developmental genes, and photoreceptors in cultivated wheat varieties, and about the influence of secondary
environmental elements such as ambient temperature. These environmental elements have a fundamental
impact on the plant development. However, based on the results of our previous studies, we hypothesize that
there may be significant differences in the molecular-genetic regulation of the intensive stem elongation phase
between mono- and dicotyledonous plants.

Therefore, the aim of this research was to examine the possible associations between the major plant
developmental, circadian, and photoreceptor genes in the diverse genetic backgrounds of three winter bread
wheat cultivars as influenced by ambient temperature. For this purpose, the daily expression patterns of three
vernalization response genes (VRNI1, VRN2 and VRN3), the major photoperiod sensitivity gene (PPDI), seven
circadian clock genes (CCAI, PRR95, TOC1, LUX, ELF3, GI and CO1), and five photoreceptor genes (PHYA,
PHYB, PHYC, CRY1 and CRY2) were studied under controlled environmental conditions (phytotron). The
application of long photoperiod (16 h) was common in all the environments, while the ambient temperature
profile differed between the growth chambers. Two constant levels of temperature — 18 °C and 25 °C—were
applied in the growth chambers. Vernalization, ambient temperature, daily timing, and genotype effects were all
significant determinants of the variance in gene expressions, but their contributions varied remarkably with the
different gene families. Unlike Arabidopsis, bread wheat has a very large and complex genome. Due to epistatic
interactions between different allelic variants of plant developmental genes, it is often not possible to directly
study the effect of a target gene. Consequently, here we can observe just indirect gene effect.

Materials and methods

Plant materials

Three hexaploid winter wheat cultivars (‘Mv Toborzé' /AT1/, from Hungary, “Tommi’ /AT3/, from Germany
and ‘Charger’ /AT20/, from United Kingdom) with different plant developmental and genetic diversities were
included in the experiments. These plant materials originated from the GeneBank collection of the HUN-REN
Centre for Agricultural Research, Hungary. They were selected on the basis of a previous study, where more
details can be found on them® (Fig. S1). In addition, the phenological responses of these genotypes to 18 °C
and 25 °C have also been characterized in detail®®. Based on the genotypic analysis with gene specific markers,
all the three genotypes carry winter alleles of the major vernalization genes (VRN-AI, VRN-BI and VRN-DI)
and in terms of photoperiod sensitivity, ‘Mv Toborzé’ carries the insensitive allele of PPD-D1I, and the other two
contain the sensitive allele type (“Tommi’ and ‘Charger’), while all three cultivars carry the same sensitive allele
in PPD-B1%° (Table S1).

Experimental conditions and design

The controlled tests consisted of combinations of one photoperiod (16 h light period in a 24 h day) and two
constant ambient temperature levels in three treatments (18 °C vernalized /18 °Cvern/, 18 °C unvernalized
/18°Cuv/ and 25 °C vernalized /25 °C vern/), while all the other environmental factors were kept uniform
across the treatments, in the phytotron (Phy) facilities of the Agricultural Institute, HUN-REN Centre for
Agricultural Research, Hungary. The two applied temperatures represented optimal (18 °C) and supra-optimal
but no heat-stress (25 °C) temperature levels. The same two Conviron PGV-36 growth chambers (Controlled
Environments Limited, Winnipeg, Canada) were used for these purposes, each representing one temperature
level. The 16-h photoperiod was set in all environments at the same period of the day, from 5:00 AM (ZT0) to
21:00 PM (ZT16). The light source was metal halide lamps with a broad light spectrum (to create a spectrum
which closely resembles natural light), and the light intensity was set to 240 pmol m~2 s~! photosynthetic photon
flux density—PPFD (suitable for the seedling stage), being the same as in the previous, corresponding study*.
The humidity was constantly close to 70%. For all the experiments (18°Cvern, 18°Cuv and 25°Cvern), the plants
were germinated in Jiffty® pots (Zwijndrecht, Netherlands) at room temperature for one week. This was followed
(with the exception of unvernalized plants — 18°Cuv) by the vernalization treatment at 3 °C for 60 d under short
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photoperiod (9 h light period in a 24 h day) and low PPFD (20 pumol m~2 s7!). At the end of the vernalization the
plants were at 1-2 leaf stages. They were then transplanted into pots 12 cm in diameter and 18 cm in height, with
a soil capacity of 1.5 kg filled with a 4:1 mixture of garden soil and sand, and they were placed into the growth
chambers. For the purpose of RNA sampling and apex examinations four plants per pots of each genotype
were planted (50 pots holding 200 plants per genotype). The plants were left growing for two weeks, and then
the collection of leaf samples began. After the completion of leaf tissues collections in each treatment, from the
remaining seedlings the main tillers of three, two-week old plants per genotypes and treatments were dissected
in order to examine the apex structure by measuring the length of the apex (APL) and evaluating the apex’
developmental phase using the Waddington scale”. For this purpose, the visible external leaves (ELN) and then
the non-visible internal leaf sheaths (ILN) were removed by scalpel and counted, then the apex was photographed
under a stereomicroscope (Alpha STO-PLG6, Elektro-Optika Ltd, Erd, Hungary) equipped with length measuring
capacity (ScopePhoto 3.0., ScopeTek Ltd, Bedford, UK). Furthermore, plant height (PH), and reproductive tillers
(RT), were also measured. For determining the later developmental phases, two plants per pot and two pots per
genotypes were also placed in each environment, in addition to the 50 pots of plants used for RNA sampling.
The latter plants were raised till maturity or—in the case of the unvernalized treatment—until the termination of
the experiment (at 120 days). This group of plants was not sampled for RNA isolation. In the latter sets of plants,
two phenophases were defined based on the Zadoks’ scale’®: appearance of the first main stem node (ZD31) and
heading (ZD59), both expressed in days.

Genetic characterisation of genotypes

Genomic DNA extraction was performed with the DNeasy® Plant Mini Kit (Qiagen Ltd, Hilden, Germany) from
young leaves (100 mg) according to the manufacturer’s instructions. DNA samples were stored at -20 °C until
use.

KASP marker system

KASP marker system was performed at the John Innes Centre (Norwich Research Park, Norwich, UK), according
to the criteria provided by the company that developed the method. A detailed description of the method used
and the reaction components and tools used can be found at https://www.Igcgenomics.com.

Determination of copy number variation of VRN-A1
The haploid copy number was determined using the multiplex TagMan® assay method in collaboration with
IDna Genetics Ltd (Norwich Research Park, Norwich, UK).

Studying the gene-expression levels

For studying the daily patterns of gene expressions of the major plant developmental, circadian and photoreceptor
genes, collection of leaf tissues started two weeks after transplanting. In each treatment, the leaf sampling started
at Zeitgeber time 1 (ZT 0=5:00 am, lights on), 1 h after the start of the light period; it was carried out every three
hours, for two consecutive days (48 h), and it was finished with the ZT1 sampling of the 3rd day. Thus, at each
time point, two data for each genotype and treatment became available from the two consecutive days, making
it possible to include the day as a factor into the variance analyses. In each cases, the last fully expanded leaf was
collected. One—one leaf of three plants from three separate pots were pooled for one biological replicate into
a 1.5 ml Eppendorf tube that was immediately frozen in liquid N,, with a total of three biological replicates for
each genotype (that is, a total of nine leaves per genotype, per sampling time). This approach was intended to
minimize potential physiological differences between individual plants. Leaf sample was collected only once
from each plant. For nighttime sampling, a low intensity green wavelength LED bulb (Philips-low energy 1W,
Philips Electronics Ltd. Amsterdam, Netherlands) was used, which did not interfere with the normal function of
the genes under studied. The leaf samples were stored in a — 80 °C freezer until further used.

