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Abstract
Background  Photo-thermo-sensitive male sterility (PTMS), which refers to the male sterility triggered by variations 
in photoperiod and temperature, is a crucial element in the wheat two-line hybrid system. The development of safe 
production and efficient propagation for male sterile lines holds utmost importance in two-line hybrid wheat. Under 
the stable photoperiod condition, PTMS is mainly induced by high or low temperatures in wheat, but the effect of 
daily temperature difference (DTD) on the fertility conversion of PTMS lines has not been reported. Here, three BS 
type PTMS lines including BS108, BS138, and BS366, as well as a control wheat variety J411 were used to analyze 
the correlation between fertility and DTD using differentially sowing tests, photo-thermo-control experiments, and 
transcriptome sequencing.

Results  The differentially sowing tests suggested that the optimal sowing time for safe seed production of the three 
PTMS lines was from October 5th to 25th in Dengzhou, China. Under the condition of 12 h 12 °C, the PTMS lines were 
greatly affected by DTD and exhibited complete male sterility at a temperature difference of 15 °C. Furthermore, 
under different temperature difference conditions, a total of 20,677 differentially expressed genes (DEGs) were 
obtained using RNA sequencing. Moreover, through weighted gene co-expression network analysis (WGCNA) 
and KEGG enrichment analysis, the identified DEGs had a close association with “starch and sucrose metabolism”, 
“phenylpropanoid biosynthesis”, “MAPK signaling pathway-plant”, “flavonoid biosynthesis”, and “cutin, and suberine and 
wax biosynthesis”. qRT-PCR analysis showed the expression levels of core genes related to KEGG pathways significantly 
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Background
Given the growing population and shrinking arable land, 
it has become crucial to rely on technological advance-
ments to enhance the yield per unit area as a solu-
tion to the food problem [1]. One of the most effective 
approaches is harnessing heterosis to increase grain crop 
yield [2]. The utilization of heterosis in wheat (Triticum 
aestivum L.) has been extensively studied both domesti-
cally and internationally, and is considered an impor-
tant approach to significantly increase wheat yield in the 
future. However, the widespread use of hybrid wheat in 
production is severely limited due to challenges such as 
the large amount of seed required, low yield of hybrid 
seed production, high production costs, and the difficulty 
in seed production [3]. Therefore, the research and devel-
opment of safe, high-yield, stable-yield, and cost-effective 
seed production techniques are crucial for promoting the 
widespread adoption of hybrid wheat.

Male sterility, a phenomenon of male organ loss of 
physiological function, can be attributed to several fac-
tors, such as abnormal anther morphology, decreased 
pollen vitality, abnormal pollen structure, and nutrient 
deficiency. Abnormal development of anther morphol-
ogy, such as thin and small anthers, as well as indehiscent 
anthers, can ultimately result in male sterility [4, 5]. Pol-
len, as an important carrier of genetic information trans-
mission, is an indispensable material for plant genetic 
breeding, hybrid seed production, and germplasm pres-
ervation. The decrease in pollen vitality can affect the 
fertilization process, leading to a decrease in seed setting 
rate [6, 7]. Furthermore, the formation of the pollen wall 
is crucial for the proper growth and development of pol-
len grains, making it one of the pivotal structures. The 
aberrations in the intine and exine development further 
contribute significantly to male sterility [5, 8]. Moreover, 
during the growth and development process, anthers 
require a significant amount of nutrients to accumulate, 
and any abnormal fluctuations in the levels of these sub-
stances can lead to alterations in fertility. Studies have 
shown that the shortage of soluble sugars, starch, soluble 
proteins, and free proline content inhibits anther devel-
opment, resulting in the manifestation of male sterility 
[9–11]. However, it is not yet known whether the daily 
temperature difference (temperature fluctuation) affects 
plant male fertility.

Male sterility can be categorized into two types: 
environmentally sensitive male sterility known as 
photo-thermo-sensitive male sterility (PTMS), and non-
environmentally sensitive male sterility, which can be fur-
ther classified as genic male sterility or cytoplasmic male 
sterility. In PTMS line, the development of male gametes 
and expression of fertility are regulated by variations in 
light and temperature during spike differentiation and 
development [12]. The majority of PTMS are character-
ized by male sterility at low temperature short-day condi-
tions, while manifested as male fertility at long-day high 
temperature conditions in wheat. And the PTMS line 
has the characteristics of wide recovery sources, simpli-
fied hybrid seed production procedures, and good com-
mercialization, and has become one of the main ways 
to utilize wheat heterosis. In recent years, several types 
of wheat PTMS lines have been discovered and utilized, 
such as the C49S line [13], ES line [14], BS type [15], 
LT-1–3 A type [16], BNS type [17], and 337 S type [18]. 
The BS type PTMS lines (BS20 and BS210) was induced 
by short-day and low temperature during the connecti-
vum formation to the uninucleate stage. The critical tem-
perature for BS20 and BS210 was 10 ∼ 12 °C and 8 ∼ 12 °C 
[12, 19]. C49S was sensitive to light and temperature dur-
ing meiosis and microsporogenesis stage, with a critical 
temperature range of 12 ∼ 14 °C and a critical light dura-
tion of 12  h [20]. ES-10 was induced by light and tem-
perature from the pistil and stamen differentiation to the 
tetrad formation period. The critical light duration for 
ES-10 was less than 11.5 h, and the critical temperature 
range was 9 ∼ 11  °C [21]. The sensitive period for BNS 
extended from pistil and stamen differentiation period to 
the tetrad formation period, with a critical temperature 
range of 8 ∼ 12 °C [22]. 337 S was sterile under short-day 
low temperature and long-day high temperature con-
ditions during the panicle differentiation stage, but it 
became fertile when sowed at the appropriate date [23]. 
To date, several studies have been conducted to examine 
the fertility conversion of PTMS lines in wheat, however, 
the influence of different DTDs on the conversion of fer-
tility in male sterile lines remains unreported within the 
context of consistent average temperature.

