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Abstract

Background Insensitivity to day length is an essential trait for oat cultivation and its geographical spread to a
wide range of latitudes. Daylength-insensitive oat cultivars can flower normally from low to high latitudes and may
be especially well suited for a double-cropping system. However, few studies have investigated the regulatory
mechanisms involved in flowering in photoperiod-insensitive oats.

Results In this study, we compared the developmental stages of shoot apical meristems (SAMs) and transcriptome
profiles between the photoperiod-insensitive oat cultivar VAO-8 and the photoperiod-sensitive oat cultivar Baiyan 2 at
four time points under a short-day photoperiod. The development of Baiyan 2 was affected by short-day length, and
SAMs persisted in the vegetative stage. VAO-8 responded less to photoperiod and matured normally under a short-
day photoperiod. Comparative transcriptome data of the two cultivars revealed a total of 824, 1,189, 646 and 1,145
differentially expressed genes (DEGs) between VAO-8 and Baiyan 2 at four time points. Functional enrichment analysis
revealed that metabolic processes related to chlorophyll biosynthesis, photosynthesis, carbohydrate metabolism and
the secondary metabolism were significantly enhanced in VAO-8 compared with those in Baiyan 2. The upregulated
genes involved in these processes may contribute to the flowering of VAO-8 under a short-day photoperiod.
Furthermore, the differential expression of 93 transcription factor genes involved in multiple flowering pathways was
observed, and these genes may play important roles in the regulation of VAO-8 flowering.

Conclusions The results provide a comprehensive understanding of the photoperiod-insensitive molecular
mechanism of oats at the transcriptional level under a short-day photoperiod, which lay a foundation for breeding
photoperiod-insensitive oat cultivars.
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Introduction

Oat (Avena sativa L.) is one of the most important
coarse cereals and ranks seventh in cereal production
worldwide. The success of oat production is determined
by proper flowering time in a suitable environment [1].
Flowering time is known to be an important trait for
geographical adaptation and crop yield [2]. This trait is
regulated by multiple environmental factors, particularly
day length (photoperiod). Daylength is one of the major
factors influencing the flowering time. Based on their
daylength requirements for flowering, plants can be clas-
sified into three major types: long-day (LD) plants, short-
day (SD) plants and day-neutral (DN) plants [3—4]. The
LD and SD plants tend to flower under a specific photo-
period duration, whereas the DN plants or photoperiod-
insensitive plants are less affected by photoperiod and
can trigger flowering irrespective of the photoperiod [5].

Many studies have indicated that diverse compounds,
such as carbohydrates and photosynthetic pigments,
play essential roles in flowering regulation. Previous
reports have demonstrated that carbohydrates, includ-
ing sucrose, starch, glucose and trehalose, can be used as
energy sources during the plant life cycle. Moreover, they
serve as important signalling molecules that regulate of
flowering time in many plant species [6]. The level of tre-
halose-6-phosphate (T6P) is positively regulated by T6P
synthase (TPS) and negatively regulated by T6P phos-
phatase (TPP) [7]. Overexpression of the TPP gene from
Jatropha curcas resulted in late flowering in Arabidopsis
and increased soluble sugar accumulation [8]. Moreover,
sugar content also modulates the timing of flowering.
The expression levels of the sucrose cleavage enzyme-
encoding genes sucrose synthase 1 (SUS1) and SUS4
were upregulated in plants that overexpressed INDE-
TERMINATE DOMAIN 8 (AtIDDS8) from Arabidopsis,
which displayed an early-flowering phenotype, whereas
the expression levels of these two genes were suppressed
in Atidd8 mutants [9].

In addition to carbohydrates, chlorophyll may also
play a crucial role in the plant flowering time network.
Recent studies on several SD plant species, including
sweet potato [10], tomato [11], rice [12] and Medicago
truncatula [13], have shown that alterations in chloro-
phyll metabolism affect flowering time. For example, in
Medicago truncatula plants, overexpression of the AP2/
ERF transcription factor (TF) MtRAV3 resulted in a high
level of chlorophyll and led to a late phenotype [13]. Pho-
toreceptors also affect chlorophyll accumulation and
flowering time. In tomato, cry2/cryl double mutants lead
to early flowering and decreased chlorophyll levels [11].

The genetic mechanism of photoperiod insensitivity in
plants has been studied in several plant species. Several
major determinants of the photoperiod response have
been identified that confer normal flowering phenotypes
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to crops under both LD and SD conditions [14]. In bar-
ley and wheat, the major regulator PPD1 harbours mul-
tiple allelic variations, leading to increased expression
levels of several genes, such as Flowering Locus T (FT),
and achieving a photoperiod-insensitive phenotype [15].
Many genes in maize, including ZmCOL3, ZmMADS69,
ZmCCT9, ZmCCTI10, ZmRAP2.7 and ZmZCNS8, play
important roles in maize adaptation to temperate regions
[16]. A major flowering time regulatory gene, GmPRR3b,
which belongs to the CCT gene family, was selected dur-
ing soybean domestication and facilitated the geographic
expansion of soybean [17].

Like LD plant species such as wheat, oat is a classical
long-day crop, and its flowering is mainly controlled by
day length. Under long days (daylengths exceeding 12 h),
the flowering time of oat is hastened. In contrast, when
the daylength is shorter than a certain threshold, many
cultivars exhibit a stronger response to photoperiod and
do not proceed to the reproductive stage or produce
seeds [18]. Since 1972, Burrows and Sampson reported
that several oat cultivars were less sensitive to photope-
riod and identified a single, dominate gene Dil, for day-
length insensitivity [19, 20]. Several technologies were
been subsequently applied to identify genes responsible
for flowering time in oats. Fifteen major QTLs associ-
ated with flowering time were identified by using differ-
ent oat populations via the restriction fragment length
polymorphism (RFLP) and single-nucleotide polymor-
phism (SNP) methods [21-26]. Recent studies have
shown that several genes, including PHYTOCHROME
B (PHYB), TIMING OF CAB EXPRESSION 1 (TOCI),
PSEUDO-RESPONSE REGULATORS (PRRS5), PRR37
and GIGANTEA (GI) in the photoperiod pathway, as well
as ARABIDOPSIS RESPONSE REGULATOR 4 (ARR4)
and Cytokinin Response 1 (CREI) in the cytokine signal-
ling pathway, are differentially expressed between the oat
photoperiod-sensitive cultivar and the cultivar less sensi-
tive to photoperiod under 12 h light/12 h dark conditions
[27]. However, previous studies have been limited to two
varieties during the transition to a reproductive state,
with less emphasis on the differences in photoperiod sen-
sitivity among different varieties at various plant devel-
opmental stages under shorter photoperiods. To develop
oat varieties with improved photoperiod insensitivity,
knowledge of the underlying molecular mechanism that
regulates the different flowering performances between
photoperiod-insensitive oat varieties and photoperiod-
sensitive oat varieties under short-daylength conditions is
needed. This research area needs to be further explored.

