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Abstract

Background The flowering biology of wheat plants favours self-pollination which causes obstacles in wheat hybrid
breeding. Wheat flowers can be divided into two groups, the first one is characterized by flowering and pollination
within closed flowers (cleistogamy), while the second one possesses the ability to open flowers during processes
mentioned above (chasmogamy). The swelling of lodicules is involved in the flowering of cereals and among oth-

ers their morphology, calcium and potassium content differentiate between cleistogamic and non-cleistogamous
flowers. A better understanding of the chasmogamy mechanism can lead to the development of tools for selection
of plants with the desired outcrossing rate. To learn more, the sequencing of transcriptomes (RNA-Seq) and Represen-
tational Difference Analysis products (RDA-Seq) were performed to investigate the global transcriptomes of wheat
lodicules in two highly chasmogamous (HCH, Piko and Poezja) and two low chasmogamous (LCH, Euforia and KWS
Dacanto) varieties at two developmental stages—pre-flowering and early flowering.

"o

Results The differentially expressed genes were enriched in five, main pathways: “metabolism’, “organismal sys-
tems’,“genetic information processing’, “cellular processes”and “environmental information processing’, respectively.
Important genes with opposite patterns of regulation between the HCH and LCH lines have been associated with the
lodicule development i.e. expression levels of MADS16 and MADS58 genes may be responsible for quantitative differ-

ences in chasmogamy level in wheat.

Conclusions We conclude that the results provide a new insight into lodicules involvement in the wheat flowering
process. This study generated important genomic information to support the exploitation of the chasmogamy in
wheat hybrid breeding programs.
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Background

Common wheat (Triticum aestivum L.) is a self-polli-
nated crop in which pollination and fertilization usually
occur before the florets open, which makes pollination
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In cereals, the floret opening at anthesis is caused by the
lodicules swelling [1, 6, 8—10]. Lodicules are floral organs
with scale-like shapes, specific for grasses [11]. In wheat,
the pair of lodicules located between the lemma and the
ovary base swell speedily at anthesis, push apart the rigid
lemma which allows anthers and stigma to emerge [8,
12]. The process related to turgid lodicules is referred to
as ‘first opening’ and usually takes less than 30 min [1, 5,
13, 14]. After this time and probably in response to pol-
lination, the lodicules collapse and the floret closes [8].
After a few days, a process called the ‘second opening,
caused by the enlargement of the unfertilized ovaries
which generates the lateral push of the rigid lemma and
palea is observed [5].

Lodicules are important to the cereal flowering pro-
cess. Lodicules of the non-cleistogamous wheat cultivar
YM18 show higher calcium and potassium contents, and
are morphologically different from the respective cleisto-
gamic mutant line—ZK00!I [15]. The comparative tran-
scriptome analysis of spikelets and lodicules indicated
that the main differentially expressed genes between
cleistogamous and non-cleistogamous wheat genotypes
were related to carbohydrate metabolism, protein trans-
port, phytohormones and calcium ion binding [15, 16].
These genes play an important role in regulating cellular
homeostasis, osmotic pressure, and finally lodicule devel-
opment. Moreover, the genes involved in carbohydrate
metabolism and the regulation of potassium/calcium
ions are closely associated with water absorption and
play an important role in lodicule expansion [12, 17, 18].

Several genes potentially relevant in the context of
flower opening function have been isolated. These
genes direct lodicule development—TaAP2-A, TaAP2-
B, TaAP2-D [19], confer pollen sterility—7aPaOI [20],
code for tonoplast aquaporins—TIP1, TIP2 [21] or
are down-regulated in the unfertilized swelling ova-
ries—TaVPE4-A, TaVPE4-B, TaVPE4-D (orthologues
of barley HvVPE4 involved in pericarp programmed
cell death, PCD) [5]. Using a bioinformatic approach,
900 putative orthologs of 190 known Arabidopsis flow-
ering-related genes were identified in wheat [22]. The
expression of these flowering-related genes was in sil-
ico profiled in 13 different developmental stages. The
flowering-related genes belonged to one of the seven
functional groups, namely: autonomous (including
ambient temperature pathway), flower development,
gibberellin, photoperiod, pathway integration, regula-
tion, and vernalization. In this pool, genes encoding
gibberellin 20 oxidase (Traes_4AL_FABDF4EDA), glu-
cose-6-phosphate isomerase (Traes_5DL_BD1C8E19E)
and enzymes from UDP-Glycosyltransferase super-
family protein (Traes_1AL_1966DEE15), 2-oxoglutar-
ate (20G) and Fe(II)-dependent oxygenase superfamily
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protein (Traes_7AL_9D1BEACCO) were found. However,
their role in controlling wheat flowering is still not fully
clarified.

Cleistogamy corresponds to the morphological, physio-
logical and biochemical mechanisms leading to flowering
with closed flowers and preventing from anther extrusion
and pollen release at least after anthesis [23]. Anthesis
of flowering plants includes flower opening and closure,
anther dehiscence, and fertilization of the ovule [24]. In
grasses at anthesis stage, opening and closing flowers is
determined by distance between palea and lemma [25]
and is driven by swelling and subsequent withering of the
lodicules [5, 12, 24, 26—28]. Cleistogamy may result from
poorly developed, smaller, dysfunctional lodicules [12],
stiff and large glumes, stiff lemma, and small anthers [5,
29-32]. Alternatively, in barley, cleistogamous genotypes
that reach anthesis before the spike has emerged from the
boot can be selected. In these forms the lodicules have
already begun to shrink by the time of the spikes emerg-
ing from the boot, and they are no longer able to push
the lemma and palea apart [33]. In wheat, an ovary unfer-
tilized at anthesis stage swells and triggers the ‘second
opening’ [5]. The second component of cleistogamy are
the interdependent processes of pollen release preceded
by stamen filament extension leading to anthers extru-
sion [12].

The identification of genetic factors for wheat culti-
vars with different chasmogamy levels contributes to a
better understanding of the chasmogamy mechanism
and the development of tools for selection of plants with
desired outcrossing rate. The high percentage of chas-
mogamous flowers is a component of the traits set neces-
sary for promoting the outcrossing rate in wheat hybrid
seed production. Aside from lodicule properties, other
traits significant for hybrid wheat are anther extrusion
and retention, the relationship between the ovary/floret
size ratio, the flower opening angle, nicking (i.e. optimal
flowering coincidence), the amount of pollen [5, 6], and
pollen features that determine its mobility. The polyploid
nature of hexaploid wheat provides an additional obstacle
in conventional breeding cultivars with the desired cleis-
togamy or chasmogamy level, as functional alleles at each
of the three homoeoloci may be necessary to the obtain
desired genotype. Marker assisted accumulation of cleis-
togamous alleles should help in the development of cleis-
togamous form of bread wheat [34]. Ovary swelling is
useful for facilitating cross-pollination in hybrid breeding
[5] and due to the double stage flowering in wheat, the
properties of lodicules and percentage of flowers closed
at “first flowering” seem not to be crucial for the develop-
ment of female components in hybrid breeding.