The wheat BS type PTMS lines offer several advantages, 
including stable fertility, excellent seed production traits, 
and good general combining ability [24, 25]. As a result, 

decreased at a temperature difference of 15 ° C. Finally, we constructed a transcriptome mediated network of 
temperature difference affecting male sterility.

Conclusions  The findings provide important theoretical insights into the correlation between temperature 
difference and male sterility, providing guidance for the identification and selection of more secure and effective 
PTMS lines.
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numerous hybrid wheat varieties have been approved 
using the sterile lines. In this study, the influence of DTD 
on the fertility of sterile lines was examined by combining 
staged sowing identification and photo-thermo-control 
experiments using wheat BS type PTMS lines (BS108, 
BS138, and BS366) and conventional wheat J411 as mate-
rials. Transcriptome analysis was conducted to identify 
DEGs and key metabolic pathways associated with DTD. 
Additionally, the identification of pivotal genes associated 
with DTD was carried out by WGCNA. These findings 
significantly enhance the theoretical comprehension of 
the mechanism behind fertility conversion in male ster-
ile lines that respond to photo-thermal changes. Addi-
tionally, it greatly supports the attainment of large-scale, 
secure, and productive seed manufacturing.

Materials and methods
Plant materials
BS (Beijing Sterile) type photo-thermo-sensitive genic 
male sterility lines, BS108, BS138, and BS366, were 
employed as research materials, along with the conven-
tional wheat J411 in this study. The formal identification 
of the BS type PTMS lines BS108, BS138, and BS366 
were undertaken by Professor Hui Sun and Fengting 
Zhang (Institute of Hybrid Wheat, Beijing Academy of 
Agriculture and Forestry Sciences, Beijing, China). And 
the formal identification of the conventional wheat J411 
were undertaken by Professor Zhangming Li (Beijing 
Seed Company, Beijing, China). The BS type PTMS lines 
BS108, BS138, and BS366 were preserved at the Crop 
Germplasm Resource Genebank of Beijing with voucher 
numbers YZ002714, YZ002733, and YZ003399, respec-
tively. And the conventional wheat J411 was conserved 
at the National Germplasm Resource Genebank of China 
with voucher numbers ZM020984. The wheat PTMS 
line BS366 originated from a natural mutant of doubled 
haploid lines resulting from the cross of Jingdong8121/
E8075–7. BS108 was selected from the offspring of the 
hybrid combination BS366/Luomai 1. And BS138 is an 
improved line of the wheat PTMS line BS210, which is 
derived from single plants selected from the common 
wheat combination (Beinong 2/Jimai 36). These BS type 
PTMS lines were screened and cultivated by the Beijing 
Academy of Agriculture and Forestry and displayed a 
sterility phenotype in low temperature short-day condi-
tions (Dengzhou, Henan; 34°40′N, 112°21′E), but exhibits 
fertility in long-day high temperature conditions (Shunyi, 
Beijing; 40°08′N, 116°39′E). An examination of anthers 
from BS108, BS138, BS366, and J411 under different 
temperature differences was performed using RNA-Seq 
analysis. To ensure the preservation of RNA integrity, the 
collected samples underwent immediate freezing in liq-
uid nitrogen and were later stored at -80 °C. Each of the 

collected samples was independently replicated in three 
biological replicates.

Differentially sowing test
In order to determine the optimal sowing date for safe 
seed production in PTMS lines, a sowing date test was 
conducted in Dengzhou, China (34°40′ N, 112°21′ E) 
using the BS108, BS138, BS366, and J411 in the years 
2018–2019 and 2019–2020. The sowing periods were set 
as 5, 10, 15, 20, 25, 30 October, and 4 November, respec-
tively. Moreover, the sowing date with a seed setting rate 
lower than 2.5% can be defined as a safe sowing date for 
seed production. Each material, approximately 30 seeds, 
was planted in rows with a length of 1.50 m, plant spac-
ing of 0.03 m and row spacing of 0.25 m. All tests were 
managed according to standard procedures.

Photo-thermo-control experiments
The photo-thermo-control experiments were carried out 
in a controlled environment chamber. During the experi-
ment, the humidity level was maintained at 70%, ensuring 
a stable moisture content in the environment. Addition-
ally, the light intensity was maintained at a level of 125 
µ Mol/ (m2. s), ensuring consistent and sufficient illu-
mination for the study. The experimental seedlings were 
sown on 1 October in flower pots measuring 26  cm × 
23 cm each. In each pot, there were a total of 8 seedlings. 
To provide the necessary nutrients, diamine phosphate 
(0.88 g) and urea (0.63 g) were applied as a base fertilizer. 
Moreover, at the stage when the seedlings had developed 
four leaves, an additional topdressing of 0.63  g of urea 
was performed. Subsequent to the completion of vernal-
ization, the flower pots were relocated to a greenhouse 
until the seedlings reached the required growth period. 
Subsequently, the seedlings were relocated to a controlled 
environment chamber where they were subjected to a 
series of treatments that included different combinations 
of light and temperature exposure. Each material was 
processed in six pots, with eight plants per pot and three 
replicates. To investigate the fertility conversion charac-
teristics of male sterile lines under different DTDs in light 
temperature conditions of the seed production area (12 h 
12  °C), temperature difference experiments were con-
ducted. The treatment duration was 12  h per day (with 
the inclusion of additional light from 6:00 to 18:00), and 
the average temperature was maintained at 12  °C. Two 
different temperature difference settings were applied, 
namely temperature difference of 0  °C and temperature 
difference of 15  °C (Table S1). A temperature differ-
ence of 0  °C indicates a constant temperature of 12  °C 
throughout the day, whereas a temperature difference of 
15 °C signifies fluctuating temperatures with a minimum 
of 4.5 °C and a maximum of 19.5 °C throughout the day. 
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The treatment period (fertility sensitive period) was from 
connective to uninucleate stage.