In our study, we used the photoperiod-insensitive oat
variety VAO-8 and the photoperiod-sensitive oat variety
Baiyan 2 as materials and observed the developmental
stages of the two oat cultivars under a short-day pho-
toperiod. To reveal the different response mechanisms
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for flowering under a short-day photoperiod, we anal-
ysed the transcriptomic differences between VAO-8 and
Baiyan 2 by using RNA-sequencing technology. Our
results suggested that, compared with Baiyan 2, VAO-8
could enhance several metabolic, energetic and photo-
synthesis-related processes under a short-day photope-
riod. These processes could lead VAO-8 to flower under
a short-day photoperiod. Moreover, 93 differentially
expressed TFs involved in the hormone pathway and the
photoperiod pathway, which may play important roles in
flowering regulation under a short-day photoperiod con-
ditions, were identified between VAO-8 and Baiyan 2.
Our results provide theoretical guidance for the breeding
of daylength-insensitive oat cultivars and accelerating the
widespread adaptation of oats.

Materials and methods

Plant materials and growth conditions

The photoperiod-insensitive oat cultivar VAO-8 used in
this study was obtained from Agriculture and Agri-Food
Canada (Ottawa, Canada), and the photoperiod-sensi-
tive oat cultivar Baiyan 2 was obtained from Baicheng
Academy of Agricultural Science, (Jilin, China). These
two cultivars were chosen as plant materials because of
their different flowering performances under short-day
photoperiod conditions, with VAO-8 being photoperiod
insensitive [28, 29]. For the experiments in this study,
seeds of VAO-8 and Baiyan 2 were sown in plastic pots
(13 cm diameter, 15 cm high) containing field soil. Each
pot contained five seeds. All plants were grown in an arti-
ficial chamber under short-day photoperiod conditions
(10 h light/14 h dark) with a light intensity of 8000 Ix.
The temperature was maintained at 24°C during the day
and 20°C at night. Fifty days after growth under a short-
day photoperiod, the fourth fully unfolded true leaves
of the two cultivars were harvested: this time point was
defined as stage one (S1). At 60 d, 70 d and 85 d under
a short-day photoperiod, the fourth fully unfolded true
leaves of VAO-8 and Baiyan 2 were collected and defined
as stage two (S2), stage three (S3), and stage four (S4),
respectively. Three biological replicates of the two oat
cultivars were taken at four time points, and each repli-
cate consisted of three individual plants. After sampling,
the leaves were immediately placed in liquid nitrogen and
stored at -80 °C for transcriptome sequencing.

Observation of the developmental stage of the shoot
apical meristem

To examine the phenotypic changes in the SAM dur-
ing development in response to a short-day photope-
riod, we dissected the SAMs of the two cultivars and
regularly observed the SAM phenotype when the plants
were at least at the four-leaf stage. To determine of the
developmental stage of the SAMs of VAO-8 and Baiyan 2
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cultivars, the leaves surrounding the SAMs were removed
manually, and the SAMs were quickly placed in a formal-
dehyde-acetic acid-ethanol fixative (FAA) solution. After
fixation for at least 24 h, the samples were subjected to
dehydration via an ascending ethanol series. For SEM,
the dried samples were sputter-coated with gold and
observed using field emission scanning electron micros-
copy (FESEM) (SIGMA 300, ZEISS, Germany).

Chlorophyll measurement

The fourth leaves of VAO-8 and Baiyan 2 plants were col-
lected at the four stages. The samples were subsequently
immersed in 3 mL of leach liquor and incubated for 24 h
at 25°C in the dark. The liquor was composed of acetone
and absolute ethanol, and the volume ratio of acetone:
ethanol was 2:1. After 24 h, the absorbance (OD) of each
sample at 663 nm and 645 nm was measured by a UV-vis
spectrophotometer (WFZ UV-2800AH, UNICO, Shang-
hai, China). The concentrations of chlorophyll a (Chl a),
chlorophyll b (Chl b), and chlorophylls (Chls) were cal-
culated with the following formulas using the methods of
Arnon [30]:

Chla (mg/g) = (1272 X OD553 — 2.69 x OD645) 1
x Vx N/W D

Chl b (ng/g) = (2288 X OD645 —4.68 x OD663) 2
x V. x N/W @

Chls (mg/g) = Chla+ Chlb 3)

V represents the volume of the leach liquor, N repre-
sents the number of dilutions, and W represents the fresh
weight.

RNA extraction, library construction and illumina
sequencing

Total RNA from oat materials was extracted using an
Ultrapure RNA Kit from Beijing ComWin Biotech Co.,
Ltd. (China), following the manufacturer’s protocols.
The quality and integrity of total RNA were checked by a
NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific, Massachusetts, US) and an Agient2100/LabChip
GX analyser (Agilent Technologies, California, USA).
Then, high-quality RNA was subsequently used for con-
struction of the transcriptome library, and sequenced
using the Illumina NoveSeq6000 platform by Biomarker
Technologies Co., Ltd. (Beijing, China), PE=150. The
raw RNA data were uploaded to NCBI with the accession
number PRJNA1019673.
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Differential gene expression analysis and functional
enrichment

After the low-quality reads and the reads containing the
adaptors were removed, the clean data were obtained.
The clean reads from each sample were subsequently
mapped to the OT3098 v2 hexaploid oat genome using
HISAT2 software [31]. The expression level of each
gene was assessed by the mapped results and fragments
per kilobase of transcript per million mapped reads
(FPKM) value. Based on the above results, the differen-
tially expressed genes between the two cultivars were
identified using DESeq2 software [32]. The key indica-
tors of differentially expressed gene selection were set to
a false discovery rate (FDR)<0.05 and a|log,fold-change
(FC)|z1. The Venn diagrams and heatmaps were plot-
ted by the bioinformatics online platform (https://www
.bioinformatics.com.cn/) and TBtools v1.132 software,
respectively. The DEGs were subjected to functional
annotation using GO, KEGG pathway enrichment and
MapMan analyses. GO enrichment and KEGG pathway
enrichment analyses were performed on the BMKCloud
platform (www.biocloud.net). The significantly enriched
GO terms and KEGG terms were set at a corrected p
value <0.05. The bubble plot was drawn using the ggplot2
package in R software. In addition, the DEGs were fur-
ther analysed and visualized using MapMan functional
annotation software (version 3.6.0) [33].