In wheat, the pair of lodicules swell and wither leading
to glume opening and glume closing at anthesis [35, 36].
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These processes are due to the water flow into and out of
the lodicule cells associated with the accumulation of K*
[12, 16, 37], accumulation and transport of calcium in the
epidermis and outer parenchymatous cells of lodicules
[15, 16, 18], concentration of soluble sugars [15, 38, 39],
starch [15, 40], signalling by jasmonic acid and its deriva-
tives (JAs) [37, 39, 40], and controlled by K+ transport-
ers [37, 39], aquaporins [36] or stimulus associated with
pollination [8]. In sorghum, exogenous MeJA treatments
could induce the up- or down- regulation of genes related
to starch and sucrose metabolism, alpha-linolenic acid
metabolism and plant hormone signal transduction path-
ways in the plasma cells of sorghum florets, thereby pro-
moting the opening of sorghum florets [40].

In chasmogamous florets, simultaneous lodicule
enlargement and the extension of the stamen filaments
result in the synchronized emergence and dehiscence
of the anthers, assisting self-pollination. However,
the influx of osmoticum into the lodicules and stamen
filaments may be controlled independently [12]. Envi-
ronmental factors influence the anthesis process. In
photo-thermo-sensitive genic male sterile (ptGMS) rice,
high temperatures during anthesis reduced the percent-
age of opened spikelets, the spikelet-opening angle, the
length of spikelet-opening time, fertilization percent-
age and seed-setting leading to the grain yield decrease
[41]. The high temperature also significantly decreased
the contents of soluble sugars, jasmonic acid (JA) and
methyl jasmonate (MeJA) in the lodicules before and at
glume-opening [41].

Flowering genes can be regulated at transcriptional,
posttranscriptional, epigenetic, and posttranslational lev-
els [22]. miRNA may regulate expression of floral organs
[22, 25, 32]. In non-cleistogamous barley cultivars, the
cleistogamyl (clyl) mRNA (determine atrophy of lodi-
cule) may be degraded by miR172-directed cleavage [26].
A single-nucleotide substitution in the miR172 target site
(allele clyl.b) prevents mRNA cleavage and allows the
lodicules to swell [33, 42]. In cleistogamous barley cv.
SV235 downregulation of clyl is caused by an epiallele
that represses transcription [42]. Gene clyl is an ortholog
of the Arabidopsis thaliana APETALA2 (AP2) transcrip-
tion factor [26]. In wheat, no functional mutations at the
miR172 targeting site were identified [19].

The wheat floret architecture supporting self-pollina-
tion is unfavourable in heterosis breeding. In order to
efficiently generate wheat hybrids, the female compo-
nent must be male sterile, and must show the ability to
open flowers called chasmogamy. The male component
carries fertility restoration (Rf) genes and is expected
to efficiently extrude anthers during flowering. The still
poorly understood mechanisms underlying flowering in
wheat prompted us to undertake research aimed at the
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identifying genes controlling this process, in particular
the ability to floret opening. In order to achieve this goal,
the sequencing of transcriptomes (RNA-Seq) and Rep-
resentational Difference Analysis products (RDA-Seq)
was performed to investigate the global transcriptomes
of wheat lodicules in two highly-chasmogamous (HCH)
(Piko and Poezja) and two low-chasmogamy (LCH)
(Euforia and KWS Dacanto) varieties at two developmen-
tal stages—pre-flowering and early flowering.

Materials and methods

Plant growth conditions and sampling

The plant material consisted of two HCH cultivars: Piko
(DE, 2009, CWW-3319.5/3/Kraka//Maris Huntsman/
Fruhgold) and Poezja (LT, 2017, STH43/STH248-93-14-
326), and two LCH cultivars: Euforia (PL, 2018, Musze-
lka//N5113/STH3907 and KWS Dacanto (PL, 2011,
Opus/Certo) cultivars of hexaploid winter wheat. Kinet-
ics and the micro- morphological and anatomical struc-
tures of spikelets in Piko and Dacanto as representatives
of HCH and LCH groups were characterized. Both culti-
vars produce extruded anthers, but Piko showed approxi-
mately two-fold higher proportion of extruded anthers
compared to the Dacanto (42.2%+1.9 vs. 18.6% =+ 3.0,
respectively) [6].

After 6-week vernalization at 4°C, the plants were
transferred to a growth chamber (ForClean, ZalMed Sp.
z.0.0, Warsaw, Poland) and grown as described previously
[43]. In order to identify candidate genes controlling lodi-
cules opening, lodicules of HCH and LCH genotypes
were harvested from spikes at pre-flowering (GS59—ear
completely emerged above flag leaf ligule) corresponding
to green anther stage (GAS) and early flowering (GS61—
start of flowering (first anthers visible) referred as yellow
anther stage (YAS) (5, 32). The samples were collected in
three biological replicates. Approximately 50-100 lodi-
cules were samples from five to seven individual spikes
for each of the three replicates. The materials were
immediately submerged in RNAlater " Stabilization Solu-
tion (Ambion, Thermo Fisher Scientific, Waltham, MA,
USA) and kept at -80°C until required.

RNA isolation

GeneMATRIX Universal RNA Purification kit (EURX,
Gdarnsk, Poland) was used to isolate total RNA from
the preserved lodicules. RNA concentration was meas-
ured by means of a Qubit® 2.0 Fluorometer (Invitro-
gen, Waltham, MA, USA) and its quality and integrity
were verified on BioAnalyzer 2100 (Agilent Technolo-
gies, Santa Clara, CA, USA) using Agilent RNA 6000
Nano Kit.
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Transcriptome sequencing (RNA-seq) and data processing
In total, twenty four strand-specific cDNA libraries (for
four cultivars, two anthers developmental stages, and
three biological replications) were constructed with
NEBNext® Ultra™ II Directional RNA Library Prep Kit
for llumina® (New England Biolabs, Ipswich, MA, USA).
The Illumina HiSeq 4000 platform in the PE150 mode
was used for RNA-Seq and the data were analyzed by
Genomed S.A (Warsaw, Poland).

The first stage of the analysis was removing the adapt-
ers using the Cutadapt program. Cutadapt program was
in paired-end mode, removing adapters only from side 3’
and also polyA sequences (and analogously formed tails
with the sequence "T" as well). Additionally, the param-
eter was also used for removing excessively short read-
ings, where 36 base pairs were adopted as the threshold.
Then the readings were mapped by TopHat [44] to the
Triticum aestivum reference genome with the GenBank
number GCA_900519105.1. TopHat was started with
the option to prepare the fr-firststrand library and in the
no-novel-juncs mode. Later the number of pairs of read-
ings mapped to individual genes were counted using the
HTseq program [45] with differentiation due to the tran-
script strand (-stranded =reverse).