Phenotypic identification
Florets collected from BS108, BS138, BS366, and J411 at 
the trinucleate stage were meticulously observed using 
Motic K400 dissecting microscope (Preiser Scientific, 
Louisville, KY, USA). The I2 -KI staining technique was 
employed to assess the fertility of mature flower pollen 
grains. These grains were then captured using a stereomi-
croscope ((SZX10, Olympus, Tokyo, Japan). Additionally, 
for each main stem spike and 1–2 tiller spikes, precau-
tionary measures were taken by bagging them before 
flowering. Subsequently, the seed setting rates of the 
PTMS lines were statistically analyzed after wheat 
grain filling and maturity. The formula utilized to calcu-
late the rate of seed setting was as follows: Seed setting 
rate = number of grains per spike/number of spikelets 
/2 × 100%.

Transcriptome sequencing
For transcriptome sequencing, the anthers from BS108, 
BS138, BS366, and J411 under different DTDs at the tet-
rad stage were employed to construct cDNA libraries, 
which containing a total of 24 samples with three bio-
logical replicates. RNA isolation was carried out using 
the RNA Extraction Kit (Invitrogen, Nottingham, UK). 
In order to evaluate the integrity of RNA and detect any 
possible DNA contamination, we conducted agarose gel 
electrophoresis with a concentration of 1%. To validate 
the integrity of the RNA, the Agilent 2100 bioanalyzer 
was utilized. Additionally, a NanoPhotometer spectro-
photometer was employed to assess the purity of the 
RNA. The cDNA library construction and quality inspec-
tion were conducted following the methods described 
by Liu et al. [26]. After the libraries passed our qual-
ity inspection criteria, they were pooled based on their 
effective concentration and target offline data volume 
requirements. Subsequently, the paired-end RNA-seq 
sequencing was conducted using the Illumina HiSeq2500 
platform with a read length of 2 × 150  bp at Shanghai 
Origingene Bio-pharm Technology Co., Ltd.

Identification and functional annotations of DEGs
We have implemented quality control measures for the 
raw data to ensure its accuracy and reliability. Follow-
ing this, we performed alignment of the clean reads to 
the reference genome of wheat (https://plants.ensembl.
org/Triticum_aestivum/Info/Index?db=core) using the 
HISAT2 v2.0.4 tool. To determine the gene expression 
levels, we utilized HTSeq v0.6.1 to count the number 
of gene reads, and then the fragments per kilobase mil-
lion (FPKM) was calculated. In order to identify expres-
sion of differential gene, we performed analysis on four 

comparisons: BS108-0 vs. BS108-15, BS138-0 vs. BS138-
15, BS366-0 vs. BS366-15, and J411-0 vs. J411-15. For this 
analysis, we employed the DEseq2 R package (version 
1.16.1). Firstly, the initial read count was normalized to 
adjust for sequencing depth. Subsequently, the difference 
in gene expression between the two groups was evalu-
ated by computing the fold change of expression values 
with an absolute fold change > 1. Finally, to account for 
multiple testing, we adopted the widely-used Benjamini 
and Hochberg correction method, with a threshold of 
adjusted p-value (Padj) less than 0.05. Furthermore, to 
gain insights into the functional annotation of the DEGs, 
we conducted Gene Ontology (GO) enrichment analysis 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis. The enrichment analyses were 
exclusively conducted on the DEGs that possessed an 
adjusted p-value (Padj) below 0.05. The GOseq R package 
and KOBAS 2.0 were used for the GO enrichment analy-
sis and KEGG enrichment analysis, respectively [27].

Weighted gene co-expression network analysis (WGCNA)
WGCNA can identify gene sets with similar expres-
sion patterns and analyze the relationship between gene 
sets and sample phenotypes. The process of WGCNA 
is primarily divided into: input data, construction of co-
expression network, division of modules, correlation 
analysis between modules and traits, correlation analysis 
between modules, and identification of hub genes within 
modules. To conduct the analysis of DEGs and assess 
their association with DTD, the WGCNA was utilized 
using the R package. The key objective was to identify 
gene modules that exhibit strong co-expression patterns 
in relation to DTD. To construct the module, we calcu-
lated pairwise Pearson’s correlation coefficients between 
genes which helped in creating the adjacency matrix. 
Next, we advanced to constructing the WGCNA network 
and evaluating the modules by employing an unsigned 
type topology overlap matrix. Throughout the investiga-
tion, we maintained a constant power β value of 10 and 
a branch merge cut height of 0.25. In order to gauge the 
relationship between the module and the daily variation 
in temperature, we partitioned various modules and iden-
tified key modules using correlation analysis with pheno-
typic data. Subsequent functional enrichment analysis of 
genes within these key modules was conducted.