Total RNA was isolated using the Qiagen RNeasy Plant Mini Kit (Qiagen Ltd, Hilden, Germany) after Trizol
extraction, with an extra step of DNase treatment (with Qiagen Rnase-Free Dnase Set, Hilden, Germany—used
to remove some remained gDNA contaminations) programmed in the QIAcube equipment (Qiagen Ltd, Hilden,
Germany). The cDNA transcription was performed from 1.0 pg of total RNA using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific Inc, Waltham, USA) with the standard protocol provided by the
company. Changes in the expression levels were analysed for the vernalization response genes, VRN1, VRN2 and
VRN3, for the photoperiod sensitivity gene PPD1, for circadian genes, CCA1, PRR95, TOC1, LUX, ELF3, GI and
CO1, and for photoreceptor genes PHYA, PHYB, PHYC, CRY1 and CRY2, using the generic gene specific primers
listed in Table S2. As the primers were designed by other research teams (Table S2), we checked the correctness
of the primer sequences using a genome database (https://plants.ensembl.org). Furthermore, in all cases, the
qRT-PCR melting curve profile and the length of the amplified region were found to be as expected. The primer
pairs amplify all homoeoalleles (A, B and D copy) of each studied genes. The quantitative real-time PCR was
carried out in three biological and two technical replicates in a Rotor-Gene Q equipment (Qiagen Ltd, Hilden,
Germany) applying the SYBER-Green technology of the company. There were 350 PCR reactions, with a total
of 25,200 samples analysed with 72 samples per reaction. Gene expression was calculated using the Rotor-Gene
software, which also considers the amplification efficiency. Relative concentration was normalized against the
geometric mean of three housekeeping genes (Actin, p-tubulin and Ta30797), according to Vandesompele et
al.”>. The determination of the geometric average of three housekeeping genes and of the relative expression level
of the gene of interests were carried out based on the following formulas:

GAHKG = {/(ACtHKG1 x ACtHKG2 x ACtHKG3)
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RQ= Ampl/\GAHKG—ACtTG; GA, Geometric average; Ct, Cycle threshold; HKG: Housekeeping gene; RQ,
Relative concentration; TG, Target gene; Ampl, amplification coeflicient [corresponds to reaction efficiency of
each sample (values of 2=100% efliciency)].

Statistical analyses

The variance components were estimated by GenStat 18.0 (VSN International Ltd.) and SPSS 23.0 (IBM Data
Science Community, Thomas J. Watson Research Center, Yorktown Heights, NY, USA) program packages using
a restricted maximum likelihood method (REML). For the heatmap with the trees of hierarchical clustering,
»gplots” and ,dendextend” of the R program were used’®. In the three different environments, the networks
between all the examined genes were visualized with R qgraph 1.9.277 on the 16 time-point data matrices of
the three cultivars combined. The correlation heatmaps and the Principal Component Analysis (PCA) were
visualized by metan 1.1.0 R package’® and by factoextra 1.0.7 R package (ggplot2)”*. The chord diagrams were
created using the circlize 0.4.16 R package®.

Results

Phenology in the context of temperature

Based on the population structure analysis®, the allelic composition of the PPD-DI gene impacted the
phenotypic traits, including temperature response. On this basis, Kiss et al.*® distinguished three groups of
cultivar response to temperature: photoperiod insensitive (PPD_ins), photoperiod sensitive (PPD_sens) and
photoperiod sensitive with strong vernalization requirement (PPD_sens, VRN ++) (Fig. S1). The PPD_ins group
was represented by AT1, while the PPD_sens, VRN + + group by AT3 and AT20. Although the AT3 and AT20
varieties belong to the same temperature reaction group, their genetic distance is significant (Fig. S1). However,
based on the gene-specific marker analysis, these selected varieties showed differences only in the copy number
of VRN-A1, and in the allele types of PPD-D1, RHT-BI and RHT-D1 among the main developmental genes that
have been tested (Table S1). In the unvernalized treatment, none of the three varieties headed, and there was
no significant difference in the developmental stage of their apices at two weeks of age. In vernalized treatments
however, their development showed significant variation strongly influenced by temperature. AT1 (photoperiod
insensitive) showed a significantly faster growth rate in 18°Cvern and 25°Cvern treatments compared to the two
late cultivars (AT3 and AT20), illustrated by the average values of the parameters plant height (PH), apex length
(APL), ZD31 and ZD59 (Fig. S2). There was no significant difference in the average heading of AT1 (ZD59)
between 18 and 25 °Cvern treatments (Fig. S2). The two photoperiod sensitive cultivars (AT3 and AT20) suffered
a significant delay in heading after the 25 °C treatment (106 and 118 days on average for replicates) compared to
18 °C, with the greatest delay in AT3.

Daily expression patterns of the various gene families

Analyses of variance on the complete dataset of three genotypesxthree environmentsxeight daily time
points x two days revealed all four main factors being highly significant, but explaining a different portion of
the variance that strongly depended on the gene families (Table S3). In general, the circadian genes were mostly
influenced by the daily timing, the photoreceptor genes by the environment, and the plant developmental genes by
the genotype and the environment. Within the gene families however, there were remarkable variations between
the individual genes in the importance of the main factors. The 18°Cuv vs 18°Cvern and 18 °Cvern vs 25 °Cvern
subsets were subjected to further analysis of variance to determine the most influencing environmental factor of
each gene. These results are hereinafter demonstrated along the separate gene families. Figure S3 demonstrates
the daily expression patterns of all the individual genes across the various genotypes and treatments. As the
difference between the same time points of the two days was completely negligible compared to the main effects
of genotype, environment and daily timing (Table S3), the 8 average values across a 24-h period are presented
in these graphs, with the original data from the two days utilised in the determination of error bars and the
significance levels (Fig. S3).

Daily expression patterns of the major developmental genes

The expressions of all the three VRN genes were influenced to the largest extent both by the genotype and the
environment (Table S3). Within this, VRNI and VRN3 were more genotype dependent while the activity of
VRN2 was more influenced by the environment. Of the environmental factors, VRNI and VRN3 were mostly
determined by the vernalization treatment, but not by the ambient temperature. The activity of VRN2 was, on
the other hand, significantly modified both by vernalization and ambient temperature. In the case of PPD1, both
environmental factors were the strongest compared to genotype. It is interesting to note that although all the four
developmental genes showed daily fluctuations (Fig. S3), this factor explained more than 10% of the variance
only in the context of uv - vern treatments for the VRN genes and in association with the genotype. For PPDI,
the effect of daily timing, as a main factor, was above 10% in addition to its interaction with genotype.

In unvernalized plants, the expression profile of the flowering enhancing gene, VRN, was very low, and it
did not show any characteristic daily rythm irrespective to the genotype (Table S4, Fig. S3a). After vernalization,
a daily rhythm in VRNI gene expression could be detected, but this was highly specific both to the genotype and
the environment. This finding is also well illustrated both by chord diagram and by heatmap of the daily average
gene expression of the cultivars in the three treatments as compared to the percentage of average gene activities
(Fig. 1a, Fig. S4a). The differences appeared not only in the daily timing of the peak expression, but also in its
magnitude and the amplitude of the rhythm. In general, AT1, the photoperiod insensitive, early cultivar showed
the highest peak expression followed by AT3, and then AT20, which showed a strong positive coincidence with
the heading time (Fig. 1a, Fig. S3a, Fig. S4a).
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Fig. 1. Chord diagram of the daily average expressions of the plant developmental genes (a), the circadian
clock genes (b) and the photoreceptor genes (c) measured in the three treatments (25°Cvern - 25 °C
vernalized, 18°Cvern - 18 °C vernalized and 18°Cuv - 18 °C unvernalized) based on the daily average

gene activities of the three wheat cultivars. The ratio of values to each other expressed as a percentage.

CCALl, CIRCADIAN CLOCK-ASSOCIATED 1; CO1, CONSTANS 1; CRY1, CRYPTOCHROME 1; CRY2,
CRYPTOCHROME 2; ELF3, EARLY FLOWERING 3; GI, GIGANTEA; LUX, ARRHYTHMO; PHYA,
PHYTOCHROME A; PHYB, PHYTOCHROME B; PHYC, PHYTOCHROME C; PPD1, PHOTOPERIOD1;
PRR95, PSEUDORESPONSE REGULATOR 95; TOC1, TIMING OF CAB EXPRESSION1; VRNI,
VERNALIZATIONI1 (APETALAL) ; VRN2, VERNALIZATION2; VRN3, VERNALIZATION3 (FLOWERING
LOCUST).

Itis interesting to note that only AT1 showed similar magnitude of expression in both vernalized environments
with an environmental dependent specific daily rythm. In this cultivar, the peak expression of VRNI was at
ZT4 in 18 °Cvern, which shifted to ZT13 in the 25 °Cvern (Table S4). In the case of the two late heading PPD1
sensitive cultivars, the low VRNI expression in 25 °Cvern and only one peak at around ZT7 in the 18 °Cvern
were the common features while they showed genotype specific differences in the daily rythm in both vern
environments (Table S4, Fig. S3a).

Opposing to VRNI and VRN3, the activity of the flowering repressor gene, VRN2, was the highest in the
unvernalized treatment with a distinct daily rythm that was quite similar for all the three cultivars. A significant
decrease occurred after the early morning peak ZT1-4 that was followed by a second peak in the late afternoon
ZT13-16 environments (Table S4, Fig. S3b). In the vernalized treatments, the VRN2 activity and its daily pattern
was more genotype specific. The level of decrease in the daily absolute values coincided with the earliness in
all three vern treatments. Thus, they were the lowest in the early AT1 followed by AT3, and they remained the
highest in AT20 where they were close to that measured in the unvernalized treatment (Fig. 1a, Fig. S3b, Fig.
S4a). The daily fluctuation patterns were also genotype specific with the only exception of 25°Cvern. In the latter
case, all three genotypes replicated at various extents the daily pattern detected in the unvernalized treatment.
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In the case of VRN3, both the magnitude and the daily patterns were completely genotype specific during the
various treatments. Only two tendencies were more general across the genotypes. The gene activity significantly
increased due to vernalization, and the level of this increase coincided with the earliness of the genotype (Fig. 1a,
Fig. S3c¢, Fig. S4a).