The final results were processed in the R environment
using the DESeq2 package for differential expression
analysis. Using the biomaRt package, GO identifiers [46]
of the analysed genes were collected. Singular Enrich-
ment Analysis (SEA) was performed using default param-
eters such as Fisher as a statistical test method; Yekutieli
(FDR under dependency) as a multi-test adjustment
method, and the significance level was set at p<0.05 by
on-line tool AgriGO [47]. For the KEGG pathway analy-
sis of the differentially expressed genes (DEGs), KEGG
Automatic Annotation Server (KAAS) [48] was used.
Venn diagrams of up- and down-regulated genes were
generated using jvenn tool [49]. The DEGs were identi-
fied by comparing the HCH (Piko and Poezja) and LCH
(KWS Dacanto and Euforia) varieties individually and
in pairs at the YAS and GAS. DEGs were selected with a
FDR<0.01 and log2 fold change >|-1.99 or 1,99|. Another
condition was participation in biological and/or molecu-
lar processes related to flowering based on GO analy-
sis. The expression heatmap of DEGs was created using
Heatmapper [50]. Most of DEGs were of high quality
with more than 100 normalized counts and over 95% of
DEGs coded proteins. Additionally, p-value and -logl0
(p-value) ranked from 0 to 0.2 and O to 1, respectively.

RDA-Seq and data processing
Representational difference analysis was performed
on high quality cDNA [51, 52]. Lodicules at the GAS
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were used as testers while the lodicules at the YAS were
selected as driver probes. This procedure results in the
accumulation of unique sequences upregulated in GAS.
The analysis was taken in three replicates for each vari-
ety (Piko, Poezja, Euforia, and KWS Dacanto). The
tester:driver ratio in three subsequent rounds of sub-
tractive hybridization increased from 1:50, and 1:400 to
1:200,000. Difference products obtained from the third
subtraction in the size range from 200 to 800 bp were
sequenced. Nextera DNA Flex Library Prep Kit (Illumina,
San Diego, CA, USA) was used for library construction
according to the manufacturer instructions. The cDNA
library products were sequenced by paired-end sequenc-
ing technology (2 x 300 cycles) on the MiSeq (Illumina,
San Diego, CA, USA) platform.

Raw reads were filtered to obtain clean reads by
removing read-through adapter sequences, low qual-
ity sequences and ambiguous nucleotides. Next, high-
quality clean reads were mapped to the Triticum
aestivum reference genome with the GenBank number
GCA_900519105.1 by CLC Genomics Workbench 12
(Qiagen, Germantown, MD, USA). The FPKM (fragments
per kilobase of transcript per million mapped) parameter
was used to calculate gene expression. In RDA analysis
the DEGs were selected with the threshold false discov-
ery rate (FDR) of<0,05 and the absolute value of log-
2FoldChange > 1. GO annotation of the DEGs was made
by Blast2GO program (BioBam Bioinformatics, Valencia,
Spain) and Venn diagram was prepared with jvenn tool
[49]. Fasta sequences of DEGs were retrieved from wheat
IWGSC cDNA database and annotated with Mercator4
v4.0 [53] sequence annotation pipeline (http://mapman.
gabipd.org/home). Expression levels of selected DEGs
were validated using WheatOmics platform [54]. Both
RDA-Seq and RNA-Seq sequencing data were deposited
in the ArrayExpress database via Annotare (https://www.
ebi.ac.uk/arrayexpress accessed on 14th November 2022)
under number E-MTAB-12139 and E-MTAB-12136.

Validation of transcripts by RT-qPCR analysis

Relative expression levels of genes selected based on the
results of RNA-Seq and RDA-Seq analyses were validated
by RT-qPCR (reverse transcription quantitative real-time
PCR) assays as described previously [43]. Fragments
of selected cDNA sequences were retrieved from RDA-
Seq contigs and used for gene specific primer design
(Table S8). HvAct (GenBank, accession no. AY145451)
was used as a reference gene in RT-qPCR reactions. The
significance of the differences between ACt values was
calculated by Mann-Whitney U test (with continuity
correction) in STATISTICA 12 package (TIBCO Soft-
ware, USA).
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Results

General analysis of RNA-Seq data

Sequencing of 24 RNA-Seq libraries resulted in 891
465 223 raw reads, and a number of reads varied between
28,9 to 44,3 million per library. A total of 890 180 463
high quality reads were filtered out and 683 683 129
(76.8%) were mapped to the Triticum aestivum reference
genome (GenBank number GCA_900519105.1).

DEGs identified in RNA-Seq analysis

In order to identify DEGs in HCH (Piko and Poezja) and
LCH (KWS Dacanto and Euforia) varieties, genes expres-
sion levels were compared separately for the GAS and
YAS resulting in eight comparisons C1-C8 (Table 1). At
the GAS, a total of 2961, 2265, 4353 and 2216 DEGs were
up- or downregulated in CHC vs LCH varieties defined
as sets C1, C3, C5 and C7, respectively (Table 1). At the
YAS, the number of DEGs varied from 990 to 1566 and
from 928 to 1076 for upregulated and downregulated
DEG, respectively. In total, 4131 and 4576 genes were
identified as upregulated in the GAS and YAS and 7664
and 4091 genes were identified as downregulated in the
GAS and YAS, respectively (Table 1).

DEGs selected for pairwise comparisons were further
analyzed in order to identify genes commonly up- or
downregulated at the GAS and YAS. The highest num-
ber of unique DEGs was observed for genes downregu-
lated in Poezja vs KWS Dacanto at the GAS stage, and for
genes upregulated in Piko vs Euforia at the YAS stage. In
these combinations unique genes accounted for 47%-49%
of all DEGs. In remaining comparisons from 17.4% to
33.7% genes were unique. Assuming that the mechanism
responsible for chasmogamous flowering in Piko and
Poezja is similar, common genes regulating this process
should be identified. A total of 500 and 326 genes were
commonly down- and upregulated in two analyzed stages
for four pairs of genotypes compared (Fig. 1). Next, the
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selected DEGs showing the same trend in chasmoga-
mous varieties were analysed for flower developmental
stage specific expression. In total, 330 downregulated and
264 upregulated DEGs were found (Table S1). Up- and
downregulated stage independent transcripts accounted
for 30% and 51%, respectively. These genes are possibly
responsible for processes accompanying flower open-
ing. Remaining 160 downregulated and 183 upregulated
stage specific genes may play a key role in flower opening
(Fig. 2).