Quantitative real-time PCR (qRT-PCR) analysis
Three PTMS lines (BS108, BS138, and BS366) were used 
to isolate total RNA from the anthers under different 
DTDs. The RNA extraction was carried out using the 
Plant RNA Extraction Kit provided by Roche (Germany), 
whereas the first-strand cDNA synthesis was conducted 
using the PrimeScript TM RT Reagent from TaKaRa 
(China). For quantitative real-time PCR (qRT-PCR), the 

https://plants.ensembl.org/Triticum_aestivum/Info/Index?db=core
https://plants.ensembl.org/Triticum_aestivum/Info/Index?db=core
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QuantStudio™ 7 Flex Real-Time PCR System manufac-
tured by Applied Biosystems (USA) was utilized. The 
primer sequences required for amplifying hub genes 
were acquired from the Primer-NCBI website (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/). The mRNA 
levels of the hub genes were normalized using TaActin, 
a housekeeping gene (GenBank accession: GQ 339766.1). 
The quantification of the qRT-PCR data was achieved 
using the 2−ΔΔCT method. And the data were presented 
as the means ± SD of three biological replicates. Statistical 
significance was determined using a T-test, with *P < 0.05 
indicating significance and **P < 0.01 indicating high sig-
nificance. The primer sequences for hub genes and TaAc-
tin can be found in Table S2.

Statistical analysis
The statistical analyses were conducted using Graph-
Pad Prism version 8.0.1 for Windows, a software devel-
oped by GraphPad Software (San Diego, CA, USA, www.
graphpad.com). Duncan’s multiple range tests were uti-
lized to compare multiple sets statistically. Additionally, 
the heatmap was generated using the TBtools software 
[28], while the network model was created using Adobe 
Illustrator CS5.

Results
Sowing test under different sowing date
To determine the appropriate sowing date for safe seed 
production of PTMS lines, a sowing test was conducted 
under different sowing date in Dengzhou (seed produc-
tion area) during the 2018–2019 and 2019–2020 sow-
ing season. According to the results, during the sowing 
period from October 5th to 25th, the fertility of the 

three PTMS lines was low, with a seed setting rate rang-
ing from 0 to 0.98%, which reached a high level of male 
sterility and allowed for safe seed production. However, 
the PTMS lines did not meet the requirements for safe 
seed production when sown on November 4th. In con-
trast, the fertility of the control variety J411 was normal 
at different sowing dates, and no noticeable variation in 
the seed setting rate was observed throughout the sowing 
period, as the rates ranged between 99.36% and 100.88% 
(Table 1). The results were consistent with previous stud-
ies on the sowing date of BS type PTMS lines [25], which 
further confirmed that the best sowing time for safe seed 
production of BS type PTMS lines was from October 5th 
to 25th.

The influence of DTD on the fertility of PTMS lines
To investigate the influence of DTD on the fertility 
conversion of PTMS lines in the seed production area 
(Dengzhou), we simulated the environment of the seed 
production area in artificial climate chamber during the 
fertility sensitive period, with light duration and tem-
perature of 12  h and 12  °C, respectively [25]. The DTD 
was tested using two treatments: a temperature differ-
ence of 0 °C and a temperature difference of 15 °C. At a 
temperature difference of 0 °C, the results suggested that 
the seed setting rates of BS108, BS138, and BS366 were 
recorded as 7.30%, 17.18%, and 15.25%, respectively. 
However, the seed setting rates of the PTMS lines sig-
nificantly decreased to 0.19%, 0.00%, and 0.00% when the 
temperature difference was increased to 15  °C, respec-
tively. The fertility performance of the control variety, 
J411, remained normal under different temperature dif-
ferences, with seed setting rates ranging from 84.40 to 
85.74% (Fig.  1 and Table S3). These findings suggested 
that increasing the temperature difference could reduce 
the seed setting rate of PTMS lines, which was beneficial 
for ensuring safe seed production.

Phenotypic characteristics for PTMS lines under different 
DTDs
To investigate the fertility differences of PTMS lines 
under temperature differences of 0  °C and 15  °C, phe-
notypic identification was performed on the anthers of 
BS108, BS138, BS366, and J411 during the trinucleate 
stage. At a temperature difference of 0  °C, PTMS lines 
showed partial male sterility, with 10%, 19%, and 14% 
of pollen from BS108, BS138, and BS366 respectively 
being able to be stained with I2-KI (Fig. 2A and Fig. S1). 
However, at a temperature difference of 15  °C, PTMS 
lines exhibited complete male sterility, characterized by 
shrunken and slender anthers. Moreover, their pollen 
grains were almost unable to be stained by I2-KI (Fig. 2B 
and Fig. S1). Furthermore, at the trinucleate stage, no 
noticeable distinctions were witnessed in the anthers of 