Environment impacted the expression levels of PPDI the most. In the unvernalized treatment, all three
genotypes showed similar magnitude of the activity, and they were similar in the aspect that the daily fluctuation
of this gene started with an early morning peak ZT1, but then the further courses were more genotype specific
(Table S4, Fig. S3¢). There was one aspect that showed connection with the allele type of PPD-D1, in the insensitive
genotype: there was a night peak (detectable in all environments) that was missing from both sensitive genotypes
(Fig. S3¢). During the 18°Cvern, the PPD1 activity was the highest for all three genotypes, and it was the only
treatment where the magnitude of PPDI activity showed negative coincidence with the earliness (Fig. 1a, Fig.
S3d, Fig. S4a). At 18°Cvern, the daily rhythm of the insensitive vs. sensitive genotypes could also be characterised
with distinctly different patterns from each other (Fig. S3d). In the case of the insensitive AT1, the highest peak
of early morning ZT1 was followed by a smaller peak in early afternoon (ZT13). On the other hand, three peaks
of similar magnitude were characteristic to the daily oscillation of PPD1 of the photoperiod sensitive genotypes:
an early morning (ZT1), a midday (ZT7), and a late-night peak. These characteristics could not be detected
during any of the remaining treatments.

Daily expression patterns of the major circadian genes

The activity of the circadian genes both in the morning (CCAI and PRR95) and the evening (TOCI, LUX and
ELF3) loops were mostly determined by the daily timing (Table S3). CCA1 of the morning loop however, was the
only one demonstrating the most stable daily cycling pattern irrespective to the genotypes and environmental
conditions. The daily pattern accounted for 62.9-78.7% of its expressional variance in the different environments.
It was slightly influenced by the genotype (0% = 15.2%***) in the context of unvernalized vs. vernalised treatments
and by the temperature (17.6%***) in the context of 18 °C vs 25 °C (Table S3). The activity of PRR95 was more
influenced by the environment within which especially the strong effect of ambient temperature became evident
in the vernalized treatments. For the genes in the evening loop, the effect of daily timing was more characteristic
to TOCI and LUX. This was, however, modified to a smaller but significant extent by vernalization in the case of
TOCI while by the ambient temperature for LUX. On the other hand, the environmental and genotypic plasticity
of ELF3 was its most characteristic feature with significant interactions detectable between all the factors in
various combinations. The daily timing patterns of the two central integrator genes were much less characteristic.
The activity of COI was significantly influenced by genotype and environment (both vernalization and ambient
temperature), while the activity of GI was more environment dependent. Of the environment factors, GI was
mostly influenced by the ambient temperature but not by the vernalization treatment (Table S3).

The gene expression peaks of circadian genes with characteristic daily rhythms (CCAI, PRR95, TOCI and
LUX) were basically specific, irrespective to the genotype and treatment. Based on our results, the CCAI gene
expression peak was observed in the early morning hours. It was followed by PRR95 around midday, then by
the TOCI gene, together with LUX that were expressed in the late afternoon. The daily pattern of ELF3 from
the evening loop was not obvious, but its peak expression generally could be detected during the night hours.

Comparing the individual expression profiles of the three wheat genotypes under the different environments,
significant differences could be observed for all the circadian genes, the extent of which was gene specific (Fig.
S3e-k). There were significant variations even in the case of CCAI with the most conserved daily cycling
pattern. However, it requires further studies to determine the phenotypic significance of these genotypic and
environmental differences. This study highlights only the most interesting features including those that may
show any possible associations with the allele phase of PPD-D1 and thus earlier heading (Fig. 1b, Fig. S3e). This
phenomenon was not quite characteristic to the morning loop genes but rather to the genes belonging to the
evening loop. In the case of TOCI, all the three wheat genotypes showed the same shift in the daily peak due
to the vernalization treatment (Fig. S3f.). In unvernalized plants, the TOCI expression peaked at ZT10, which
shifted to the later hours ZT13-16 in the vernalized plants irrespective to the ambient temperature level. There
was also an environmental dependent peak shift in the activity of LUX, but in this case, this shift did not quite
distinguish the unvernalized treatment from the vernalized but rather the genotypes, and it coincided with the
PPD-D1 allelic phase (Fig. S3g). The peak shift in LUX activity of the PPD-DI insensitive genotype (AT1) was
similar to that of TOCI. In the cases of the two PPD-DI sensitive genotypes (AT3 and AT20) however, LUX
peaked in the unvernalized plants at the end of the light period, which moved earlier to ZT13 in 25 °C treatment
and to ZT10 in the 18 °C treatment. In the case of ELF3, there were again remarkable differences between the
insensitive and sensitive wheat cultivars (Fig. S3i). The amplitude of ELF3 daily expression was narrow in the
PPD-DI sensitive genotypes, with one or more smaller peaks depending on the environment. In contrast, a
distinct night peak was characteristic to the insensitive cultivar AT1 in two of the three environments. The only
exception was the 25 °C treatment where all the three genotypes similarly demonstrated the flattest expression
curve of ELF3. It is also interesting to note that the three genotypes behaved similarly in the 18°Cuv treatment
where in addition to the night peak, a second peak was apparent in the middle of daylight (ZT7-10).

The central circadian genes (GI and COI) were characterised with mostly genotype and environment specific
patterns. The expression profile of GI was more or less similar in the unvernalized plants of all the three cultivars
with its maximum expression occurring at ZT'13; there was only a slight difference between the genotypes in the
maximum value (Fig. S3j). The behaviour of the cultivars differed most in the 18 °C vernalized treatment where
the expression level in itself and compared to the non-vernalized level negatively coincided with the heading
date. Vernalization decreased the activity of GI to the largest extent in AT1, the early heading cultivar. It was
similar in magnitude but with a peak shift between the unvernalized and vernalized treatments for AT3, while it
was the highest in the vernalized plants of AT20 with an accentuated peak at ZT13. This phenomenon however,
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was not apparent under the 25 °C treatments. As for CO1, its expression level was low in the unvernalized plants
of the insensitive AT1 compared to the sensitive AT3 and AT20 (Fig. S3k). In addition, the largest difference
between the genotypes became apparent under the 25 °C treatment. While in AT3, COI showed similar activities
in all the three vernalized treatments, AT1 was characterised with a significant night peak apparent only at
25 °C. However, it was AT20 that showed the most distinct and highest COI activity, especially at 25 °C that was
strongly elevated in late afternoon and after a short decrease before the end of the light period returned to that
elevated level during the night.

Daily expression patterns of the major photoreceptor genes

The expressions of all photoreceptor genes were influenced both by the genotype, environment, and daily timing
(Table S3). Within this, PHYA, PHYB and CRY1 were more environment dependent, while the activities of PHYC
and CRY2 were more influenced by the genotype, environment, and daily timing. In the case of PHYA, PHYB
and CRY1, both environmental factors were the strongest compared to genotype. Of the environmental factors,
PHYC and CRY2 were mostly determined by the vernalization treatment but not by the ambient temperature.
For these two genes, the effect of daily timing as a main factor was above 15%.

In the case of PHYA and PHYB, a significant high level of daily peak expression was shown in the 18°Cvern
treatment (Table S4, Fig. S3l-m, Fig. S4c). This phenomenon was nearly tenfold higher than in 25°Cvern
treatment (Fig. 1c, Fig. S31-m, Fig. S4c). Furthermore, the appearance of daily peak expression of these genes
was different in the three varieties. In the case of photoperiod insensitive variety (AT1), the peak expression
was at 24:00 (ZT22) (Table S4, Fig. S31-m). In the photoperiod sensitive varieties, two peaks were visible at ZT'1
and at ZT10; for AT3 there were three peaks at ZT1 0, at ZT7-13, and at ZT22 for AT20 (Table S4, Fig. S4c). In
vernalized treatments, PHYC showed a maximum activity at night in 25°Cvern for all three cultivars (Fig. S3n,
Fig. S4c). A daily rythm in CRY1 and CRY2 genes expression was detected, but this was highly specific both to
the genotype and the environment (Table S3). The differences appeared not only during the daily timing of the
peak expression but also in its magnitude of the rhythm. The daily peak expression of CRY1 was stronger in late
heading varieties (AT3 and AT20) at 18 °C (regardless of the cold treatment) (Fig. S30, Fig. S4c). Furthermore,
a difference in the daily expression pattern was also observed between the three varieties. Under 25°Cvern
condition, the transcriptional maximum of both genes was observed in the early morning (ZT1-4) and at night
(ZT22) (Table S4, Fig. S30).