Functional classification of DEGs in RNA-Seq analysis

GO analysis was applied to investigate the function of
the selected DEGs down- and upregulated in HCH vs
LCH varieties. GO annotations were available for the 234
(70.9%) and 211 (79.9%) of down- and upregulated DEGs,
respectively. The GO terms were distributed over 56 sig-
nificant functional groups in three broad categories of
ontologies comprising ‘biological process’ (BP), ‘molecu-
lar function’ (MF), and ‘cellular component’ (CC). The BP
category of GO was mainly represented by ‘cellular pro-
cess’ (G0O:0,009,987), ‘metabolic process’ (GO:0,008,152)
and ‘response to stimulus’ (G0:0,050,896). The ‘cell
(GO:0,005,623), ‘cell part’ (GO:0,044,464) and ‘organelle’
(G0O:0,043,226) had the greatest number of genes in the
CC category. The molecular function category of GO was
mainly sub-categorized by ‘binding’ (G0O:0,005,488) and
‘catalytic activity’ (GO:0,003,824), (Fig. 3).

KEGG pathways enrichment analysis was employed
to study the major biological pathways that involved the
selected DEGs. Only 81 and 103 up- and downregulated
DEGs were assigned to five main KEGG categories. The
most of DEGs was classified into “metabolism’, “organis-
mal systems’, and “genetic information processing” Less
represented were “cellular processes’, and “environmental
information processing” (Fig. 4).

Table 1 DEGs identified in the RNA-Seq analysis. Number of up- and downregulated genes in HCH varieties (Piko and Poezja) vs LCH

(KWS Dacanto and Euforia) controls in the GAS and YAS stages

Comparison No Stage and Compared Cultivars

Number of selected DEGs

Upregulated Downregulated

@ YAS: Piko/KWS Dacanto
(@) GAS: Piko/KWS Dacanto
a YAS: Piko/Euforia

c4 GAS: Piko/Euforia

a5 YAS: Poezja/KWS Dacanto
6 GAS: Poezja/KWS Dacanto
c7 YAS: Poezja/Euforia

(@S] GAS: Poezja/Euforia

850 2111
1024 928
1200 1065
1566 1076
955 3398
990 1072
1126 1090
996 1015
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Stage GAS, downregulated

>

1690 221

Stage YAS, downregulated

@

361 311

. Piko/KWS Dacanto

Fig. 1 Venn diagrams indicating the number of overlapping down- and upregulated genes in the GAS and YAS in the C1-C8 comparisons defined
in Table 1. The number of genes downregulated (A, C) and upregulated (B, D) between HCH and LCH varieties in the YAS (A, B) and GAS (C, D)
stages

More detailed KEGG classification showed that the
downregulated DEGs were connected mainly with sig-
nal transduction, environmental adaptation, translation,
amino acid, carbohydrate and lipid metabolism. Upregu-
lated DEGs dominated in biosynthesis of other second-
ary metabolites and carbohydrate metabolism categories
(Fig. 4).

Enrichment analysis

GO enrichment analysis (SEA) was utilized to identify
GO terms related to flower development significantly
up- or down-regulated in sets of DEGs. Within the 234
downregulated DEGs no significantly enriched GO
terms were found. Analysis of 211 upregulated genes
revealed nine significant GO terms in categories BP and

Poezja/KWS Dacanto
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Stage GAS, upregulated

237 369

D Stage YAS, upregulated

334 742

Piko/Euforia

Poezja/Euforia

ME. In BP category, 20 unique DEGs were characterized
with multiple GO terms. From 9 to 19 of the DEGs were
assigned to the selected GO term that included ‘sta-
men filament development, ‘regulation of organ growth,
‘organ growth, ‘auxin polar transport, ‘hormone trans-
port, ‘auxin transport;, and ‘regulation of developmental
growth’ In MF ontology class, two GO terms (‘aspartic-
type endopeptidase activity’ and ‘aspartic-type peptidase
activity’) were simultaneously identified in seven genes
(Table 2, Figure S1).

Characterization of DEGs identified in GO enrichment
analysis

In result of GO enrichment analysis, all DEGs downregu-
lated in chasmogamous varieties were dropped and only
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downregulated

stage YAS

() stage GAS

Fig. 2 Venn diagram showing the total number of downregulated (A) and upregulated (B) transcripts in HCH vs LCH varieties in the GAS and YAS
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Fig. 3 GO classification of non-redundant DEGs down- and upregulated in chasmogamus varieties identified in RNA-Seq analysis
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Fig. 4 KEGG classifications of selected DEGs up-(A) and downregulated (B) in HCH varieties
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Table 2 GO terms selected in SEA analysis of DEGs upregulated in chasmogamous varieties

GO Term Ontology Description No of DEGs p-value FDR
GO:0,080,086 BP stamen filament development 9 8.0e-10 2.8e-06
GO:0,046,620 BP regulation of organ growth 12 7.5e-08 0.00013
GO:0,035,265 BP organ growth 12 1.6e-07 0.00018
G0:0,009,926 BP auxin polar transport 11 3.5e-06 0.003
GO:0,009,914 BP hormone transport 11 1.0e-05 0.0058
G0O:0,060,918 BP auxin transport 11 9.4e-06 0.0058
G0:0,048,638 BP regulation of developmental growth 19 6.6e-05 0.032
GO:0,004,190 MF aspartic-type endopeptidase activity 7 0.0002 0.046
GO:0,070,001 MF aspartic-type peptidase activity 7 0.0002 0.046

upregulated DEGs were selected. We found 27 DEGs
simultaneously upregulated in HCH varieties ‘Piko and
Poezja (Table 3). Only two DEGs were selectively upreg-
ulated at the YAS stage (TraesCS5B02G343700, and
TraesCS7D02G460300). 8 DEGs (TraesCS2B02G082100,
TraesCS5B02G334700, TraesCS5B02G341800, TraesCS
5B02G343000, TraesCS5B02G343600, TraesCS5B02
G345500, TraesCS5B02G346000, and TraesCS6B02G2
49300) were upregulated in the both stages (Table 3,
Fig. 5). All remaining DEGs were upregulated at the
GAS stage (Table 3, Fig. 5, Tables S1 and S2).
Annotations with blastn search revealed that the
selected DEGs can be classified into genes partici-
pating in auxin signalling, general stress reaction,
regulation of mitosis, and developmental processes.
Nine auxin responsive genes (TraesCS5B02G341800,
TraesCS5B02G343000, TraesCS5B02G343600, TraesCS5
B02G346700, TraesCS5B02G344400, TraesCS5B02G3
44500, TraesCS5B02G345500, TraesCS5B02G346000,
and TraesCS5B02G343700) were involved in the nega-
tive regulation of organ growth, auxin synthesis and
transport. These genes were physically clustered at 1.98
Mbp region located at 526—528 Mbp on chromosome 5B
(Table S3). In Arabidopsis, these genes act as a positive
regulators of leaf senescence and may mediate auxin-
induced leaf senescence [55], play a role in the regula-
tion of seed germination by gibberellins and abscisic
acid (ABA), and in the regulation of light-dependent
hypocotyl elongation [56]. Expression pattern in wheat
lodicules of HCH and LCH varieties suggests its differ-
ent role during flowering. Most of auxin responsive genes
were upregulated in HCH varieties in both the GAS and
YAS. TraesCS5B02G343700 was upregulated in the YAS,
and TraesCS5B02G344400, TraesCS5B02G344500, and
TraesCS5B02G346700 were upregulated in the GAS.
Another gene in this group (TraesCS7A02G391100)
was reported to mediate the transport, regulate auxin

homeostasis and responses influencing cotyledons, roots
and root hairs development [57-60].