Table 1  Seed setting rate (%) of PTMS lines and J411 in 
Dengzhou, Henan during the 2018–2019 and 2019–2020
Sowing date (month/day) BS108 BS138 BS366 J411
2018–2019
10/5 0.00 f 0.00 e 0.00 f 100.02 a
10/10 0.00 f 0.00 e 0.00 f 100.14 a
10/15 0.12 e 0.00 e 0.23 e 100.06 a
10/20 0.66 d 0.18 d 0.45 d 100.04 a
10/25 0.98 c 0.56 c 0.81 c 100.11 a
10/30 2.74 b 2.64 b 2.52 b 100.17 a
11/4 7.89 a 6.26 a 3.93 a 100.32 a
2019–2020
10/5 0.00 e 0.00 c 0.00 f 99.36 a
10/10 0.03 e 0.00 c 0.00 f 99.54 a
10/15 0.24 d 0.00 c 0.16 e 99.89 a
10/20 0.84 c 0.00 c 0.32 d 99.98 a
10/25 0.88 c 0.00 c 0.41 c 100.44 a
10/30 3.02 b 0.24 b 1.26 b 100.88 a
11/4 8.91 a 4.88 a 3.76 a 100.21 a
Different letters indicate significant differences in the same male sterile line at 
different sowing dates (p < 0.05)

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.graphpad.com
http://www.graphpad.com
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J411 when exposed to temperature differences of 0  °C 
and 15 °C (Fig. 2). These findings suggested that the tem-
perature difference of 15  °C worsened the level of male 
sterility in PTMS lines.

Summary of transcriptome data
To identify genes that respond to temperature differ-
ence and explore the molecular mechanisms, the study 
involved conducting transcriptome sequencing analy-
sis on anthers at the tetrad stage from BS108 (BS108-0 
and BS108-15), BS138 (BS138-0 and BS138-15), BS366 
(BS366-0 and BS366-15), and J411 (J411-0 and J411-15) 
under temperature differences of 0 °C and 15 °C. In this 
analysis, three separate biological replicates were used to 
ensure accuracy and reliability of the results. As a result, 
totals of 24 samples were analyzed using transcriptome 
analysis. The analysis process resulted in the genera-
tion of a substantial amount of clean data, amounting to 
191.633 Gb. And the average amount of clean data was 
found to be 7.985 Gb for each sample in this study. Addi-
tionally, the Q20 base percentage was determined to be 
above 95.87%, suggesting high exactitude in base calling. 
Similarly, the Q30 base percentage was found to be above 
90.58%, further confirming the quality of the sequencing 
data. The samples exhibited a well-balanced composition 
of guanine and cytosine bases, with GC content ranging 

from 50.38 to 56.67%. The transcriptome sequencing data 
for the samples were aligned with the wheat reference 
genome, resulting in alignment rates ranging from 73.492 
to 90.825% (Table 2). The alignment rates achieved in this 
study indicate that the sequencing data can be considered 
reliable and adequate for conducting further analysis.

Identification of DEGs
The FPKM algorithm was utilized to normalize the gene 
expression levels. Subsequently, the screening criteria 
were used to identify DEGs in BS108-0 vs. BS108-15, 
BS138-0 vs. BS138-15, BS366-0 vs. BS366-15, and J411-0 
vs. J411-15, including |log 2 (foldchange)| above 1 and 
p-value below 0.05. In total, 20,677 DEGs were obtained 
in all sample under temperature differences of 0  °C and 
15  °C. The results showed that 6612, 13,678, 8842, and 
3737 DEGs exhibited differential expressions between 
BS108-0 vs. BS108-15, BS138-0 vs. BS138-15, BS366-0 
vs. BS366-15, and J411-0 vs. J411-15 libraries, respec-
tively (Fig.  3A, B). After excluding background noise 
(J411-0 vs. J411-15), there were 5703 DEGs detected 
between BS108-0 vs. BS108-15 libraries, of which 3949 
were down-regulated and 1754 were up-regulated. In the 
BS138-0 vs. BS138-15 libraries, a comprehensive analysis 
identified a total of 12,076 DEGs. Among these DEGs, 
7252 were found to be down-regulated, while 4824 were 

Fig. 1  Investigation of seed setting rate under different temperature differences. A The seed setting rate of BS108 under 0 °C (BS108-0) and 15 °C (BS108-
15) temperature differences, respectively. B The seed setting rate of BS138 under 0 °C (BS138-0) and 15 °C temperature (BS138-15) differences, respec-
tively. C The seed setting rate of BS366 under 0 °C (BS366-0) and 15 °C (BS366-15) temperature differences, respectively. D The seed setting rate of J411 
under 0 °C (J411-0) and 15 °C (J411-15) temperature differences, respectively. *p < 0.05; ns, non-significant
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observed to be up-regulated. Moreover, 7822 DEGs 
were identified in BS366-0 vs. BS366-15 libraries, with 
5266 were down-regulated and 2556 were up-regulated 
(Fig. 3C and Table S4-S6).

In addition, 2516 genes co-expressed in BS108-0 vs. 
BS108-15, BS138-0 vs. BS138-15, and BS366-0 vs. BS366-
15 libraries. Among the 2516 genes, BS108-0 vs. BS108-
15, BS138-0 vs. BS138-15, and BS366-0 vs. BS366-15 
had 300, 376, and 321 up-regulated genes, respectively, 
and had 2216, 2140, and 2195 down-regulated genes, 
respectively (Fig. S2A). The KEGG pathway analysis iden-
tified 2516 genes that were predominantly associated 
with “starch and sucrose metabolism”, “plant − pathogen 
interaction”, “galactose metabolism”, “amino sugar and 
nucleotide sugar metabolism”, and “phenylpropanoid bio-
synthesis” (Fig. S2B).