Interactions of flowering pathway genes in hexaploid wheat

The network system of genes studied was significantly altered by the treatments. The fewest gene interactions
were observed in 18°Cvern and 25°Cvern, while the most were visualized in 18°Cuv treatment (Figs. 2, 3, 4).
In each treatment, the correlations between the expression levels of the 16 genes tested across the three wheat
cultivars were also evaluated by principal component analysis (Figs. 2b, 3b, 4b).

The results confirmed the efficiency of the method used to visualize gene interaction (qgraph). The
relationship between the three main VRN genes differed significantly between treatments, but the positive
connection between VRNI and VRN3 genes was maintained at a significant level, being the strongest in 25°Cvern
treatment (Fig. 2). A strong positive association between VRNI and CCAI was observed in the 18°Cvern, but
this phenomenon was not visualized in all other treatments. It is interesting to note that after vernalization,
a negative association between VRN2 and the other two VRN genes (VRNI and VRN3) was observed, which
became more expressive at 18 °C. In this treatment, the positive association between VRN2 and PPDI genes
became stronger irrespective of vernalization, but this phenomenon was not observed in 25°Cvern treatment. A
similar trend was found between VRN2 vs GI and VRN2 vs CO1 genes. A strong positive correlation was found
between VRN3 and GI only in 18°Cvern treatment. The interaction between PPD1 vs. PHYB and PPDI vs CCA1
became more effective in 18°Cuv treatment. The interaction between PPD1 and VRN3 was expressed in most of
the treatments with the only exception of 18°Cvern.

Three circadian genes (LUX, TOCI and CCA1) formed an internal network system in all treatments (Fig. 2,
3, 4). A positive correlation at a significant level detected between TOCI and LUX, while a negative relation
at a significant level was observed to TOCI vs CCAI and to CCAI vs LUX. A strong positive correlation was
observed between GI and LUX in all three environments. Furthermore, a strong positive correlation between
the GI'vs LUX vs CO1 gene group was observed at 18 °C treatment, irrespective of vernalization. The interaction
between COI and LUX genes became more effective in 18°Cuv treatment. A positive correlation was described
between GI and COI, which became more significant at 18 °C, irrespective of vernalization treatment. A negative
correlation was found between ELF3 vs GI, ELF3 vs COI and ELF3 vs VRN2. This finding was however only
observed during 18°Cuv treatment. Based on our results, during 25°Cvern treatment, COI showed a negative
association with VRN3.

A positive correlation between one photoreceptor gene (PHYC) and one of EC (ELF3) was observed in all
treatments with the strongest correlation in 25°Cvern treatment (Fig. 2, 3, 4). At 18 °C, the association between
PHYA and PHYB genes became stronger irrespective of vernalization. Direct linkage of PHYA to PHYB and
PHYC was abolished during 25°Cvern treatment. The relationships between the three phytochrome genes (PHYA,
PHYB and PHYC) and PPDI were significantly altered by the treatments. While a strong positive association
was observed between these genes during 18°Cuv, only PHYB in 25°Cvern and none of the phytochromes in
18°Cvern showed any correlation with the PPD1 gene. A significant negative correlation was observed between
CRY2 vs GI and CRY2 vs LUX in 25°Cvern and 18°Cuv treatment. A similar tendency was observed between
CRYI and PRR95. A positive correlation is observed between CRYI and PHYC. This relationship was weakest
during the 18°Cuv treatment.
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Fig. 3. Gene network systems (a), PCA analysis (b) and correlation matrix (c) carried out on the data matrix
of daily gene expression levels of 3 wheat cultivars in 25°Cvern (25 °C vernalized) treatment. The PCA analysis
was presented as a supplementary, even more relevant illustration of the correlations between the genes
investigated. CCA1, CIRCADIAN CLOCK-ASSOCIATED 1; CO1, CONSTANS 1; CRY1, CRYPTOCHROME
1; CRY2, CRYPTOCHROME 2; ELF3, EARLY FLOWERING 3; GI, GIGANTEA; LUX, ARRHYTHMO;
PHYA, PHYTOCHROME A; PHYB, PHYTOCHROME B; PHYC, PHYTOCHROME C; PPD1,
PHOTOPERIOD1; PRR95, PSEUDORESPONSE REGULATOR 95; TOC1, TIMING OF CAB EXPRESSIONT;
VRNI1, VERNALIZATIONI1 (APETALA1) ; VRN2, VERNALIZATION2; VRN3, VERNALIZATION3
(FLOWERING LOCUS T).

Discussion

The regulatory mechanism of the plant circadian rhythm has been extensively explored in Arabidopsis, and
several homologous genes have already been described in wheat, but few of these have been studied thoroughly.
Much of this knowledge has been originated from diploid Triticum monococcum and tetraploid species with
smaller genome sizes, or from specific crossing lines (RIL, NIL, mutant and transgenic lines). In contrast to
most studies, our aim was not to determine the effect of a single gene on ambient temperature using specific
lines (RIL or NIL). The focus of this study was to describe the effect of different ambient temperature levels
on the diurnal rhythm of expression of the main developmental (VRNI, VRN2, VRN3 and PPD1I), circadian
(CCA1, PRRY5, TOCI, LUX, ELF3, GI and COI) and photoreceptor (PHYA, PHYB, PHYC, CRY!I and CRY2)
genes in juvenile plants and to investigate the interrelationships between them. For this purpose, three hexaploid
wheat cultivars were included with different genetic backgrounds, based on the previous results*®. However, we
would like to emphasize, that the conclusions from the correlation matrix we presented do not imply necessarily
the existence of functional relationships between the genes investigated. They give additional information on
the interconnectedness of the genes in the complex genetic background of the hexaploid wheat genome and
demonstrate how the various environmental factors — vernalization saturation and the ambient temperature in
the current research — may influence this network. In the future, it will be essential to examine the homoeolog-
specific regulation of the VRN and PPD genes using a broader range of varieties, and the studies should also be
extended to description of specific effects occurring in later developmental stages.

The results identify that temperature significantly influenced the daily expression patterns of main
developmental, circadian, and photoreceptor genes in hexaploid wheat. In the case of VRNI and VRN3, both the
magnitude and the daily patterns were completely genotype and environment specific. The activity of these two
genes significantly increased due to vernalization, and the level of this increased expression coincided with the
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Fig. 4. Gene network systems (a), PCA analysis (b) and correlation matrix (c) carried out on the data matrix
of daily gene expression levels of 3 wheat cultivars in 18°Cuv (18 °C unvernalized) treatment. The PCA analysis
was presented as a supplementary, even more relevant illustration of the correlations between the genes
investigated. CCA1, CIRCADIAN CLOCK-ASSOCIATED 1; CO1, CONSTANS 1; CRY1, CRYPTOCHROME
1; CRY2, CRYPTOCHROME 2; ELF3, EARLY FLOWERING 3; GI, GIGANTEA; LUX, ARRHYTHMO;
PHYA, PHYTOCHROME A; PHYB, PHYTOCHROME B; PHYC, PHYTOCHROME C; PPD1,
PHOTOPERIOD1; PRR95, PSEUDORESPONSE REGULATOR 95; TOC1, TIMING OF CAB EXPRESSIONI1;
VRN1, VERNALIZATION1 (APETALA1) ; VRN2, VERNALIZATION2; VRN3, VERNALIZATION3
(FLOWERING LOCUS T).

earliness of the genotype. The positive relationship between VRNI and VRN3 genes remained significant in all
treatments (Fig. 5), which confirms the finding that the close relationship between these two genes is essential
for the regulation of flowering!781:52,