For the plant TFs, we submitted the nucleotide
sequences of the DEGs to the online iTAK 1.6 software (
http://itak.feilab.net/cgi-bin/itak/index.cgi) and then clas
sified the obtained transcription factors (TFs) into differ-
ent gene families [34].
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qRT-PCR analysis

Total RNA was extracted from the samples using the
Ultrapure RNA Kit (CWhbiotech, Beijing, China) and
then reverse transcribed to synthesize cDNA using the
UEIris II RT-PCR System for First-Strand cDNA Syn-
thesis with dsDNase (US Everbright). To confirm the
RNA-seq results, qRT-PCR was conducted to validate
the expression levels of 10 candidate genes on a PCRmax
Eco 48 machine (PCRMax, Staffordshire, UK). gqRT-PCR
was performed using Bimake SYBR Green qPCR Master
Mix (Bimake Biotechnology Co., Ltd., Houston, Texas,
USA), following the manufacturer’s protocol. The 2744t
method was applied to calculate the relative expres-
sion of the genes [35]. Three biological replicates were
performed for each gene. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (AK251456) was used as the
internal control to normalize the tested genes [36]. The
primer pairs used for the qRT-PCR analysis are listed in
Table S1.

Results

The morphology of the SAM in VAO-8 and Baiyan 2

Based on the morphological observations of the shoot
apical meristems, the two oat cultivars, VAO-8 and Bai-
yan 2, were in the vegetative growth stage after 50 d
under short-day photoperiod conditions (Fig. 1a and e).
After 60 d, the SAM of VAO-8 slowly transitioned to the
elongation stage (Fig. 1b). In this stage, the apical dome
was enlarged, suggesting that the plants had transitioned
to a reproductive state. The SAMs of VAO-8 subse-
quently progressed to the floret differentiation stage, in
which the floret primordium (FP) formed after 70 d of

Fig. 1 SAM phenotypic characterization of VAO-8 and Baiyan 2. (A-D) Developmental stages of VAO-8 under short-day photoperiods for 50 d (A), 60 d
(B), 70d (C), and 85 d (D). (E-H) The SAMs of Baiyan 2 were still in the vegetative stage under short-day conditions at 50 d (E), 60 d (F), 70 d (G) and 85 d
(H). LP, leaf primordia; FP, floret primordium. Scale bars=50 um (A-C, E-G) and 2 cm (D, H)
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short-day photoperiod treatment (Fig. 1c). When grown
for 85 d under short-day photoperiod conditions, VAO-8
was in the booting stage (Fig. 1d), indicating that VAO-8
can normally head under a short-day photoperiod. In
contrast, the SAMs of Baiyan 2 persisted in the vegeta-
tive stage (Fig. 1f, g and h, Fig. S1), indicating that the oat
cultivar Baiyan 2 is extremely sensitive to photoperiod.
These phenotypic results showed that the cultivar VAO-8
is insensitive to photoperiod and can flower normally
under a short-day photoperiod.

Overview of the transcriptome analysis

To explore the differences in flowering performance
between VAO-8 and Baiyan 2 under a short-day photo-
period, fourth-leaf samples of the two cultivars at S1, S2,
S3 and S4 were subjected to RNA-Seq. After data filter-
ing, each sample generated 5.76 Gb of clean data, and
the Q30 values for all 24 RNA-seq libraries were greater
than 95.33%. The filtered clean data were subsequently
mapped to the reference genome (Table S2). The percent-
age of unique mapped sequences was greater than 85.43%
in each sample, indicating that the tested sequences were
consistent with the oat reference genome. The Pearson’s
correlation coefficients between the three biological rep-
licates for each time point of VAO-8 and Baiyan 2 were
greater than 0.82, indicating that the repeatability of the
three replicates was good (Table S3).

(A)

All DEGs
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1400
Down-regulated DEGs

1200 —

1000

800

600 —

Number of DEGs

400

200

0 T d T T T . T
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Based on a false discovery rate (FDR)<0.05 and log-
,Fold change>1, all DEGs in the four comparison groups
were determined (Table S4). There were 824, 1,189, 646
and 1,145 DEGs in the V8-S1_vs_B2-S1, V8-S2_vs_B2-S2,
V8-S3_vs_B2-S3 and V8-S4_vs_B2-S4 comparisons,
respectively. Among them, 381, 724, 331 and 663 DEGs
were upregulated in the four groups, respectively. There
were 443, 465, 315 and 482 downregulated DEGs in the
four comparison groups, respectively (Fig. 2a). The Venn
diagram results revealed that 45 upregulated DEGs were
shared among the four comparison groups (Fig. 2b), and
77 downregulated DEGs were coexpressed in all four
groups (Fig. 2c).

To corroborate the accuracy of the RNA-seq data, a
qRT-PCR assay was performed on 10 selected DEGs,
including three TFs, one gene involved in starch and
sucrose metabolism, four genes associated with the
EMP-TCA pathway and two genes involved in the chlo-
rophyll biosynthetic process. As shown in Fig. S2a-j, the
relative expression levels of these genes as determined
via qRT-PCR were consistent with the RNA-seq results,
verifying the accuracy of the expression level changes
obtained from the RNA-seq data. In addition, the cor-
relation coefficient value was 0.928, indicating a positive
correlation between the RNA-seq data and the qRT-PCR
results (Fig. S2k).