WGCNA of DEGs
In order to conduct a comprehensive exploration on the 
genes associated with DTD, we engaged in WGCNA 
analysis encompassing 16,940 DEGs (excluding genes 
from J411-0 vs. J411-15). According to the expres-
sion trend of genes, 15 modules were divided, namely 

“orange”, “skyblue3”, “darkgreen”, “skyblue”, “turquoise”, 
“red”, “darkred”, “paleturquoise”, “darkturquoise”, “mid-
dleblue”, “greenyellow”, “lightgreen”, “darkolivegereen”, 
“violet”, and “grey” modules (Fig. 4A). The analysis of the 
relationship between modules and trait (seed setting rate) 
revealed a highly correlation (r = 0.95, p = 2e-09) between 
the “turquoise” module and DTD (Fig.  4B). In addition, 
the scatter plot analysis of module membership-gene sig-
nificance (MM-GS) also showed a strong positive corre-
lation between “turquoise” modules and seed setting rate 
among 15 modules (Fig. 5A-N). And module significance 
(MS) analysis showed that the MS value of “turquoise” 
module was the highest among all modules (Fig.  5O). 
The analysis of the above results revealed that the mod-
ule labeled as “turquoise” played a pivotal role in under-
standing the effects of daily temperature fluctuations on 
male sterility within the study.

The analysis of GO enrichment and KEGG pathway 
was performed to gain a thorough understanding of the 
functions of the main DEGs in the “turquoise” mod-
ule. The GO enrichment analysis suggested that the 
DEGs were significantly involved in the “polysaccharide 
catabolic process”, “transporter activity”, “carbohydrate 

Fig. 2  Phenotypic characteristics for PTMS lines and J411 under different temperature differences. A Anthers morphology and I2 -KI staining in PTMS 
lines and J411 under temperature differences of 0 °C. B Anthers morphology and I2 -KI staining in PTMS lines and J411 under temperature differences of 
15 °C. Scale bars = 1 mm (A1, A5, A9, A13, B1, B5, B9, B13); 500 μm (A3, A7, A11, A15, B3, B7, B11, B15); 300 μm (A2, A6, A10, A14, B2, B6, B10, B14); 100 μm 
(A4, A8, A12, A16, B4, B8, B12, B16)
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Table 2  Statistics and evaluation of RNA-Seq data
Sample Raw reads Clean reads Q20 (%) Q30 (%) GC content (%) Mapped Reads (%)
BS366-0-1 74,000,070 48,698,300 96.43 91.34 53.9 86.171
BS366-0-2 66,359,160 41,482,378 96.29 91.22 54.3 80.32
BS366-0-3 69,016,558 44,182,448 96.55 91.63 53.56 85.921
BS366-15-1 70,004,498 42,433,652 96.44 91.55 53.73 82.027
BS366-15-2 81,163,904 59,039,408 96.34 91.1 51.35 73.492
BS366-15-3 72,850,340 37,730,364 95.87 90.58 54.01 82.992
BS108-0-1 81,466,158 76,311,984 97.63 93.73 52.46 89.304
BS108-0-2 78,559,800 77,204,166 97.53 93.57 52.06 90.825
BS108-0-3 84,373,382 84,226,392 96.73 91.36 50.63 90.155
BS108-15-1 84,249,120 84,090,686 97.21 92.34 50.47 90.069
BS108-15-2 92,385,182 92,269,350 96.81 91.55 50.38 89.491
BS108-15-3 102,077,808 101,872,340 97.13 92.22 50.72 89.788
BS138-0-1 70,025,590 55,030,858 96.97 92.6 53.15 82.925
BS138-0-2 67,534,082 49,270,996 96.85 92.4 52.49 75.999
BS138-0-3 77,152,876 68,047,448 97.09 92.71 52.91 83.474
BS138-15-1 78,361,288 56,362,852 96.52 91.78 53.94 76.857
BS138-15-2 66,823,216 60,617,494 97.61 93.65 51.62 86.261
BS138-15-3 76,967,294 74,921,296 97.56 93.56 51.88 85.458
J411-0-1 75,685,098 34,536,990 95.91 90.67 56.67 81.943
J411-0-2 75,199,638 41,807,406 96.51 91.47 54.23 86.488
J411-0-3 65,317,002 48,895,958 96.69 91.75 54.47 86.361
J411-15-1 69,878,202 45,539,990 96.59 91.63 54.12 85.917
J411-15-2 70,437,696 41,204,744 96.54 91.55 54.33 84.661
J411-15-3 73,077,004 48,765,810 96.61 91.5 54.36 85.712

Fig. 3  Identification of DEGs in PTMS lines and J411 under different temperature differences. A Volcano plots of PTMS lines and J411 under different 
temperature differences. B Venn diagram of DEGs in PTMS lines and J411. C Analysis of DEGs after removing background noise (J411-0 vs. J411-15)
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metabolic process”, “starch metabolic process”, “pollen 
germination”, and “pollen tube growth” (Fig.  6A). Based 
on the KEGG pathway analysis, it was suggested that 
genes associated with the “turquoise” module were linked 
to the metabolic processes, including “starch and sucrose 
metabolism”, “phenylpropanoid biosynthesis”, “MAPK 
signaling pathway-plant”, “flavonoid biosynthesis”, and 
“cutin, and suberine and wax biosynthesis” (Fig. 6B). The 
above biological pathways may be concerned with the 
temperature difference response process.