The second group of DEGs consists of seven genes asso-
ciated with abiotic and biotic stress response and signalling,
including disease resistance. DEGs TraesCS2B02G082100
and TraesCS2D02G066200 were involved in cell to cell sig-
nalling through phosphorylating serine/threonine residues.
TraesCS7D02G460300 activity is essential for correct regu-
lation of mitochondrial membrane potential, mitochon-
drial organization and function [61] (Table 3).

The third group includes genes regulating mito-
sis important in growth and developmental processes.
Products of three genes (TraesCS2B02G483800, TraesC-
S2D02G462400, and TraesCS2D02G462600) supress
topoisomerase II, an enzyme being a part of regulatory
checkpoints at the entry and progression of mitosis [62]
are antagonistic to TraesCS6B02G249300 coding for
enhancer of rudimentary homolog isoform X1, playing
an essential role in the progression of mitosis (Table 3).

The next one is a group of four DEGs that codes for
proteins controlling flower development processes.
TraesCS4D02G010500 codes for intramembrane-cleav-
ing aspartic protease (I-CLiP) that plays a critical role in
the development and function of the reproductive tissues,
especially in pollen development. In Arabidopsis aspartic
proteases (TraesCS5B02G334700, TraesCS7A02G405600
and TraesCS7B02G305000) are expressed during flower-
ing stage i.e. petal differentiation and expansion stage.

General and functional analysis of RDA-Seq data

Sequencing of 12 RDA-cDNA libraries obtained after
three rounds of subtractive hybridization (RNA from
lodicules in the GAS stages were used as testers while
lodicules in the YAS—as driver probes) resulted in
21 972 050 raw reads (approximately 10,5 Gb of total
nucleotides), ranging from 1,3 to 2,7 million per each
library. After removal of adaptor sequences, ambiguous
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Gene symbol Stage Protein function NCBI accession
Auxin responsive
TraesCS5B02G341800 GAS/YAS Auxin responsive SAUR36-like XM_044534055.1
TraesCS5B02G343000 GAS/YAS Auxin responsive SAUR36-like XM_020315849.3
TraesCS5B02G343600 GAS/YAS Auxin responsive SAUR36-like XM_037587073.1
TraesCS5B02G343700 YAS Auxin responsive SAUR36-like XM_045229117.1
TraesCS5B02G344400 GAS Auxin responsive SAUR36-like XM_044534070.1
TraesCS5B02G344500 GAS Auxin responsive SAUR36-like XM_045128340.1
TraesCS5B02G345500 GAS/YAS Auxin responsive SAUR36-like XM_044537684.1
TraesCS5B02G346000 GAS/YAS Auxin responsive SAUR36-like XM_044537687.1
TraesCS5B02G346700 GAS Auxin responsive SAUR36-like XM_044534083.1
TraesCS7A02G391100 GAS ABC transporter G family member 44-like XM_044567717.1
Stress related
TraesCS2B02G018500 GAS putative disease resistance protein RGA3 isoform X1, X2 XM_044465387.1
TraesCS2B02G082100 GAS/YAS probable LRR receptor-like serine/threonine-protein kinase At3g47570 XM_044465869.1
TraesCS2B02G488700 GAS yellow rust resistance protein 5a MN273772.1
TraesC52D02G066200 GAS probable LRR receptor-like serine/threonine-protein kinase At3g47570 XM_044474111.1
TraesCS5B02G339200 GAS rop guanine nucleotide exchange factor 1-like (floral organ development) XM_037587057.1
TraesCS7A02G211600 GAS subtilisin-like protease SBT1.8 XM_044569899.1
TraesCS7D02G460300 YAS inorganic pyrophosphatase 2-like (salt stress) XM_044584582.1
Mitosis
TraesCS2B02G483800 GAS desmethyl-deoxy-podophyllotoxin synthase-like XM_044464621.1
TraesCS2D02G462400 GAS desmethyl-deoxy-podophyllotoxin synthase-like XM_044472898.1
TraesCS2D02G462600 GAS desmethyl-deoxy-podophyllotoxin synthase-like XM_044472899.1
TraesCS6B02G249300 GAS/YAS enhancer of rudimentary homolog isoform X1 XM_044557205.1
Flower development
TraesCS4D02G010500 GAS signal peptide peptidase-like 4 XM_037598858.1
TraesCS5B02G334700 GAS/YAS aspartyl protease family protein At5g10770-like (gluten associated) XM_044534001.1
TraesCS7A02G405600 GAS aspartyl protease family protein At5g10770-like (gliadin hydrolysis) XM_044567918.1
TraesCS7B02G305000 GAS aspartyl protease family protein At5g10770-like XM_044575753.1
Unknown
TraesCS2A02G141500 GAS hypothetical protein CFC21_015763 XM_044474837.1
TraesCS2D02G145000 GAS uncharacterized protein XM_044474839.1

nucleotides and low quality sequences, 31 819 336 high
quality reads were obtained and mapped to the Triticum
aestivum reference genome. The transcriptomes of HCH
and LCH varieties were compared. The highest number
of 496 and 454 DEGs was observed for Piko HCH vari-
ety vs KWS Dacanto and Piko vs Euforia, respectively.
The lower number of 314 and 277 DEGs was found in
comparisons of Poezja with KWS Dacanto and Euforia,
respectively (Fig. 6). The Venn diagram showed the 18
common DEGs for all comparisons RDA-Seq data, repre-
senting potential genes controlling flowering (Fig. 7).

A total of 17 predicted transcripts were assigned GO
annotations in three main GO categories and 39 sub-
categories (Fig. 8). The Biological Process category of
GO is mainly enriched with ‘cellular process’ (12 genes),

‘metabolic process’ (13 genes) and ‘response to stimulus’
(11 genes) representing 70%, 76% and 64% of total tran-
scripts involved in this category. The ‘cell’ and ‘cell part’
and ‘organelle’ (8 genes) had the greatest number of genes
in the cellular component category. The molecular func-
tion category of GO was mainly sub-categorized by ‘bind-
ing’ (13 genes) and ‘catalytic activity’ (9 genes, Fig. 8).