(B) V8-S2_vs_B2-S2 UP V8-S3_vs_B2-S3 UP

V8-S1_vs_B2-S1 UP 8-S4_vs_B2-S4 UP

(C) V8-52_vs_B2-S2 DOWN V8-S3_vs_B2-S3 DOWN

V8-S1_vs_B2-S1 DOWN 8-S4_vs_B2-S4 DOWN

v&—SL"S—B}S\ Vg-SL"LBz_SZ \18-53)’3—82_83 vss—SA,VS—B}SA

Fig. 2 Statistical analysis of DEGs in the four comparison groups. (A) Histogram illustrating significantly upregulated DEGs, downregulated DEGs and all
DEGs for the four comparison groups. (B) Venn diagrams showing unique and shared upregulated DEGs among the four comparison groups. (C) Venn
diagrams showing unique and shared downregulated DEGs among the four comparison groups
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Different response mechanisms for flowering between
VAO-8 and Baiyan 2

To analyse the different response mechanisms for flower-
ing under a short-day photoperiod between Baiyan 2 and
VAO-8, we performed gene ontology term enrichment
analysis on the differentially expressed genes (DEGs)
(Tables S5 and S6). For stage one (S1), only one biologi-
cal process (BP), ‘defense response, was enriched among
the upregulated DEGs, and no GO terms were enriched
among the downregulated DEGs, indicating that Bai-
yan 2 did not significantly differ from VAO-8 in terms of
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flowering during the early vegetative growth stage (Fig. 3a
and b). For stage two (S2), two BP terms, ‘tricarbox-
ylic acid cycle’ and ‘glutamine transport, were enriched
in the upregulated DEGs, indicating that the energetic
metabolism and amino acid metabolism processes were
enhanced in VAO-8 during the early flowering stage,
which could lead to flowering as compared with Baiyan 2
(Fig. 3a). Moreover, eight BP terms were enriched among
the downregulated DEGs, and these could be classified
into three groups (Fig. 3b). The first group is related to
biosynthetic and metabolic processes, including the

A GO:0006032 regulation of phosphoprotein phosphatase activity = Gene number
GO0:0006099 protein-chromophore linkage : %
GO:0006559 negative regulation of translation o
GO:0006868 cell wall macromolecule catabolic process -logyo(FDR)
GO0:0006952 cellular response to phosphate starvation " 2
GO0:0009423 chlorophyll biosynthetic process ‘3)
GO:0009768 carbon fixation
GO0:0009800 chloroplast-nucleus signaling pathway
GO0:0010019 cinnamic acid biosynthetic process
GO0:0015977 photosynthesis, light harvesting in photosystem I
GO:0015995 chorismate biosynthetic process
GO0:0016036 | defense response
GO0:0016998 glutamine transport
GO0:0017148 L-phenylalanine catabolic process
G0:0018298 tricarboxylic acid cycle
GO:0043666 chitin catabolic process

S1 S2 S3 sS4
B . Gene number
GO:0008360 ° regulation of cell shape . s
i
G0:0009269 ° response to desiccation “logyo(FDR)
15
GO0:0009968 'y negative regulation of signal transduction ;_2
0
G0:0010043 ® response to zinc ion
GO0:0010648 ° negative regulation of cell communication
GO0:0016125 ® sterol metabolic process
GO0:0023057 o negative regulation of signaling
GO0:0080028 ° nitrile biosynthetic process
S1 S2 S3 S4

Fig. 3 GO enrichment analysis of the four comparison groups. (A-B) Biological process (BP) terms enriched with upregulated (A) and downregulated (B)
DEGs between VAO-8 and Baiyan 2 at S1, S2, S3 and S4. The x-axis and y-axis represent the different stages and the BP term names, respectively. Significant

BP terms with FDR <0.05. The size of the bubble dot indicates the gene ratio



Zhang et al. BMC Plant Biology (2025) 25:622

‘nitrile biosynthetic process’ and ‘sterol metabolic pro-
cess. The second group is related to signal transduction,
such as the ‘negative regulation of signal transduction’
The third group is related to responses to stimuli, includ-
ing the ‘response to desiccation’ and ‘response to zinc
ions! Two chlorophyll-related processes, ‘chlorophyll
biosynthetic process’ and ‘chloroplast-nucleus signalling
pathway, were enriched among the upregulated DEGs
in stage three (S3), whereas no significant BP terms were
enriched among the downregulated DEGs. For stage
four (S4), 12 BP terms were enriched among the upreg-
ulated DEGs and were also classified into three groups
(Fig. 3a and b). The first group of BP terms was related
to substance biosynthesis and energetic metabolism pro-
cesses, including ‘chitin catabolic process, ‘chorismate
biosynthetic process, ‘cinnamic acid biosynthetic pro-
cess, ‘L-phenylalanine catabolic process;, ‘carbon fixa-
tion’ and ‘tricarboxylic acid cycle! The second group of
BP terms was related to photosynthetic activities such as
‘photosynthesis, light harvesting in photosystem I' and
‘protein-chromophore linkage’ The third group of BP
terms was related to protein modification, including the
‘regulation of phosphoprotein phosphatase activity. The
downregulated DEGs were not enriched under S4. The
glycometabolism-related processes were shared by both
stages, indicating that VAO-8 could regulate saccharide
metabolic processes from the early stage of flowering. In
addition, we also found that VAO-8 did not significantly
differ from Baiyan 2 during the early stage, but VAO-8
enhanced more processes than Baiyan 2 from S2 to S4,
which resulted in flowering.

To further investigate the flowering mechanism of
VAO-8 under a short-day photoperiod, we compared the
gene expression patterns involved in essential pathways
between VAO-8 and Baiyan 2. There were 17 BP terms
enriched among the upregulated DEGs from S1 to S4,
and the ‘tricarboxylic acid cycle’ was shared by S2 and
S3. These terms can be classified into four groups. The
first group comprises biosynthesis- and metabolism-
related processes, including the ‘chlorophyll biosynthetic
process’ and ‘cinnamic acid biosynthetic process. The
BP term ‘chlorophyll biosynthetic process’ included five
DEGs. One, five and two DEGs presented greater expres-
sion in VAO-8 than in Baiyan 2 in S2, S3 and S4, respec-
tively, whereas none of the DEGs presented significant
changes in S1 (Fig. 4a). Next, we measured the contents
of chlorophyll pigments in the fourth-leaf samples of
VAO-8 and Baiyan 2 at the fourth stage (Fig. S3). The lev-
els of Chl a were significantly greater in VAO-8 than in
Baiyan 2 at S3 and S4, whereas the levels of Chl b were
significantly greater in S4 (Fig. S3a, S3b). The Chls con-
tent was significantly greater in VAO-8 than in Baiyan 2
at S3 and S4 (Fig. S3c). These results showed that VAO-8
had more chlorophyll pigments than Baiyan 2 under
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short-day photoperiods.The other BP term, ‘cinnamic
acid biosynthetic process; also included five DEGs encod-
ing the ammonia-lyase. One and five DEGs presented
increased expression levels in VAO-8 compared with
those of Baiyan 2 in S2 and S4, respectively (Fig. 4b). All
of the above results indicated that VAO-8 could increase
secondary metabolite and amino acid biosynthesis pro-
cesses for flowering under a short-day photoperiod.