It has been demonstrated that during vernalization, cold gradually activates the VRNI gene, which also
stimulates the VRN3. This gene feeds back to the VRNI to further increase its activity, thus inducing heading.
Based on our results, the expression of VRNI and VRN3 in the early cultivar (AT1) was 3-tenfold higher than
in the late cultivars (AT3 and AT20), independent of temperature treatment, which showed a strong positive
coincidence with the heading time (Fig. S2). The vernalized VRN2 gene showed an explicit diurnal activity in
late heading cultivars. This effect became most significant at 18 °C and 25 °C for the AT20 causing late heading
similarly to the unvernalized treatment. Furthermore, a strong positive association between VRN2 and COI
was observed at 18 °C, irrespective vernalization (Fig. 5). Mulki and von Korff®® described that HyVRN2 was
up-regulated by HvCO in barley. It can be assumed that VRN2 is an integrator between light and vernalization
pathway in temperate cereals’!, and this gene may still play an important role in the regulation of plant
development even after vernalization extending its function already reported by Yan et al.%, Fjellheim et al.3
and Kiss et al.*. The diurnal thythm of PPDI gene was also significantly affected by genotype and temperature,
which can be the consequence of using generic primers amplifying PPD-A1, PPD-B1 and PPD-DI at the same
time. These three genes participate directly in determining photoperiod sensitivity and they differ not only in
the causal polymorphisms but also in the daily cycling pattern. The gene expression level of the photoperiod
sensitive allele was defined as very low in the early morning, peaking in the morning, and declining again?28>86,
In contrast, photoperiod insensitive alleles do not show this diurnal fluctuation, and the gene activity level is
consistently elevated!!:?226-2%8586_The results of this study also support these findings in most treatments with
the only exception of 18°Cvern. Here, the PPD1 activity was the highest for all three genotypes, and it was the
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Fig. 5. Summary of the major gene linkage systems (at least P<0.01) identified via comparing the daily gene
expression patterns in three wheat cultivars. Boxes represent genes. Arrows indicate the positive (promotion—
green) or negative (inhibition—red) associations between gene expression patterns. Arabidopsis orthologues
of some key flowering genes in wheat are shown in parentheses. 18°Cvern/18 °C vernalized/, 18°Cuv/18 °C
unvernalized/ and 25°Cvern/25 °C vernalized/. The presence of linkages between genes does not necessarily
imply functional relationships among the investigated genes. CCA1, CIRCADIAN CLOCK-ASSOCIATED 1;
CO1, CONSTANS 1; CRY1, CRYPTOCHROME 1; CRY2, CRYPTOCHROME 2; ELF3, EARLY FLOWERING
3; GI, GIGANTEA; LUX, ARRHYTHMO; PHYA, PHYTOCHROME A; PHYB, PHYTOCHROME B; PHYC,
PHYTOCHROME C; PPD1, PHOTOPERIODI1; PRR95, PSEUDORESPONSE REGULATOR 95; TOC1,
TIMING OF CAB EXPRESSION1; VRN1, VERNALIZATION1 (APETALA1) ; VRN2, VERNALIZATION2;
VRN3, VERNALIZATION3 (FLOWERING LOCUS T).

only treatment where the magnitude of PPDI activity showed negative coincidence with the earliness. This
study also found a significant change in the strength and number of PPD1 vs. circadian gene interactions. This
phenomenon may correspond to the finding that the PPD1 gene is closely related to the Arabidopsis PRR7 gene.
This gene also plays a role in the perception of light and temperature in the circadian rhythm, so the PPD1 gene
may have a similar role in cereals’®®”. Furthermore, a strong positive correlation between PPD1 and VRN3 gene
was observed in almost all treatments (excluding 18°Cvern) (Fig. 5), supporting previous studies?®?. Therefore,
the wheat VRN3 gene can be a central gene in the vernalization and photoperiod regulatory pathways that
integrates different environmental signals?®.

The activity of both morning (CCAI and PRR95) and afternoon (TOC1, LUX and ELF3) loop circadian genes
were mostly determined by daily timing, irrespective of vernalization and temperature treatments. The central
genes involved in daily circadian rhythm regulation, COI were significantly influenced by genotype, while the
activity of GI was more environment dependent. Based on the previous experiments®*>:88-4 with Arabidopsis,
the expression peak of CCA1 and PRR95 genes are observed in the early morning hours, followed by TOCI
around in late afternoon. Finally, the transcription peak of EC genes (LUX, ELF3 and ELF4) was detected at night.
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In the morning, the CCA1 and LHY genes inhibit the expression of TOCI and EC genes respectively, then in
the late afternoon, the TOCI repress the transcription of the CCAI and LHY genes (negative feedback loop) and
also impacts its own function, reducing its own activity. The LUX, ELF3 and ELF4 genes inhibit the PRR5, PRR7,
PRRY, TOCI and GI genes, resulting in a decrease in the inhibition of CCA1 and LHY genes, thus initiating a new
diurnal cycle. This study identified similar functions: CCAI expression being the highest at early morning, while
TOCI expression at evening, and a significant negative association between them irrespective to the environment.
The homologs of CCAI/LHY in temperate grasses are responsive to photoperiod and temperature regulation,
but their effects on flowering time remain unknown*”°. This study found that, indeed, the level of expression
of CCA1 was significantly influenced by the temperature and genotype. For AT1 (early heading type), it was 18
°C highest throughout of the day, while for both AT3 and AT20 (late heading types) the morning peak was the
highest at 25 °C. The TOCI gene was also identified in wheat, which has been characterized to have an evening
expression peak®, matching the diurnal functional pattern of its Arabidopsis homologue gene®®. However, the
transcriptional mechanism and gene interaction of this gene are not yet known®”. The PRR95 expression being
the highest at the middle of the day while LUX and ELF3 expression at evening and night. This study found a
significant negative association between CCAI and LUX while a significant positive correlation between TOCI
and LUX, irrespective to the environment (Fig. 5). The close, temperature-independent relationship between
these major circadian genes may also illustrate their fundamental role in the floral regulatory system even for
varieties with different genetic backgrounds. In Arabidopsis (long day plant), the circadian clock regulates the
induction of FT and its critical transcriptional inducer CO via an external coincidence mechanism in which light
coincides with an inductive window that is gated by the circadian clock'. In this process, the clock component
GI has an important role in forming a transcriptional complex with another factor (FLAVIN-BINDING KELCH
REPEAT F-BOX 1 /FKF1/) via cycling changes in their protein abundance. In long days, the phase of peak GI
accumulation coincides with that of FKFI before dusk; thus, their complex is able to degrade the CYCLING DOF
FACTOR 1 (CDF1) repressor of CO in late afternoon relieving the transcriptional repression of CO, leading to the
accumulation of stable CO protein, which is able to activate FT. The positive effect of HYCO1 on HvFT1 expression
has been described in barley®®, but little information is available in wheat. In accordance with these schemes, this
study did not find strong positive relationship between the COI and VRN3 (TaFT) genes. Furthermore, in the
long-day experiment, GI expression peaked during the late afternoon in most of the cases mostly irrespective
to the environments. At 18 °C (including 18°Cuv), the activity of this gene increased 3-fivefold compared to
the 25 °C experiment, irrespective of genotype. A similar tendency was observed for the PRR95. In contrast, in
barley, Ford et al.*” described, that increased expression of these genes was induced by increasing temperature
(from 15 to 25 °C). The activation peak of COI however, significantly varied with the genotypes and treatments.
In addition, a direct association between these two genes was only found in 18°Cuv and 18°Cvern treatments,
but not in 25 °C environment (Fig. 5). Zhao et al.” also described the positive correlation between the wheat GI
and CO genes. Furthermore, a strong positive correlation was observed between GI and LUX gene irrespective of
the environment (Fig. 5). A negative interaction between wheat ELF3 and GI, consistent with the function of the
Arabidopsis homolog gene has been described®>>¢. Based on the results, this phenomenon was only confirmed in
18°Cuv treatment (Fig. 5). Furthermore, a similar tendency was also observed between ELF3 vs COI1 and ELF3
vs VRN2, which was eliminated by the cold treatment.

PHYA, PHYB and CRY genes were strongly affected by the environment, while PHYC and CRY2 genes were
significantly influenced mainly by genotype, environment, and daily timing. PHYA and PHYB genes showed a
nearly tenfold increase in average daily gene activity in 18°Cvern compared to 25°Cvern treatment. It has been
described that the PHYB photoreceptor in Arabidopsis also functions as a temperature transmitter. However,
this has not yet been tested in temperate cereals®. Based on the correlation data matrices, in bread wheat,
the PHYA may play a similar role to PHYB. Furthermore, a strong positive correlation of PHYA was identified
with VRN3 (in 18°Cvern and 18°Cuv) and VRN2 (in 25°Cvern and 18°Cuv) (Fig. 5). In their work on mutant
tetraploid wheat, Alvarez et al.!® described the important role of light in the interaction of ELF3, PHYB and
PHYC having a direct effect on PPDI gene. Woods et al.'”” demonstrated, that ELF3 express downstream from
PHYC and acts as a repressor of PPD1 in the photoperiod flowering pathway of Brachypodium distachyon. This
study demonstrates a significant level of positive correlation between PHYC and ELF3 that was observed in
all treatments (Fig. 5). A strong positive association was also observed between the three phytochrome genes
(PHYA, PHYB and PHYC) and PPD]I in 18°Cuv treatment (Fig. 5). In wheat, a positive co-expression role of
PHYC and PHYB in flowering has already been described, but no information was available on the PHYA7%72,
The results of this study highlighted the fact that not only PHYB and PHYC showed a strong association with
plant development genes but also PHYA (Fig. 5), probably in a redundant manner. A critical element of the
photoperiod pathway is the light-mediated stabilization of the CO protein, in which PHYA, CRY1 and CRY2
and also PRRs play important roles in Arabidopsis when abundantly present!®!. In this experiment, positive
association between CO and CRY1 was detected in 25°Cvern only; between CO and PHYA in 25°Cvern, but
no other connections reached the significance level. The relationship between the VRNI vs VRN3, CCAI vs
TOCI vs LUX vs GI and PHYC vs ELF3 genes play a fundamental role in the vegetative-generative transition
of apex showing a strong correlation at a significant level irrespective of ambient temperature and vernalization
treatment (Fig. 5).