Expression analysis of hub DEGs
In order to comprehend the gene expression within 
the “turquoise” module at 0  °C and 15  °C tempera-
ture differences, all DEGs of the “turquoise” mod-
ule were performed by heat map analysis. The results 
showed that almost all DEGs were down-regulated at 
a temperature difference of 15  °C, and up-regulated 
at a temperature difference of 0  °C (Fig.  7). In addi-
tion, we had also focused on key genes in the KEGG 
pathway, including the genes encoding sucrose-phos-
phate phosphatase (TraesCS5D03G0004700) and 
4-alpha-glucanotransferase (TraesCS2A03G0256000) 
in “starch and sucrose metabolism”, peroxidase (TraesC-
S4A03G0069100, TraesCS4B03G0714600) in “phen-
ylpropanoid biosynthesis”, mitogen-activated protein 
kinase (TraesCS1D03G0975200) and calcium-bind-
ing protein (TraesCS4A03G0266500) in “MAPK 

signaling pathway-plant”, flavanone 3-hydroxylase 
(TraesCS2A03G1151700, TraesCS2D03G1100600) 
in “flavonoid biosynthesis”, peroxygenase (TraesC-
S6D03G0660200) and fatty acyl-CoA reductase (TraesC-
S7A03G0942400) in “cutin, and suberine and wax 
biosynthesis”. The heat map showed that a temperature 
difference of 15 °C led to the down-regulation of the key 
genes in the PTMS lines (Fig. 8). It can be inferred that 
the decrease in gene expression could potentially con-
tribute to the aggravation of male sterility in PTMS lines 
when subjected to an increasing temperature difference.

qRT-PCR validation of hub DEGs
In order to assess the expression levels of hub genes 
and validate the accuracy of transcriptome data, we 
conducted qRT-PCR analysis. The results showed the 
expression levels of ten core genes associated with five 
important KEGG pathways significantly decreased when 
the temperature difference was 15 °C compared to a tem-
perature difference of 0  °C (Fig.  9). These findings were 
consistent with the trends observed in the transcriptome 
data, further supporting the high accuracy and reliability 
of the transcriptome data.

Discussion
Wheat PTMS lines exhibited a sterile phenotype when 
exposed to low temperatures and short day condi-
tions, while displayed fertility recovery under high 

Fig. 4  Weighted gene co-expression network analysis of DEGs. A Construction of cluster tree and division of module. B Analysis of the module– trait 
relationships. The left and right panels display module eigengenes and color scale, respectively
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Fig. 5  Correlation analysis between module genes and phenotypic traits. A-N Scatter plot analysis of module membership-gene significance (MM-GS). 
The horizontal axis represents the module membership (MM) of each module, and the vertical axis represents gene significance (GS). The stronger the 
correlation between MM and GS, the closer the relationship between this module and phenotype. O Analysis of module significance (MS). The MS value 
is obtained based on the gene significance (GS) of each gene in the module, and a larger value indicates a greater correlation with phenotypic traits
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Fig. 6  GO enrichment and KEGG pathway analysis of DEGs in the “turquoise” module. A GO enrichment analysis of DEGs. B KEGG pathway analysis of 
DEGs
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temperatures and long day conditions. The characteris-
tic makes PTMS lines advantageous for ensuring secure 
seed production in low temperature conditions. How-
ever, the stability of fertility in PTMS lines is crucial for 
guaranteeing the safety of hybrid wheat seed produc-
tion. Therefore, stringent measures and protocols need 
to be implemented to monitor and control the stability 
of fertility in PTMS lines. The main risks arise from self-
pollination of the sterile lines and the potential purity 
issues resulting from fertility drift or inadequate removal 
of impurities during the reproductive process [3]. The 
issue of self-pollination necessitates stable fertility of the 
sterile line itself, which can be addressed by implement-
ing technical measures such as selecting safe ecological 

areas for seed production and sowing during a safe sow-
ing period. In previous studies, safe ecological areas for 
seed production of PTMS lines were selected, such as 
Dengzhou in Henan, China and Fuyang in Anhui, China 
[26, 29]. In Dengzhou, five PTMS lines (BS102, BS107, 
BS135, BS185, and BS278) were sown from October 5th 
to 25th with high sterility, and all were able to produce 
seeds safely [25]. In this study, three PTMS lines (BS108, 
BS138, and BS366) were sowed under different sowing 
date to determine a safe sowing time in Dengzhou. The 
results suggested that October 5th to 25th was the best 
sowing time of safe seed production for three PTMS 
lines. Therefore, the possible optimal sowing date for the 
BS type PTMS lines in Dengzhou is from October 5th to 

Fig. 7  The gene expression pattern of the “turquoise” module. A The heat maps of genes in different samples in the “turquoise” module, with red indicat-
ing up-regulation and green indicating down-regulation. B The gene expression levels of different samples in the “turquoise” module. The horizontal axis 
represents the sample name, and the vertical axis represents the gene expression level
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25th.The above results solidify the theoretical basis for 
determining the sowing date for safe seed production and 
the practical application of PTMS lines. And these find-
ings offer strong support for ensuring the successful cul-
tivation of high-quality seeds and the effective use of the 
PTMS lines in agricultural practices.