The second set of BP terms were photosynthesis-
related processes, including ‘carbon fixation’ and ‘pho-
tosynthesis, light harvesting in photosystem I The BP
term ‘carbon fixation’ included nine DEGs that encode
mainly phosphoenolpyruvate carboxylase. Four, one and
nine upregulated DEGs were more abundant in VAO-8
than in Baiyan 2 under a short-day photoperiod (Fig. 4c).
Moreover, VAO-8 activated a total of five genes associ-
ated with the BP term ‘photosynthesis, light harvesting in
photosystem I’ (Fig. 4d). This enhanced ability may allow
VAO-8 to capture and transmit more light energy and
promote the flowering of oat under a short-day photope-
riod. The third set of BP terms is related to protein modi-
fication, whereas the fourth set of BP terms is related to
stimulus responses. In addition, VAO-8 significantly dif-
fered in the tricarboxylic acid cycle pathway compared
with Baiyan 2, which could enhance the shift and delivery
of energy to facilitate flowering under a short-day photo-
period. S2 and S4, which included three and seven DEGs
in oats, respectively, were both enriched in this term
(Fig. 4e). Among these genes, one citrate synthase (CS)
gene, one cytosolic isocitrate dehydrogenase (ICDH)
gene and two succinate dehydrogenase (SDH) genes
were identified and presented higher expression levels in
VAO-8 than in Baiyan 2.

Taken together, all these results suggested that VAO-8
could increase substance biosynthesis, photosynthesis
and chlorophyll-related processes, which could lead to
flowering under a short-day photoperiod compared with
Baiyan 2.

Pathway enrichment based on KEGG

To further identify the different photoperiod responses
between VAO-8 and Baiyan 2 under short-day photope-
riod conditions, KEGG pathway enrichment analysis of
the four comparison groups was performed. Consistent
with the GO enrichment analysis results, there were no
pathways that were differentially enriched in S1 between
VAO-8 and Baiyan 2. For the upregulated DEGs in
VAO-8 compared with those in Baiyan 2 at S2, the most
enriched pathways were isoflavonoid biosynthesis, plant-
pathogen interaction and starch and sucrose metabolism.
Moreover, the upregulated DEGs in VAO-8 compared
with Baiyan 2 at S3 were enriched in the plant-patho-
gen interaction and photosynthesis-antenna proteins
pathways. In addition, the upregulated DEGs in VAO-8



Zhang et al. BMC Plant Biology (2025) 25:622 Page 8 of 17
(A) chlorophyll biosynthetic process
2.40
Glutamic acid f;s
; 150 (D) photosynthesis, light harvesting in photosystem I
v 120
0.90
Protoporphyrinogen IX 0.60
b 5.00
\L 0.00 AVESA.00001b.r1.2Ag0001249
4.00
Protoporphyrin IX AVESA.00001b.r1.3Ag0000933
[T AvESA 00001b.r1.2090000043 <|(chLi AVESA.00001b.r1.5Cg0000274 3.00
AVESA 00001b.r1.4Dg0001198 2.00
B}EE AVESA.00001b.r1.7Cg0001356 oo NewGene_18367
Mg-Protoporphyrin IX . NewGene_28183 1.00
i P S 0.00
v
Mg-Protoporphyrin IX monomethy ester
EBEB AVESA 00001b.r1.3Ag0001097 o
AVESA.00001b.r1.3Dg0000683
Divinyl protochlorophyllide a
v
Chlorophy II a
S
v
Chlorophy II b
(B) cinnamic acid biosynthetic process (E) tricarboxylic acid cycle
4.50
AVESA.00001b.r1.2Ag0001537 4.00 Y ERASIBTLNg0Ree20
3.50 AVESA.00001b.r1.4Cg0001646
AVESA.00001b.r1.3Ag0002198 3.00 AVESA.00001b.r1.5Cg0001768 PEP 3.00
AVESA 00001b r1 6(:90003285 2.50 'AVESA.00001b.r1.5Dg0001725 4—' gg:
3 o 2.00 AVESA.00001b.r1.6Ag0000451 . 1.50
AVESA.00001b.r1.6Cg0003287 1.50 AVESA.00001b.r1.7Ag0002795 " Pyruvate 1.00
. 0.50
AVESA.00001b.r1.7Dg0001831 > " Y
AVESA.00001b.r1.6Dg0001034 e ey bite
D P P 0.00 \\  Acetyl-CoA
isocitrate < Citrate «----—_ Citrate —_ & | ~
v = Oxalacetate | Citrate
|:|:|:|]AVESA.MDO!b.r1.2DgDW1127 47/ \ 4 “;‘ \
(C) carbon fixation Oxalacetate isocitrate ’ / |
[T Javesnonoroscammorsrs R o /
2.40 ( o
AVESA.00001b.r1.3Dg0000204 [ | \ ' ocate
210 | Y Glyoxylate -
AVESA.00001b.r1.4Cg0001097 1.80 ---- Malate a-Oxoglutarate -
1.50 v \ / Succinate
AVESA.00001b.r1.4Cg0001646 RHH \ J/ S
1.20 aAae Frumarate m PR— -7
AVESA.00001b.r1.5Cg0001768 0.90 ' ~—_ B Sl AVESA.00001b.1.7Dg0001607
oeo v AVESA.00001b.r1.4Dg0001932
AVESA.00001b.r1.5Dg0001725 0.30 Oxalacetate
AVESA.00001b.r1.6Ag0000451 0.00
AVESA.00001b.r1.7Ag0002795
AVESA.00001b.r1.7Dg0001831
AVESA.00001b.r1.Ung0000452