This study highlights the complex relationships between gene families determining early development in
hexaploid wheat cultivars, which were significantly influenced by different ambient temperatures. The genetic
plasticity present in varieties in response to different environmental cues can be an important factor in the
ecological adaptability. Therefore, a better understanding of the mechanisms of action of environmental factors
can help to produce new varieties that can adapt to future changing environmental conditions.
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Conclusions

The molecular genetic regulation of the transition between the vegetative and generative stages in the model
plant Arabidopsis has been most extensively studied. In the contrast, the molecular genetic processes of plant
development in wheat are much less well understood, and only the major components of the vernalization and
photoperiod regulation pathways have been identified in detail. Studying the genes that determine flowering
in Arabidopsis may also provide a good basis for investigating orthologous genes in wheat. In hexaploid wheat
varieties with different developmental patterns we found a positive relationship between VRNI and VRN3 genes
irrespective of ambient temperature treatments. The vernalized VRN2 gene showed an explicit diurnal activity
in late heading cultivars and this gene may still play an important role in the regulation of plant development
after cold treatment. The diurnal rhythm of PPDI gene was significantly affected by temperature. At 18 °C, the
vernalized PPD1I activity showed negative coincidence with the earliness. The close temperature-independent
relationship between the investigated major circadian genes (CCAI, PRR95, TOCI, LUX, ELF3, GI and COI)
may also illustrate their fundamental role in the floral regulatory system. PHYA, PHYB and CRY1 genes were
strongly affected by environment, while PHYC and CRY2 genes were significantly influenced mainly by genotype,
environment and daily timing. This study is one of the few works which investigate the diurnal expression
patterns of key developmental, circadian, and photoreceptor genes in the diverse genetic background of bread
wheat cultivars and under different ambient temperatures. This might open the floor for further research in this
field which, in turn, could provide more detailed insights into the genetic regulation of cereal plant development
across a broad genetic background.

Data availability
The data supporting the findings of this study are available within the manuscript or supplementary information
files, as well as from the corresponding authors upon reasonable request.

Received: 12 April 2025; Accepted: 17 July 2025
Published online: 30 July 2025

References
1. McClung, C. R. Circadian clock components offer targets for crop domestication and improvement. Genes 12, 374 (2021).
2. Trevaskis, B., Bagnall, D. ], Ellis, M. H., Peacock, W. J. & Dennis, E. S. MADS box genes control vernalization-induced flowering
in cereals. PNAS 100, 13099-13104 (2003).
3. Yan, L. et al. Positional cloning of wheat vernalization gene VRNI. PNAS 100, 6263-6268 (2003).

. Yan, L. et al. The wheat VRN2 gene is a flowering repressor down-regulated by vernalization. Science 303, 1640-1644 (2004).

5. Fu, D. et al. Large deletions within the first intron in VRN-1 are associated with spring growth habit in barley and wheat. Mol.
Genet. Genom. 273, 54-65 (2005).

6. Karsai, I. et al. The Vrn-H2 locus is a major determinant of flowering time in a facultative winter growth habit barley (Hordeum
vulgare L.) mapping population. Theor. Appl. Genet. 110, 1458-1466 (2005).

7. von Zitzewitz, J. et al. Molecular and structural characterization of barley vernalization genes. Plant Mol. Biol. 59, 449-467 (2005).

8. Faure, S, Higgins, J., Turner, A. & Laurie, D. A. The FLOWERING LOCUS T-like gene family in barley (Hordeum vulgare L.).
Genetics 176, 599-609 (2007).

9. Trevaskis, B. et al. Short vegetative phase-like MADS-box genes inhibit floral meristem identity in barley. Plant Physiol. 143,
225-235 (2007).

10. Galiba, G., Vagujfalvi, A., Chengxia, L., Soltész, A. & Dubcovsky, J. Regulatory genes involved in the determination of frost
tolerance in temperate cereals. Plant Sci. 176, 12-19 (2009).

11. Diaz, A., Zikhali, M., Turner, A. S, Isaac, P. & Laurie, D. A. Copy number variation affecting the Photoperiod-Bl and
Vernalization-A1 genes is associated with altered flowering time in wheat (Triticum aestivum). PLoS ONE 7, €33234 (2012).

12. Trevaskis, B., Hemming, M. N., Peacock, W. J. & Dennis, E. S. HYVRN2 responds to daylength, whereas HvVRNI is regulated by
vernalization and developmental status. Plant Physiol. 140, 1397-1405 (2006).

13. Hemming, M. N., Peacock, W. ], Dennis, E. S. & Trevaskis, B. Integration of seasonal flowering time responses in temperate
cereals. Plant Signal. Behav. 3, 601-602 (2008).

14. Distelfeld, A., Li, C. & Dubcovsky, J. Regulation of flowering in temperate cereals. Curr. Opin. Plant Biol. 12, 178-184 (2009).

15. Distelfeld, A. & Dubcovsky, J. Characterization of the maintained vegetative phase deletions from diploid wheat and their effect
on VRN2 and FT transcript levels. Mol. Genet. Genom. 283, 223-232 (2010).

16. Deng, W. et al. Direct links between the vernalization response and other key traits of cereal crops. Nat. Commun. 6, 5882 (2015).

17. Loukoianov, A., Yan, L., Blechl, A., Sanchez, A. & Dubcovsky, J. Regulation of VRN-1 vernalization response genes in normal and
transgenic polyploid wheat. Plant Physiol. 138, 2364-2373 (2005).

18. Chen, A. & Dubcovsky, J. Wheat TILLING mutants show that the vernalization gene VRNI down-regulates the flowering
repressor VRNZ in leaves but is not essential for flowering. PLOS Genet. 8, €1003134 (2012).

19. Dubcovsky, J. et al. Effect of photoperiod on the regulation of wheat vernalization genes VRNI and VRN2. Plant Mol. Biol. 60,
469-480 (2006).

20. Karsai, L. et al. The Vrn-H2 locus (4H) is influenced by photoperiod and is a major determinant of plant development and
reproductive fitness traits in a facultative x winter barley (Hordeum vulgare L.) mapping population. Plant Breed. 125, 468-472
(2006).

21. Turner, A, Beales, J., Faure, S., Dunford, R. P. & Laurie, D. A. The pseudoresponse regulator Ppd-H1 provides adaptation to
photoperiod in barley. Science 310, 1031-1034 (2005).

22. Beales, J., Turner, A, Griffiths, S., Snape, J. W. & Laurie, D. A. A Pseudo-Response Regulator is misexpressed in the photoperiod
insensitive Ppd-D1a mutant of wheat (Triticum aestivum L.). Theor. Appl. Genet. 115, 721-733 (2007).

23. Bentley, A. R. et al. Short, natural, and extended photoperiod response in BC2F4 lines of bread wheat with different Photoperiod- 1
(Ppd-1) alleles. J. Exp. Bot. 64, 1783-1793 (2013).

24. Langer, S. M., Longin, C. F. H. & Wiirschum, T. Flowering time control in European winter wheat. Front. Plant Sci. 5, 537 (2014).

25. Slafer, G. A., Casas, A. M. & Igartua, E. Sense in sensitivity: difference in the meaning of photoperiod insensitivity between wheat
and barley. J. Exp. Bot. 74, 3923-3932 (2023).

26. Yan, L. et al. The wheat and barley vernalization gene VRN3 is an orthologue of FT. PNAS 103, 1958119586 (2006).

27. Cockram, J. et al. Control of flowering time in temperate cereals: Genes, domestication, and sustainable productivity. J. Exp. Bot.
58, 1231-1244 (2007).

e

Scientific Reports|  (2025) 15:27751 | https://doi.org/10.1038/s41598-025-12424-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.
47.

48.
49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.
68.

69.

Campoli, C. & von Korff, M. Genetic control of reproductive development in temperate cereals. In Advances in Botanical Research.
The Molecular Genetics of Floral Transition and Flower Development Vol. 72 (eds Jacquot, J. P. et al.) 131-158 (Academic Press,
2014).

Hyles, J., Bloomfield, M. T., Hunt, J. R., Trethowan, R. M. & Trevaskis, B. Phenology and related traits for wheat adaptation.
Heredity 125, 417-430 (2020).