In RDA-Seq analysis, the genes unique to the GAS stage
were selected. The majority of these genes were stably over-
expressed in both HCH cultivars Piko and Poezja. How-
ever, the level of expression of these was usually higher in
Piko (Fig. 9, Tables S2 and S3). High and stable expression
in HCH cultivars was found for TraesCS7A02G264500 and
TraesCSU02G048600. Five DEGs representing genotype
specific changes in lodicules (TraesCS2A02G243000.1,
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Fig. 5 Expression pattern of 27 DEGs selected in GO enrichment analysis

TraesCS3A02G046700.1, TraesCS3D02G171100.1, TraesC-
S5A02G378700.1, TraesCS7B02G204100.1) were upregu-
lated in comparisons with Piko and downregulated in
Poezja. Finally, TraesCS5D02G491100.1 was upregulated
to high levels in LCH cultivars, and TraesCS6B02G353200
was expressed in KWS Dacanto. DEGs with high and stable
expression in cultivars with different intensity of chasmog-
amy are good candidates responsible for lodicule mediated
flower opening.

Based on UniProt characteristics, eight DEGs iden-
tified with the RDA-Seq (TraesCS1A02G186600,
TraesCS3D02G526600, TraesCS5D02G491100, Traes
CS4A02G279100, TraesCS5A02G378700, TraesCS6B02

G353200, TraesCS5D02G301100, and TraesCS7A02
G264500) were related to stress response and signal-
ling. Among them, TraesCS5D02G491100 codes for
C2H2 zinc finger protein, a master regulator of abiotic
stress responses that play many roles in plant growth and
development [63] was downregulated in HCH cultivars.
TraesCS5A02G378700 belongs to plant lipoxygenases and
may be involved in jasmonic acid signaling, growth and
development [64].

Four another DEGs were annotated as significant for
development. Tetraketide alpha-pyrone reductase 2
(TraesCS3A02G046700) of Arabidopsis was active in
pollen exine formation and sporopollenin biosynthetic
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Fig. 6 Numbers of differentially expressed genes obtained in RDA-Seq analysis

processes [65]. TraesCS3A02G491500 regulates tran-
scription and, as a member of SHORT INTERNODES
family, regulates tillering and panicle branching in rice
[66]. TraesCS6B02G353200 is involved in jasmonic
acid synthesis [67]. Monocopper oxidase-like proteins
(TraesCS3D02G171100) may be involved in direc-
tional growth processes, possibly by participating in
cell wall expansion [68]. The remaining genes were
involved in secondary metabolite biosynthesis (TraesC-
S2A02G243000, TraesCS7B02G204100 and TraesC-
SU02G048600), or coded for proteins not characterized
so far (Table 4).

In silico analysis of promoters of selected DEGs
In the 2000 nt upstream sequences of 45 DEGs (Table S4,
suppl. materials), 94 cis-regulatory elements (cre) were
found (Table S5, suppl. materials). Besides the commonly
present (CAAT-box, TATA-box), among identified cre
several categories were distinguished, namely related to
light response, stresses, and hormone response, growth
and development, tissue and organ specific, and multi-
functional cre (plant development, secondary metabo-
lism, signal transduction, disease resistance, stress
response). The cre with the highest abundance exceeding
100 were: ABRE (abscisic acid and hormone responsive-
ness), CGTCA-motif (MeJA and hormone responsive-
ness), G-box (light responsiveness), MYB (development,
secondary metabolism, signal transduction, disease
resistance, and stress response), MYC (plant growth
and development, hormone and abiotic stress response),
TGACG-motif (MeJA and hormone responsiveness),
as-1 (oxidative stress, salicylic acid and auxin response)
and STRE (stress response).

Apart from the highly abundant cre, 14 cre were
unique and appeared only once. Among these unique
elements, five cre were related to light response. Only 3

cre (AAGAA-motif, GC-repeat, NON) have no function
assigned. The average frequency of cre in promoters of
DEGs from RNA-Seq and RDA-Seq pools was similar
and it was 95 and 98, respectively. The highest number of
cre (124), was found in TraesCS5B02G346000 (RNA-Seq
pool) and the lowest one, (57) — in TraesCS6B02G353200
(RDA-Seq pool).

Expression of the selected genes determined by RT-qPCR

The expression of 18 selected wheat transcripts was
analysed with RT-qPCR. The panel of tested genes
included representation of DEGs found in RNA-
seq (TraesCS2A02G141500, TraesCS2D02G462400,
TraesCS5B02G334700 TraesCS5B02G339200, TraesCS5
B02G343000, TraesCS5B02G344400, TraesCS7A02
G391100, and TraesCS7A02G405600), and RDA-seq
analyses (TraesCS2A02G243000, TraesCS3A02G046700,

TraesCS4A02G279100, TraesCS5D02G491100, Traes
CS6B02G353200). Additionally, the expression lev-
els of TaMADSI (TraesCS5A02G286800), wheat

orthologues of OsMADS58 (TraesCS1A02G125800,
TraesCS1B02G144800), and OsMADSI6 (TraesC-
S7A02G383800, TraesCS7B02G286600) were tested

(Table S8).

RT-qPCR analyses of TraesCS5B02G343000, TraesC-
S5D02G491100, TraesCS6B02G353200 and TraesC-
S7A02G391100 showed higher expression level in
the GAS than in the YAS stage. This trend was also
maintained for the TraesCS2A02G243000, TraesC-
$2D02G462400, TraesCS3A02G046700 and TraesC-
S4A02G279100 genes, although the reaction was
more cultivar-specific. TraesCS5B02G334700, Traes
CS5B02G339200, TraesCS7A02G383800 and Traes
CS7B02G286600 genes showed increased expression in
LCH cultivars in the GAS (Fig. 10).
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TraesCS2A02G141500,

(i.e.

TraesCS5B02G344400,

in the LCH cultivars
TraesCS2D02G462400,

The expression of the most of DEGs selected in
RNA-Seq analysis was inconsistent with the qRT-

and

TraesCS7A02G405600), while quite opposite trends

PCR data (Figs. 5 and 10). Generally, qPCR analysis
indicated an increased levels of the tested transcripts

dominated in RNA-Seq data. However, differences in
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Fig. 9 Expression levels (normalized counts) of 18 transcripts selected upon sequencing of RDA products present in the GAS of HCH and LCH

varieties

expression levels between the GAS and YAS stages
were more consistent and for TraesCS5B02G343000,
TraesCS7A02G391100, and TraesCS7A02G405600
similar result were obtained for qPCR and RNA-
Seq data. The gene expression profiles of three
DEGs selected from RDA-Seq analysis (TraesC-
S2A02G243000, TraesCS3A02G046700 and TraesC-
S5D02G491100) relatively agreed with qPCR data
(Figs. 9 and 10). However, the expression levels
of two other DEGs (TraesCS4A02G279100 and
TraesCS6B02G353200) differed substantially between
the RDA-Seq and qRT-PCR analyses.