2 & P

Fig. 4 Expression levels of genes involved in the ‘chlorophyll biosynthetic process’ (A), the ‘cinnamic acid biosynthetic process’ (B), ‘carbon fixation’ (C),
‘photosynthesis, light harvesting in photosystem I (D), and the ‘tricarboxylic acid cycle’ (E) between VAO-8 and Baiyan 2 at different stages. Scale bars

display the log,-fold changes

compared with Baiyan 2 at S4 were enriched in five path-
ways, including photosynthesis-antenna proteins, phe-
nylalanine, tyrosine and tryptophan biosynthesis, carbon
fixation in photosynthetic organisms, plant-pathogen
interaction and biosynthesis of amino acids. Among these
pathways, the photosynthesis-antenna protein pathway
was shared by S2 and S3. In addition, only one path-
way, benzoxazinoid biosynthesis, was enriched among
the downregulated DEGs in VAO-8 at S4. Among these
enriched pathways, the photosynthesis-antenna protein
pathway and the starch and sucrose metabolism pathway
were activated in VAO-8 compared with Baiyan 2. The

former pathway was significantly enriched in S2 and S4,
and it contained 1, 2, 4 and 7 upregulated DEGs in S1, S2,
S3 and S4, respectively (Fig. S4a and table S5). The latter
pathway was significantly enriched in S2, and there were
three, twenty-one, six and four DEGs were upregulated
in S1, S2, S3 and S4, respectively (Fig. S4b and table S5).
These results suggested that the enrichment pathways
related to energy metabolism and photosynthesis pro-
cesses were markedly altered between VAO-8 and Baiyan
2. Compared with those in Baiyan 2, the increased pho-
tosynthetic activities and energetic metabolism processes
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in VAO-8 may lead to flowering under short-day photo-
period conditions.

Metabolism process analysis by MapMan

The metabolic processes of the four comparative groups
of DEGs were examined using the MapMan tool. As
shown in Fig. 5 and Fig. S5, the metabolic processes and
the number of DEGs involved in these processes did not
change as much between VAO-8 and Baiyan 2 at the veg-
etative stage. In contrast, more metabolic processes and
DEGs involved in metabolic processes were activated
and increased between VAO-8 and Baiyan 2 at the latter
stages, especially at S4. In addition, the DEGs involved in
photosynthesis, cell wall synthesis, glycolysis, the citrate
cycle (TCA cycle) and secondary metabolic processes at
three developmental stages (S2, S3 and S4) were mainly
upregulated in VAO-8. Moreover, several additional
DEGs related to lipid, amino acid and nucleotide metab-
olism were also affected by the short-day photoperiod
(Fig. 5 and Fig. S5).

To further understand the differences in the photope-
riod response of VAO-8 and Baiyan 2 under a short-day
photoperiod, the MapMan program was used to analyse
changes in the transcription of glycolysis process-related
DEGs. Our results revealed that significant changes in
several genes involved in glycolysis in VAO-8 compared
with those in Baiyan 2 at S2, S3 and S4 under a short-day
photoperiod. In glycolysis, we identified several genes
that were differentially expressed between the two vari-
eties, including one gene encoding UGPase, two genes
encoding aldehyde 3-phosphate dehydrogenase, one gene
encoding aldolase, three genes encoding phosphoglyc-
erate mutase, one gene encoding enolase, seven genes
encoding phosphoenolpyruvate carboxylase (PEPC),
and one gene encoding phosphoenolpyruvate carbox-
ylase kinase (PPCK) (Fig. 6a and table S5). More genes
were upregulated in VAO-8 than in Baiyan 2 at S2, S3,
and especially at S4, whereas only one gene was upregu-
lated at S1. Compared with Baiyan 2, VAO-8 was more
active in the metabolism of the Embden—Meyerhof—Par-
nas pathway (EMP) pathway under short-day conditions.
These processes may provide a large amount of energy
support for the flowering induction of VAO-8 under a
short-day photoperiod.

In addition, we also noted changes in the expression
levels of some genes involved in the biosynthetic path-
ways of isoprenoid synthesis in secondary metabolism.
One dimethylallyl diphosphate gene (DMAPP) involved
in the MVA pathway and one gene encoding 1-deoxyx-
ylulose-5-phosphate synthase (DXS) involved in the MEP
pathway were upregulated in VAO-8 compared with Bai-
yan 2 at S2, S3, and S4; these two genes were unchanged
in S1 (Fig. 6b). Overall, these results revealed that sev-
eral DEGs related to material and energy metabolism,
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particularly those involved in glucose catabolism and
isoprenoid metabolism, were altered in VAO-8 compared
with Baiyan 2, indicating that these metabolic processes
may play essential roles in flowering regulation in VAO-8
under a short-day photoperiod.

Identification of differentially expressed transcription
factors

On the basis of our transcriptome data, we identified 37,
26 and 52 differentially expressed TFs in VAO-8 com-
pared with Baiyan 2 at S2, S3 and S4, respectively. Apart
from eight TFs showing the same expression trend and
similar fold changes in stage one and the other three
stages between VAO-8 and Baiyan 2, the remaining
93 TFs were categorized into 30 families, of which the
GARP, NAC, WRKY, TRAF, AP2/ERF, bHLH, MYB, HSF,
Trihelix, C2C2, CCT and MADS-box TFs were the top
families (Fig. 7a). Moreover, one ARR-B belonging to the
GARP family involved in hormone signalling pathways
was also identified and found to be downregulated in
VAO-8 compared with Baiyan 2 (Fig. 7a). In addition, our
heatmaps revealed that most WRKY TFs (8 genes out of
9) (Fig. 7b) and NAC TFs (5 genes out of 9) (Fig. 7c) were
upregulated, whereas most bHLH TFs (5 genes out of 7)
were downregulated in VAO-8 compared with Baiyan 2
(Fig. 7d). Taken together, our results indicated that the
flowering regulation of VAO-8 under a short-day photo-
period was positively or negatively regulated by several
flowering pathways and several transcription factors.

Discussion

Flowering is an important agronomic trait that signifi-
cantly affects the yield and quality of many plants. Pre-
vious studies have revealed that flowering is precisely
regulated by genetic and environmental factors. Among
the environmental factors, day length is one of the criti-
cal signals that affects the flowering behaviour and
growth habits in many plant species. The response to
photoperiod sensitivity limits the geographical range of
many crops such as maize, soybean, wheat and sorghum
[37, 38]. Reducing photoperiod sensitivity is important
for global crop cultivation for crops to ensure yield [39].
Therefore, several crop varieties that are insensitive to
photoperiod have been selected by plant breeders for
several decades, and international crop improvement
programs have successfully exploited daylength insen-
sitivity to broaden the range of adaptation of wheat and
rice cultivars. Moreover, over the past decade, intensive
studies have been conducted to elucidate the molecu-
lar mechanisms of flowering time in many crops under
unsuitable photoperiod conditions. At present, a diverse
set of signalling pathways are associated with the flow-
ering process, including the photoperiod, vernaliza-
tion, autonomous, gibberellin, age, and thermosensory
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pathways, the sugar pathway, the stress pathway, and the
hormonal signalling pathway [40, 41]. Moreover, studies
have revealed that several key flowering genes involved in
multiple flowering pathways play important roles in flow-
ering regulation.