Zhang, X. K. et al. Allelic variation at the vernalization genes Vrn-Al, Vrn-B1, Vrn-D1, and Vrn-B3 in Chinese wheat cultivars and
their association with growth habit. Crop Sci. 48, 458-470 (2008).

Guo, Z., Song, Y., Zhou, R, Ren, Z. & Jia, Z. Discovery, evaluation and distribution of haplotypes of the wheat Ppd-D1 gene. New
Phytol. 185, 841-851 (2010).

Nishida, H. et al. Structural variation in the 5" upstream region of photoperiod-insensitive alleles Ppd-Ala and Ppd-Bla identified
in hexaploid wheat (Triticum aestivum L.), and their effect on heading time. Mol. Breed. 31, 27-37 (2013).

Kiss, T. et al. Allele frequencies in the VRN-A1l, VRN-B1 and VRN-DI vernalization response and PPD-B1 and PPD-D1
photoperiod sensitivity genes, and their effects on heading in diverse set of wheat cultivars (Triticum aestivum L.). Mol. Breed. 34,
297-310 (2014).

Berezhnaya, A., Kiseleva, A., Leonova, I. & Salina, E. Allelic variation analysis at the vernalization response and photoperiod
genes in Russian wheat varieties identified two novel alleles of vrn-B3. Biomolecules 11, 1897 (2021).

Fernandez-Calleja, M., Casas, A. M. & Igartua, E. Major flowering time genes of barley: Allelic diversity, effects, and comparison
with wheat. Theor. Appl. Genet. 134, 1867-1897 (2021).

Kiss, T. et al. Effects of ambient temperature in association with photoperiod on phenology and on the expressions of major plant
developmental genes in wheat (Triticum aestivum L.). Plant Cell Environ. 40, 1629-1642 (2017).

Monteagudo, A. et al. Genetic diversity in developmental responses to light spectral quality in barley (Hordeum vulgare L.). BMC
Plant Biol. 20, 207 (2020).

Bullrich, L., Appendino, M. L., Tranquilli, G., Lewis, S. & Dubcovsky, J. Mapping of a thermo-sensitive earliness per se gene on
Triticum monococcum chromosome 1A™. Theor. Appl. Genet. 105, 585-593 (2002).

Lewis, S., Faricelli, M. E., Appendino, M. L., Valdrik, M. & Dubcovsky, J. The chromosome region including the earliness per
se locus Eps-Am 1 affects the duration of early developmental phases and spikelet number in diploid wheat. J. Exp. Bot. 59,
3595-3607 (2008).

Hemming, M. N., Walford, S. A, Fieg, S., Dennis, E. S. & Trevaskis, B. Identification of high temperature responsive genes in
cereals. Plant Physiol. 158, 1439-1450 (2012).

Dixon, L. E. et al. VERNALIZATIONI controls developmental responses of winter wheat under high ambient temperatures.
Development 146, 172684 (2019).

Ochagavia, H., Kiss, T., Karsai, I., Casas, A. M. & Igartua, E. Responses of barley to high ambient temperature are modulated by
vernalization. Front. Plant Sci. 12, 776982 (2022).

Slafer, G. A. & Rawson, H. M. Base and optimum temperatures vary with genotype and stage of development in wheat. Plant Cell
Environ. 18, 671-679 (1995).

Atkinson, D. & Porter, J. R. Temperature, plant development and crop yields. Trends Plant Sci. 1, 119-124 (1996).

Slafer, G. A. et al. Genetic and environmental effects on crop development determining adaptation and yield. In Crop Physiology:
Applications for Genetic Improvement and Agronomy (eds Sadras, V. O. & Calderini, D. F.) 285-319 (Elsevier Inc, 2015).
McClung, C. R. Plant crcadian rhythms. Plant Cell 18, 792-803 (2006).

Ford, B. et al. Barley (Hordeum vulgare) circadian clock genes can respond rapidly to temperature in an early flowering
3-dependent manner. J. Exp. Bot. 67, 5517-5528 (2016).

Hotta, C. T. et al. Modulation of environmental responses of plants by circadian clocks. Plant Cell Environ. 30, 333-349 (2007).
Johansson, M. & Staiger, D. Time to flower: interplay between photoperiod and the circadian clock. J. Exp. Bot. 66, 719-730
(2015).

Schaffer, R. et al. The late elongated hypocotyl mutation of Arabidopsis disrupts circadian rhythms and the photoperiodic control
of flowering. Cell 93, 1219-1229 (1998).

Cao, S. et al. Genetic architecture underlying light and temperature mediated flowering in Arabidopsis, rice, and temperate
cereals. New Phytol. 230, 1731-1745 (2021).

Strayer, C. et al. Cloning of the Arabidopsis clock gene TOCI, an autoregulatory response regulator homolog. Science 289, 768-
771 (2000).

Alabadi, D. et al. Reciprocal regulation between TOCI and LHY/CCA1 within the Arabidopsis circadian clock. Science 293,
880-883 (2001).

Pearce, S. Plants change their clocks to flower at the right time. PNAS 119, e2208745119 (2022).

Yu, J. W. et al. COPI and ELF3 control circadian function and photoperiodic flowering by regulating GI stability. Mol. Cell 32,
617-630 (2008).

Campoli, C., Shtaya, M., Davis, S. J. & von Korff, M. Expression conservation within the circadian clock of a monocot: Natural
variation at barley Ppd-H1 affects circadian expression of flowering time genes, but not clock orthologs. BMC Plant Biol. 12, 97
(2012).

Chen, A. et al. Phytochrome C plays a major role in the acceleration of wheat flowering under long-day photoperiod. PNAS 111,
10037-10044 (2014).

Zikhali, M., Wingen, L. U. & Griffiths, S. Delimitation of the Earliness per se D1 (Eps-DI) flowering gene to a subtelomeric
chromosomal deletion in bread wheat (Triticum aestivum). J. Exp. Bot. 67, 287-299 (2015).

Mizuno, N. et al. Loss-of-function mutations in three homoeologous PHYTOCLOCK I genes in common wheat are associated
with the extra-early flowering phenotype. PLoS ONE 11, 0165618 (2016).

Faure, S. et al. Mutation at the circadian clock gene EARLY MATURITY 8 adapts domesticated barley (Hordeum vulgare) to short
growing seasons. PNAS 109, 8328-8333 (2012).

Gawronski, P. & Schnurbusch, T. High-density mapping of the earliness per se-3A (Eps-3A) locus in diploid einkorn wheat and
its relation to the syntenic regions in rice and Brachypodium distachyon L. Mol. Breed. 30, 1097-1108 (2012).

Campoli, C. et al. HYLUXI is a candidate gene underlying the early maturity 10 locus in barley: Phylogeny, diversity, and
interactions with the circadian clock and photoperiodic pathways. New Phytol. 199, 1045-1059 (2013).

Pankin, A. et al. Mapping-by-sequencing Identifies HvPHYTOCHROME C as a candidate gene for the early maturity 5 locus
modulating the circadian clock and photoperiodic flowering in barley. Genetics 198, 383-396 (2014).

Jung, J. H. et al. Phytochromes function as thermosensors in Arabidopsis. Science 354, 886-889 (2016).

. Legris, M. et al. Phytochrome B integrates light and temperature signals in Arabidopsis. Science 354, 897-900 (2016).

Guo, H., Yang, H., Mockler, T. C. & Liu, C. Regulation of flowering time by Arabidopsis photoreceptors. Science 279, 1360-1363
(1998).

Yu, X, Liu, H., Klejnot, J. & Lin, C. The cryptochrome blue light receptors. Arabidopsis Book 8, 0135 (2010).

Liu, H,, Liu, B., Zhao, C., Pepper, M. & Lin, C. The action mechanisms of plant cryptochromes. Trends Plant Sci. 16, 684-691
(2011).

Sanchez, S. E., Rugnone, M. L. & Kay, S. A. Light perception: A matter of time. Mol. Plant 13, 363-385 (2020).

Scientific Reports|  (2025) 15:27751

| https://doi.org/10.1038/s41598-025-12424-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

70.

71.

72.
73.

74.
75.

76.
77.
78.
. Wickham, H. Getting started with gplot. In: ggplot2. Use R. (Springer, 2009).
80.

81.
82.

83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.

94.
. Zhao, X. Y. et al. The tae-miR408-mediated control of TaTOCI gene transcription is required for the regulation of heading time

96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.

107.

Pearce, S., Kippes, N., Chen, A., Debernardi, ]. M. & Dubcovsky, J. RNA-seq studies using wheat PHYTOCHROME B and
PHYTOCHROME C mutants reveal shared and specific functions in the regulation of flowering and shade-avoidance pathways.
BMC Plant Biol. 16, 141 (2016).

Pearce, S. et al. Night-break experiments shed light on the Photoperiodl-mediated flowering. Plant Physiol. 174, 1139-1150
(2017).