The selected orthologues of OsMADS58 showed a
higher expression in GAS, with genotype dependent pat-
tern. Whereas, two OsMADS16 orthologues (TraesC-
S7A02G383800 and TraesCS7B02G286600) showed
similar expression level in the GAS and YAS. However,
expression of both genes was increased in LCH cultivars
in the GAS. This pattern of expression was found also for
TaMADSI gene (Fig. 10).

Discussion

Qualitative cleistogamy and quantitative chasmogamy

In wheat, spikelets are organized in spikes and proportion
of chasmogamous to cleistogamous spikelets depend on
genotype [6]. Considering the utilization of cleistogamy as
a new strategy for controlling Fusarium head blight [15,
16, 69, 70], and physical preventing GM transmission [35,
71], cleistogamous plants should not release viable pollen at
all. Extrusion of anthers even for part of spikelets will not
prevent GMO transition and will pave a way for Fusarium
infection [70]. Therefore, cleistogamy should be consid-
ered as a qualitative recessive trait [29] and chasmogamy
as a quantitative trait related to anther extrusion [72-74].
Generally, the florets of rice, wheat, and barley are chas-
mogamous, but cleistogamy may be observed [29, 30, 32].
14 genes were found in QTL regions for anther extrusion
[7], but none one of them overlapped with the DEGs identi-
fied in our studies (Tables S1 and S3). This suggests that the
mechanisms of lodicule driven florets opening and anther
extrusion are determined by different genetic factors.
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Table 4 Characteristics of 18 DEGs selected by a RDA-Seq analysis using the Ensembl Plants database. Upregulation, downregulation
and mixed expression in HCH cultivar in comparisons Poezja/Euforia, Poezja/Dacanto, Piko/Euforia, and Piko/Dacanto was marked 4UP,

4DOWN and 2D2U, respectively

Gene symbol Protein function Expression NCBI accession
Biotic or abiotic stress related
TraesCS1A02G186600 probable glutathione S-transferase GSTU6 4UP XM_044472364.1
TraesCS3D02G526600 disease resistance protein PIK6-NP-like isoform X2 4UP XM_044503895.1
TraesCS4A02G279100 oxalate oxidase GF-2.8-like 4UP XM_044509164.1
TraesCS5A02G378700 putative linoleate 9S-lipoxygenase 3 2D2U XM_044526899.1
TraesCS5D02G301100 uncharacterized LOC123125137 (IPR008480 domain), mRNA 4UP XM_044545667.1
TraesCS5002G491100 C2H?2 zinc finger protein/ ZAT8-like zinc finger protein 4DOWN XM_044544001.1
TraesCS7A02G264500 uncharacterized protein LOC123152047 (IPRO11692 domain) 4UP AK454492
Development
TraesCS3A02G046700 tetraketide alpha-pyrone reductase 2-like 2D2U XM_044480598.1
TraesCS3A02G491500 protein LATERAL ROOT PRIMORDIUM 1-like 4UP XM_044487267.1
TraesCS3D02G171100 monocopper oxidase-like protein 2D2U XM_020297783.3
TraesCS6B02G353200 putative 12-oxophytodienoate reductase |l 4UP XM_044558341.1
Secondary metabolites
TraesCS2A02G243000 cytochrome P450 89A2-like 2D2U XM_044597196.1
TraesCS7B02G204100 cytochrome P450 89A2-like 2D2U XM_044576729.1
TraesCSU02G048600 indole-2-monooxygenase-like (LOC123064714), mRNA 4UP XM_044488130.1
Unknown
TraesCS1D02G030200 uncharacterized protein LOC123131461 4UP XR_006464182.1
TraesCS2A02G511000 uncharacterized protein LOC123042398 4UP XM_044598116.1
TraesCS2B02G539100 uncharacterized protein LOC123042398 4UP XM_044464862.1
TraesCS2D02G512400 uncharacterized protein LOC123050360 4UP XM_044473166.1

Transcriptomic and proteomic mechanisms of flower
opening

Spikelets of CH and CL wheat varieties at the GAS
showed differential expression of genes associated with
cell walls, carbohydrates, phytohormones, water chan-
nel, ion binding, and transport [16]. These genes regu-
late cellular homeostasis, osmotic pressure, and lodicule
development [16] and may also be related to cold-stress,
and drought-stress [75]. Just prior to lemma opening,
CO, accumulation and a drop in pH was reported in
the lodicule cells [76] that results in the degradation of
xyloglucan (XG) in the cell wall and promoting lodicule
expansion [18].

The metabolic pathways involving the carbohydrates
regulate the osmotic pressure of the lodicules [15]. In
wheat, the proteomic changes associated with lodicule
expanding mechanisms involved bidirectional sugar
transporter, sucrose synthase, beta-amylase, as well
as proteins related with cellular glucose homeostasis,
and beta-glucosidase activity [15]. The accumulation of
D-glucose leads to a change in osmotic pressure in the
lodicules [12, 15, 17]. It was speculated that in lodicules
of CL wheat (ZK001) the starch and total soluble sugar
were metabolized via glycolysis and the tricarboxylic

acid (TCA) cycle pathway while in the lodicules of CH
wheat (YM18) starch and total soluble sugar content
were enriched [16]. Five genes involved in carbohydrate
metabolism were found within DEGs selected from
RNA-Seq results. They belonged to 3 groups of vacu-
olar acid beta-fructofuranosidase (VIN), sucrose syn-
thase, and UDP-D-glucose 4-epimerase (Table S6). The
most out of 25 genes from RDA-Seq represented cell wall
(CWIN) and vacuolar (VIN) acid beta-fructofuranosi-
dases, sucrose synthases, and hexokinases (Table S7).

In wheat, the proteomic changes associated with lodi-
cule expanding mechanisms involved annexin, calcium
and potassium ion binding [15, 16]. Annexin can trig-
ger calcium ion influx, increasing the osmotic pressure.
Once the osmotic pressure changes, water accumulates
in/is excreted from the cells of the lodicules and induces
the expansion/shrinkage of the lodicules [15]. In barley
aquaporin genes HvTIP1;1, HvTIP1;2, HvTIP2;3, and
HvPIP2;1 coding tonoplast intrinsic proteins (TIPs) and
plasma membrane intrinsic proteins (PIPs), were mostly
upregulated in lodicules in the process of floret opening
[36]. We colocalized the most (66 of 70) wheat aquapor-
ins from T1IPs, PIPs and nodulin 26-like intrinsic proteins
Li et al. [36] with genes annotated at IWGSC RefSeq V1.0
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genome, but no match was found for both RNA-Seq and
RDA-Seq derived DEGs.