In our study, we found that the oat cultivar VAO-8
was photoperiod-insensitive, whereas Baiyan 2 was
photoperiod-sensitive according to our phenotypic
data. Next, we attempted to gain a first comprehensive
understanding of the different molecular mechanisms
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of flowering time between VAO-8 and Baiyan 2 under
short-day photoperiod conditions. Based on the results
of the present study and previous reports, a model of the
flowering regulation network in VAO-8 compared with
Baiyan 2 under a short-day photoperiod was proposed
and is summarized in Fig. 8. In this model, we consider
that the transition from vegetative growth to reproduc-
tive growth is regulated by several signalling pathways.

8 and Baiyan 2. Scale bars display the log2-fold change

Under a short-day photoperiod, the upregulated expres-
sion of genes involved in the methylerythritol 4-phos-
phate (MEP) pathway and the tetrapyrrole biosynthetic
pathway (TBP) contributed to the content of chlorophyll
pigments in VAO-8 compared with that of Baiyan 2.
Chlorophyll content is closely related to photosynthetic
efficiency [42]. In the present study, the different contents
of chlorophyll pigments between VAO-8 and Baiyan 2
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2 under short-day photoperiod conditions

led to alterations in photosynthesis. Next, the increased
photosynthetic capacity leads to increased carbohydrate
and energy metabolism processes, which contribute to
flowering in VAO-8. Additionally, several differentially
expressed transcription factors were identified between
VAO-8 and Baiyan 2. These flowering pathways may act
in combination to allow VAO-8 to enter the reproductive
stage under a short-day photoperiod.

Enhanced chlorophyll biosynthesis and photosynthetic
capacity contribute to flowering in VAO-8 plants
The photoperiod pathway affects flowering not only
through interactions with internal and external flower-
ing pathways but also via crosstalk with metabolic path-
ways [43]. In recent years, increasing evidence has shown
that signals from secondary metabolites involved in pho-
tosynthesis, such as chlorophylls, affect flowering time
when plant species are exposed to long-day or short-day
conditions [44].

In plants, there are two distinct biochemical pathways
that are responsible for chlorophyll biosynthesis: the
MEP pathway and the TBP pathway. The MEP pathway

in the cytoplasm produces the isoprenoid phytol tail of
the chlorophyll derived from GGPP [43, 45, 46]. Based
on the MapMan analysis, one gene encoding DXS in the
MEP pathway was identified and upregulated in VAO-8
compared with Baiyan 2. Moreover, one CHLH gene, two
CRD genes and two GUN4 genes involved in the TBP
biosynthetic process were upregulated in VAO-8 com-
pared with Baiyan 2, suggesting that VAO-8 can accumu-
late more chlorophyll pigment than Baiyan 2, conferring
VAO-8 with the ability to flower normally under a short-
day photoperiod. Consistent with the upregulated gene
expression patterns of the chlorophyll biosynthesis pro-
cess, the contents of Chl a and Chl b were synchronously
upregulated in VAO-8 compared with those in Baiyan 2
at S3 and S4, implying that chlorophyll pigments may act
as a flowering signal, triggering the transition from veg-
etative to reproductive states. Similar results have been
reported for other plant species [43]. In addition, chloro-
phyll levels can influence the sugar biosynthesis process;
however, more research is needed to verify the crosstalk
between the chlorophyll pathway and the sugar pathway
[47].
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Previous studies have shown that chlorophyll pig-
ments and photosynthesis are positively correlated. The
increased chlorophyll levels allow the absorption of
more light energy to generate more carbon sources [48].
Moreover, previous studies have reported that the pho-
tosynthesis process is related to plant flowering time [49,
50]. High irradiance-mediated photosynthesis promotes
flowering in Anagallis arvensis [51]. In Arabidopsis, pho-
tosynthesis in leaves exposed to high irradiance under
red-light LDs accelerates flowering via the FT-dependent
pathway, supporting the connection between photosyn-
thesis and flowering [52]. In the present study, the KEGG
pathway ‘photosynthesis-antenna proteins’ was signifi-
cantly enriched among the upregulated DEGs in VAO-
8. Seven photosystem II chlorophyll a/b-binding protein
genes involved in this pathway were all upregulated in
VAO-8 compared with Baiyan 2. In plants, photosystem
II (PSII) is a large protein complex that is located on the
thylakoid membrane of chloroplasts and consists of the
PSII core complex and light-harvesting complex II (LHC
II) [53]. LHC II, which is responsible for capturing light
during photosynthesis and maintaining the stability of
the PSII electron transport chain, participates in plant
photosynthesis and regulates plant growth and develop-
ment [54—56]. Silencing AtLhcbl in Arabidopsis thaliana

hindered the formation of LHC II trimers and thus
affected photosynthesis and plant height [57]. Moreover,
the overexpression of OsNF-YB2, which belongs to the
NE-Y gene family, can promote flowering induction and
increase the photosynthesis rate, suggesting that there
is a relationship between the floral transition and the
photosynthetic process [53]. In our study, the upregula-
tion of seven chlorophyll a/b-binding protein genes may
have contributed to the process of electron transfer from
photosystem II to photosystem I, resulting in a significant
increase in overall photosynthetic activity. The increased
photosynthetic activity in VAO-8 may be related to the
flowering of VAO-8 under a short-day photoperiod.
However, whether enhanced chlorophyll biosynthesis
and photosynthetic processes are beneficial for the flow-
ering of VAO-8 under a short-day photoperiod has yet
to be determined, and this finding should be verified in
future studies.