Kiseleva, A. A. & Salina, E. A. Genetic regulation of common wheat heading time. Russ. J. Genet. 54, 375-388 (2018).
Waddington, S. R. & Cartwright, P. M. A quantitative scale of spike initial and pistil development in barley and wheat. Ann. Bot.
51, 119-130 (1983).

Zadoks, J. C., Chang, T. T. & Konzak, C. F. A decimal code for the growth stages of cereals. Weed Res. 14, 415-421 (1974).
Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol. 3,0034.1-0034.11 (2002).

Galili, T. dendextend: An R package for visualizing, adjusting and comparing trees of hierarchical clustering. Bioinformatics 31,
3718-3720 (2015).

Epskamp, S., Cramer, A. O. J., Waldrop, L. J., Schmittmann, V. D. & Borsboom, D. qgraph: Network visualizations of relationships
in psychometric data. J. Stat. Softw. 48(4), 1-18 (2012).

Olivoto, T. & Lucio, A. D. metan: An R package for multi-environment trial analysis. Methods Ecol. Evol. 11, 783-789 (2020).

Gu, Z., Gu, L,, Eils, R., Schlesner, M. & Brors, B. circlize implements and enhances circular visualization in R. Bioinformatics 30,
2811-2812 (2014).

Kardailsky, I. et al. Activation tagging of the floral inducer FT. Science 286, 1962-1965 (1999).

Sheldon, C. C,, Rouse, D. T., Finnegan, E. J., Peacock, W. J. & Dennis, E. S. The molecular basis of vernalization: the central role
of FLOWERING LOCUS C (FLC). PNAS 97, 3753-3758 (2000).

Mulki, M. A. & von Korff, M. CONSTANS controls floral repression by upregulating VERNALIZATION2 (VRN-H2) in barley.
Plant Physiol. 170, 325-337 (2016).

Fjellheim, S., Boden, S. & Trevaskis, B. The role of seasonal flowering responses in adaptation of grasses to temperate climates.
Front. Plant Sci. 5, 1-15 (2014).

Wilhelm, E. P, Turner, A. S. & Laurie, D. A. Photoperiod insensitive Ppd-Ala mutations in tetraploid wheat (Triticum durum
Dest.). Theor. Appl. Genet. 118, 285-294 (2009).

Shaw, L. M., Turner, A. S. & Laurie, D. A. The impact of photoperiod insensitive Ppd-1a mutations on the photoperiod pathway
across the three genomes of hexaploid wheat (Triticum aestivum). Plant J. 71, 71-84 (2012).

Greenup, A., Peacock, W. J., Dennis, E. S. & Trevaskis, B. The molecular biology of seasonal flowering-responses in Arabidopsis
and the cereals. Ann. Bot. 103, 1165-1172 (2009).

Fowler, S. et al. GIGANTEA: A circadian clock-controlled gene that regulates photoperiodic flowering in Arabidopsis and encodes
a protein with several possible membrane-spanning domains. EMBO J. 18, 4679-4688 (1999).

Hazen, S. P. et al. LUX ARRHYTHMO encodes a Myb domain protein essential for circadian rhythms. PNAS 102, 10387-10392
(2005).

Dixon, L. E. et al. Temporal repression of core circadian genes is mediated through EARLY FLOWERING 3 in Arabidopsis. Curr.
Biol. 21, 120-125 (2011).

Herrero, E. et al. EARLY FLOWERING4 recruitment of EARLY FLOWERINGS3 in the nucleus sustains the Arabidopsis circadian
clock. Plant Cell 24, 428-443 (2012).

Hsu, P. Y., Devisetty, U. K. & Harmer, S. L. Accurate timekeeping is controlled by a cycling activator in Arabidopsis. Elife 2, €00473
(2013).

Bendix, C., Marshall, C. M. & Harmon, E. G. Circadian clock genes universally control key agricultural traits. Mol. Plant 8,
1135-1152 (2015).

Wu, J. E et al. LWD-TCP complex activates the morning gene CCA1I in Arabidopsis. Nat. Commun. 7, 13181 (2016).

in wheat. Plant Physiol. 170, 1578-1594 (2016).

James, A. B. et al. The circadian clock in Arabidopsis roots is a simplified slave version of the clock in shoots. Science 322, 1832-
1835 (2008).

Kiseleva, A. A., Bragina, M. K., Muterko, A. E & Salina, E. A. Functional characterization of genes with daily expression patterns
in common wheat. Plant Mol. Biol. 109, 135-146 (2022).

Campoli, C., Drosse, B., Searle, I., Coupland, G. & von Korff, M. Functional characterisation of HvCOI, the barley (Hordeum
vulgare) flowering time ortholog of CONSTANS. Plant J. 69, 868-880 (2012).

Zhao, X. Y, Liu, M. S,, Li, J. R., Guan, C. M. & Zhang, X. S. The wheat TaGI1, involved in photoperiodic flowering, encodes an
Arabidopsis GI ortholog. Plant Mol. Biol. 58, 53-64 (2005).

Alvarez, M. A. et al. EARLY FLOWERING 3 interactions with PHYTOCHROME B and PHOTOPERIODI] are critical for the
photoperiodic regulation of wheat heading time. PLOS Genet. 19(5), €1010655 (2022).

Hayama, R. et al. Pseudo response regulators stabilize constans protein to promote flowering in response to day length. EMBO J.
36, 904-918 (2017).

Mizuno, N., Nitta, M., Sato, K. & Nasuda, S. A wheat homologue of PHYTOCLOCK 1 is a candidategene conferring the early
heading phenotypeto einkorn wheat. Genes Genet. Syst. 87, 357-367 (2012).

Gawronski, P. et al. A distorted circadian clock causes early flowering and temperature-dependent variation in spike development
in the Eps-3A™ mutant of einkorn wheat. Genetics 196, 1253-1261 (2014).

Novak, A. et al. Light and temperature signalling at the level of CBFI14 gene expression in wheat and barley. Plant Mol. Biol. Rep.
35, 399-408 (2017).

Paolacci, A. R., Tanzarella, O. A., Porceddu, E. & Ciaffi, M. Identification and validation of reference genes for quantitative RT-
PCR normalization in wheat. BMC Mol. Biol. 10, 11 (2009).

Shimada, S. et al. A genetic network of flowering time genes in wheat leaves, in which an APETALA1/FRUITFULL-like gene,
VRNI, is upstream of FLOWERING LOCUS T. Plant J. 58, 668-681 (2009).

Woods, et al. PHYTOCHROME C regulation of photoperiodic flowering via PHOTOPERIODI is mediated by EARLY
FLOWERING 3 in Brachypodium distachyon. PLoS Genet. 19, 1010706 (2023).

Author contributions

Conceptualization, T.K. and I.K.; methodology, T.K. .K. and A.C,; validation, T.K., I.K. and A.C.; investigation,
TK., ADH., KB, MM, V.T. and Z.B,; resources, T.K. and LK ; data curation, T.K,, LK. and A.C.; writing, TK.,
A.C. and LK, supervision, A.C. and L.K.; funding acquisition, LK, A.C. and T.K. All authors have read and
agreed to the published version of the manuscript.

Funding
Open access funding provided by HUN-REN Centre for Agricultural Research. Funding of this research was

Scientific Reports |

(2025) 15:27751

| https://doi.org/10.1038/s41598-025-12424-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

provided by TKP2021-NKTA-06 (from the National Research, Development and Innovation Fund, financed
under the TKP2021-NKTA funding scheme), and by NKFI-FK-134234 and NKFI-K-142934 (from the National
Research, Development and Innovation Fund). TK and AC were supported by Janos Bolyai Research Scholar-
ships of the Hungarian Academy of Sciences (BO/00396/21/4, and BO/00416/23/4, respectively).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-12424-6.

Correspondence and requests for materials should be addressed to T.K. or I.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:27751 | https://doi.org/10.1038/s41598-025-12424-6 nature portfolio


https://doi.org/10.1038/s41598-025-12424-6
https://doi.org/10.1038/s41598-025-12424-6
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Ambient temperature influenced co-expression network of major developmental, circadian, and photoreceptor genes in bread wheat
	﻿Materials and methods
	﻿Plant materials
	﻿Experimental conditions and design
	﻿Genetic characterisation of genotypes
	﻿KASP marker system
	﻿Determination of copy number variation of ﻿VRN-A1﻿


	﻿Studying the gene‐expression levels
	﻿Statistical analyses
	﻿Results
	﻿Phenology in the context of temperature
	﻿Daily expression patterns of the various gene families
	﻿Daily expression patterns of the major developmental genes
	﻿Daily expression patterns of the major circadian genes
	﻿Daily expression patterns of the major photoreceptor genes
	﻿Interactions of flowering pathway genes in hexaploid wheat

	﻿Discussion
	﻿Conclusions
	﻿References