Metabolism of phytohormone and cell walls ensures
lodicule swelling. Five kinds of plant endogenous hor-
mones were reported to influence the opening of plant
flowers, including ethylene, auxin, jasmonic, gibberellic
and abscisic acids [77, 78]. In ears of CH barley (but not
in CL ears), idole-3-acetic acid (IAA) and other synthetic
auxins treatment resulted in bigger lodicules and flower-
ing extended for a few days instead of hours. Treatment
of CH plants with ABA or MJA reduced the numbers of
exposed anthers [30]. In barley, anther was suggested to
be a source of IAA [79] for lodicule enlargement [30].
In the lodicule of CL barley plants, physiological pro-
cesses related to the transportation of, response to, or
metabolism of auxin may not work well [30]. The flavin
monooxygenases (FMOs) are key enzymes involved in
rate-limiting step of tryptophan-dependent auxin bio-
synthesis [80, 81]. Expression level of a JA-related gene,
allene oxidase synthase was upregulated in the lodicules
of CH wheat YM18 from GAS to YAS [16]. In rice, JA-
amino acid synthetase (OsJAR1) is required for opti-
mal flower opening, closing and anther dehiscence [82].
Pathway Merkator analysis showed 5 phytohormone
action DEGs identified with RNA-Seq analysis (Table
S6). 36 DEGs were found in RDA-Seq analysis and these
genes were related predominantly with jasmonic acid
(14 genes), auxin (11 genes) and ethylene (2 genes) bio-
synthesis, signalling and degradation. Moreover, genes
responsible for strigolactone biosynthesis, and signalling
of gibberellin and cysteine-rich-peptide peptides were
identified (Table S7). RT-qPCR assay revealed increased
levels of expression in LCH cultivars in GAS for TraesC-
S2A02G141500, TraesCS5B02G344400, and TraesC-
S7A02G405600, with unknown function, involved in
response to auxins, and flower development, respectively
(Table S8, Fig. 10).

In CL sorghum, differentially expressed genes related
with glycerolipid, glicerin metabolism, anthocyanin, phe-
nylpropanoid biosynthesis, limonene and pinene degra-
dation, and circadian rhythm were reported [40]. DEGs
involved in secondary metabolites biosynthesis found in
RDA-Seq analysis were mainly represented by mono-/
sesquiterpene-/diterpene synthases [10], phenylalanine
ammonia lyases [9] (Table S7). Single 3-hydroxy-3-meth-
ylglutaryl-CoA synthase (1), farnesyl diphosphate syn-
thase (1), and chalcone synthase (1) were also found in
this group. Beside chalcone synthase, RNA-Seq analysis
also revealed pinoresinol/lariciresinol reductase (PLR)
(Table S6).

We verified the RNA-Seq and RDA-Seq based
expression profiles of 18 selected genes by RT-
qPCR. Although the discussion on the legitimacy and
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reliability of such a verification is still ongoing and is
not finally resolved, many authors (e.g. [43, 83, 84]) use
this approach. Oppositely, Coenye [85] concluded that
RNA-seq is robust enough and not always requires vali-
dation by qRT-PCR; nevertheless there are situations
where confirmation of data obtained in large-scale
transcriptomics may be of added value. This was the
case in our study; RT-qPCR showed many discrepan-
cies with the expression profiles determined by RNA-
seq. These inconsistencies are primarily due to the
different sensitivity of both methods. It should also be
noted that the primers designed for RT-qPCR analysis
could not be specific to the tested wheat cultivars. In
case of our validation experiment the primers were not
designed for random fragments of selected DEGs of
Chinese Spring, but for the regions aligned with RDA-
seq contigs. DNA sequences of the selected genes are
not known in HCH and LCH cultivars and we targeted
potentially unique regions of DEGs.

Genetic determination of CL/CH

Flowers of most plant species develop according to
ABCDE model which is based on tetramer complexes
of different proteins specific for each whorl [86, 87].
Each protein complex is made up of MADS-domain
transcription factors [86, 88] bound by class A, B, C, D,
and E floral development-related proteins [89, 90]. In
the ABCDE model, the identity of lodicules is mainly
determined by B-class genes OsMADS2, OsMADS4,
OsMADS6, OsMADS16 and OsMADS32, all of which
encode transcription factors containing MADS-box
domain [91-95].

Wheat orthologs of rice MIKC-type MADS-box
genes involved in the ABCDE flowering model have
been identified [89] and compared with DEGs found
in our study (Tables S1 and S3). No hits were found
for RNAseq data, but RDA-Seq analysis revealed
four MADS genes differentially expressed. Ortho-
logues of OsMADS16 (TraesCS7A02G383800 and
TraesCS7B02G286600) were about 4-sixfold down-
regulated in CH cultivar Piko and Poezja vs Dacanto
while wheat counterparts and OsMADS58 (TraesC-
S1A02G125800, and TraesCS1B02G144800) were
sevenfold upregulated in Piko vs Dacanto (Table S3).
RT-qPCR analysis provided no additional support for
the role of wheat orthologues of OsMADS58 in shaping
chasmogamy level in studied wheat cultivars (Fig. 10).
However, two orthologues of OsMADS16 and TaM-
ADS1 gene showed elevated expression in LCH culti-
vars in the GAS, that may contribute to chasmogamy
differences in tested wheat cultivars. In rice CL afdl
and nohl mutants, OsMADS16 mRNA levels were
downregulated [28, 96]. OsMADS58 introduced into
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OsMADS58SRDX tall fescue showed a cleistogamous
phenotype in which the lodicules were homeotically
transformed into lemma-like organs [97]. Pathway
analysis indicates that the expression level of wheat
orthologues of MADS16 and MADS58 genes may be
responsible for the quantitative differences in chasmog-
amy level in wheat. However, RT-qPCR results provide
additional support only for MADS16.

In wheat, the simultaneous absence of both AP2L2
and AP2L5 genes results in spikelets with no lodicules
and with other altered floral organs. In addition, AP2L2
affects lodicule size [89]. In studies of diverse set of
wheat germplasm, covering a range of ploidy levels and
ranging from cultivated varieties to wild relatives, the
plants were uniformly non-cleistogamous, and their
AP2 homoeologous sequences were highly conserved
[19]. In our study, the expression of AP2-like genes
was not significantly different between LCH and HCH
wheat cultivars.

Conclusions

The presented results show that the lodicules played an
important role in the flowering process in wheat. Fur-
thermore, our data indicate that the expression level of
MADS16 and MADSS8 genes are responsible for the
quantitative differences in chasmogamy level in wheat.
Moreover, the genes responsible for phytohormones bio-
synthesis, signalling and degradation were reported to
influence the opening of plant flowers.

Based on GO enrichment analysis, nine DEGs upregu-
lated in highly-chasmogamous cultivars were involved
in stamen filament development indicating significance
of those genes in flowering. We conclude that the DEGs
identified in our study with a high and stable expression
in cultivars with different intensity of chasmogamy are
good candidates responsible for lodicule mediated flower
opening. Combining and utilising the results from this
and our previous study [43] can ensure progress in wheat
hybrid breeding programs.

Abbreviations
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KEGGKyoto Encyclopedia of Genes and Genomes
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