Ensuring the successful hybridization of wheat, partic-
ularly in relation to the PTMS lines, heavily relies on the 
critical aspect of safe seed production of the male sterile 

lines. Proper cultivation and preservation of PTMS lines 
are indispensable for achieving the desired outcomes 
in two-line hybrid wheat development. The PTMS line 
serves as the foundation for the entire two-line hybrid 
wheat system, making it essential to prioritize the safe 
and effective production of seeds from the male ster-
ile line. It is essential for ensuring the sustainability and 
scalability of the wheat hybridization process in order to 
meet the increasing demands for wheat production. Pre-
vious studies on the effect of photo-thermo conversion 
on fertility in wheat PTMS lines had mostly focused on 
average temperature, and the temperature conversion 
threshold obtained was also the average temperature 
[12, 19–22]. However, at the same average temperature, 
the impact of different temperature differences on fer-
tility conversion in PTMS lines has not been reported. 
In the study, we conducted to examine how different 
temperature differences can affect the fertility of PTMS 
lines, while ensuring that the average daily temperature 
remains constant. And the objective was to reveal the 
safety concerns of PTMS lines seed production from 
the perspective of temperature difference changes. The 
results showed that PTMS lines exhibited more complete 
male sterility, with abortive pollen grains and reduced 
seed setting rate at a temperature difference of 15  °C 
compared to a temperature difference of 0 °C, indicating 
that increasing the temperature difference was beneficial 
for safe seed production of PTMS lines.

Fig. 9  Validation of hub genes by qRT-PCR. The relative expression level was present as 2 –ΔΔCT values and the data obtained represent three biological 
replicates. **p < 0.01, *p < 0.05

 

Fig. 8  Expression analysis of key genes in important KEGG pathways

 



Page 14 of 16Niu et al. BMC Genomics          (2024) 25:740 

Anthers, as the male organs of plants, participate in the 
process of pollination and reproduction, but abnormal 
anther development often leads to male sterility. Sucrose 
plays a vital role in plants’ growth and progression by pro-
viding the crucial elements needed for anther and pollen 
development. Nevertheless, the disruption of pathways 
involved in “starch and sucrose metabolism” can sig-
nificantly hinder pollen development, which ultimately 
results in male sterility [10]. Lignin, flavonoids and spo-
ropollenin are prominent components of anther walls, 
and inhibition of their biosynthetic pathways may hinder 
the synthesis of pollen cell walls, thereby affecting fertil-
ity [26, 30]. Moreover, many investigations have shown 
that “MAPK signaling pathway-plant” plays an indis-
pensable role in determining gametophyte development, 
embryogenesis, sporophyte formation, plant structure, 
and yield [31–37]. Moreover, the MAPKKK-MAPKK-
MAPK module plays a crucial role in bringing together 
various signals from upstream and then channeling them 

into different pathways downstream. It acts as a con-
vergence point for signal transduction, where multiple 
pathways merge, and as a divergence point, where these 
merged signals split into different pathways [38]. Hence, 
it can be inferred that abnormal development of anthers 
or pollen may be caused by the obstruction of certain key 
pathways.

In the study, we performed a KEGG pathway analysis 
to examine the relationship between metabolic pathways 
and DEGs. The focus was on five major metabolic path-
ways that have significant implications in understanding 
molecular mechanisms and biological processes, includ-
ing “MAPK signaling pathway-plant”, “starch and sucrose 
metabolism”, “phenylpropanoid biosynthesis”, “flavonoid 
biosynthesis”, and “cutin, suberine, and wax biosynthesis”. 
By integrating the findings with previous research [10, 
11, 26], we proposed a potential transcriptome-mediated 
network that explains the DTD affects male sterility and 
thus affects safe seed production of PTMS lines (Fig. 10). 

Fig. 10  Hypothetical model of DTD affecting male sterility. MAPK, mitogen-activated protein kinase; D-Fructose-6P, D-fructose 6-(dihydrogen phos-
phate); Sucrose-6’P, sucrose-6-phosphate; SPP, sucrose-phosphate phosphatase; POD, peroxidase; F3H, flavanone 3-hydroxylase; PXG, peroxygenase
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Under the conditions of an average temperature of 12 °C 
and a DTD of 15 °C, the fluctuation signal of the temper-
ature triggers the “MAPK signaling pathway-plant”. The 
MAPKKK-MAPKK-MAPK module receives upstream 
signals and transmits them to potential downstream 
pathways. The decrease in MPK8 levels within the “plant 
MAPK signaling pathway” impacts the reduction in 
activity of crucial enzymes like sucrose-phosphate phos-
phatase (SPP), peroxidase (POD), flavanone 3-hydroxy-
lase (F3H), and peroxygenase (PXG) in “starch and 
sucrose metabolism”, “phenylpropanoid biosynthesis”, 
“flavonoid biosynthesis”, and “cutin, suberine, and wax 
biosynthesis”, respectively. The down-regulation of these 
key enzymes inhibits the synthesis of sucrosse, lignin, 
flavonoids, and sporopollenin, which result in abortive 
pollen and complete male sterility. Therefore, increasing 
the temperature difference exacerbates the level of male 
sterility, which is beneficial for the safe seed production 
of wheat PTMS lines.

Conclusions
In this study, the sowing test combined with the photo-
thermo-control test were used to study the sowing dates 
of the three PTMS lines for safe seed production, and to 
compare the changes in fertility of the PTMS lines under 
different temperature differences. The results showed 
that sowing seeds from October 5th to 25th and increas-
ing the temperature difference were beneficial to the safe 
seed production of PTMS lines. A “turquoise” module 
highly correlated with temperature difference was iden-
tified using WGCNA, and the DEGs were involved in 
“starch and sucrose metabolism”, “phenylpropanoid bio-
synthesis”, “MAPK signaling pathway-plant”, “flavonoid 
biosynthesis”, and “cutin, and suberine and wax biosyn-
thesis” in the module. In addition, the down-regulation of 
core genes in these pathways may exacerbate the degree 
of male sterility in PTMS lines. Our study offers a theo-
retical foundation and fresh perspectives on unraveling 
the impact of temperature difference on the secure pro-
duction of PTMS line seeds.
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