Altered carbohydrate metabolism is an important factor
involved in flowering time

In photosynthetic plants, carbohydrate substances
including glucose, sucrose and starch, modulate many
developmental processes, including reproduction and
flowering time [58—60]. According to the GO enrichment
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analysis, the BP terms ‘tricarboxylic acid cycle’ and ‘car-
bon fixation’ were significantly enriched, and the DEGs
involved in these processes were upregulated in VAO-
8, indicating that more energy was provided in VAO-8
than in Baiyan 2 by carbohydrate metabolism pro-
cesses and contributed to adverse environmental condi-
tions. Similarly, GO enrichment analysis revealed that
the DEGs in the V8-S3_vs_V8-S1 and V8-S4_vs_V8-S1
groups were significantly enriched in the ‘carbon fixa-
tion’ (GO:001597) biological process (Fig. S6), indicating
that this process also plays an important role during the
flowering induction period of VAO-8 (Fig. S6). However,
as we focused primarily on interspecies differences, we
did not perform GO analysis on the DEGs among S1, S2,
S3, and S4 of VAO-8. In addition, the ‘starch and sucrose
metabolism’ pathway was significantly enriched among
the upregulated DEGs in S2 according to KEGG enrich-
ment pathway analysis. Among the DEGs related to the
starch process, two starch synthase 1 (SS1) genes, which
are responsible for the starch synthesis process, were
upregulated in VAO-8 compared with Baiyan 2. In Ara-
bidopsis thaliana, the expression of SS1 is induced and
regulated by photosynthetic activities to affect flowering,
demonstrating the intimate connection between photo-
synthesis and flowering via sugar metabolism [52]. More-
over, several genes (i.e., BAM9, GC, B-1,3-GLUs, SIT2,
and LECRK92), which participate in the sugar degrada-
tion process, were also upregulated in VAO-8 compared
with Baiyan 2, indicating that the process may produce
more soluble sugars in VAO-8. These sugars have been
reported to be involved in energy and material metabo-
lism, plant growth and development, and plant responses
to biotic and abiotic stresses [61-63]. Through transcrip-
tome analysis, intensive molecular and genetic stud-
ies have shown that energy metabolism pathways such
as glycolysis, which plays an important role in glucose
metabolism, are significantly altered during the flower-
ing process in many plants [64]. The results of the pres-
ent study revealed showed that all DEGs involved in the
glycolysis pathway, including UGPase, GAP-DH, PGM,
ENO, PPCK, PEPC, IDH, and SDH, were upregulated as
indicated by MapMan analysis, which may contribute to
the flowering process in VAO-8.

Additionally, sugar not only acts as an energy source
but also functions as a signal that affects flowering time.
Trehalose-6-phosphate (T6P), a key sugar-signalling
molecule, plays important roles in regulating carbohy-
drate use for growth and in regulating flowering time
[65, 66]. In Arabidopsis, increased T6P levels significantly
promote flowering time through both FT and the repres-
sion of miR156 [67]. In plants, T6P levels are regulated
by TPS and TPP and are induced by sucrose [7]. Previous
studies have reported that AtTPS1 is important for veg-
etative development and the transition to flowering [67,
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68]. Moreover, increased levels of MdTPS1 and MdTPS2
trigger early flowering in apple [69]. In our study, one
TPS gene and one TPP gene were significantly expressed
in VAO-8 compared with Baiyan 2, indicating that the
sucrose metabolism-mediating T6P/TPS gene plays an
essential role in VAO-8 under a noninductive photope-
riod. Taken together, these data suggest that carbohy-
drate metabolism plays an important role in the different
flowering performances of these two oat varieties under a
short-day photoperiod.

Transcription factors involved in multiple pathways affect
flowering time in VAO-8

All aspects of plant growth and development are con-
trolled by a complex network of transcription factors.
Transcription factors are associated with a variety of bio-
logical processes, including the regulation of plant flow-
ering, light morphogenesis, and abiotic stress tolerance
[70]. Therefore, we explored changes in the expression of
transcription factors between VAO-8 and Baiyan 2 under
short-day photoperiod conditions.

In our study, several TFs were identified, and most of
the TFs were enriched in the WRKY, GARP, NAC, bHLH
and MYB families (Fig. 7a). The expression levels of eight
genes from the WRKY family increased in VAO-8, with
two genes at stage two, two at stage three, and four at
stage four. In contrast, only one WRKY transcription fac-
tor was highly expressed in Baiyan 2 at stage four, sug-
gesting the importance of the WRKY family in response
to a short-day photoperiod and its positive effect on flow-
ering time regulation in VAO-8. Moreover, the differ-
entially expressed type-B ARRs belonging to the GARP
gene family were also identified in this study. Previous
studies revealed that type-B ARR proteins can physi-
cally interact with the KELCH REPEAT F-BOX gene in
Arabidopsis and lead to the degradation of type-B ARR
proteins, resulting in negative regulation of cytokinin
responses [71]. In addition, the ABA-responsive tran-
scription factor ABA-insensitive 5 (ABI5), which belongs
to the bZIP gene family, was downregulated in VAO-8
compared with Baiyan 2. In the ABA signalling pathway,
genetic evidence indicates that SUPPRESSOR OF THE
ABAR OVEREXPRESSOR 1 (SOAR1), a critical and neg-
ative regulator of ABA signalling, may function upstream
of the ABA-responsive transcription factor ABA-insen-
sitive 5 (ABI5). Changes in SOAR1 expression alter the
expression levels of many ABA-responsive genes, includ-
ing ABI5 [72, 73].

In addition to the GARP and bZIP TFs, HB, MYB and
bHLH TFs play critical roles in regulating flowering time,
mainly through hormone pathway genes. Moreover,
the WRKY, NF-Y, NAC, MYB, bHLH, AP2/ERF, GRAS,
MADS-box and CCT genes are also involved in photope-
riod-induced flowering [74]. These findings suggest that
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various transcription factors specifically and coopera-
tively regulate the flowering time control of VAO-8 plants
under a short-day photoperiod via multiple flowering
pathways. Whether these candidate TF family genes are
related to the flowering of VAO-8 under short-day photo-
periods requires further functional characterization.

Conclusions

In this study, we compared the photoperiod-insensitive
oat cultivar VAO-8 and the photoperiod-sensitive oat
cultivar Baiyan 2 at four different developmental stages
under a short-day photoperiod through phenotypic
identification and transcriptomic analysis. VAO-8 could
head normally under a short-day photoperiod and exhib-
ited photoperiod insensitivity. Transcriptome analysis
revealed that the flowering of VAO-8 under short-day
photoperiods may be related to the upregulated expres-
sion of several genes involved in chlorophyll biosynthesis,
photosynthesis, carbohydrate metabolism, the secondary
metabolism processes, and transcription factors. These
candidate genes, which will be functionally character-
ized in future studies, provide in-depth insights into the
molecular mechanism of photoperiod insensitivity in
oats and lay the foundation for further breeding of pho-
toperiod-insensitive oat cultivars in the future.
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