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Abstract

A comparative transcriptomic analysis was carried out through next-generation sequencing technology
for the SQ-1-treated immature inflorescences of foxtail millet (Setaria italica). It was found that 96.7% of the
pollen of SQ-1-treated plants were sterile, thereby confirming the efficacy of SQ-1 in inducing male sterility
in foxtail millet. A total of 6659 DEGs were identified from the plants of 2nd days of treatment, among which
3532 and 3127 were up- and down-regulated, respectively. Comparatively fewer DEGs, 1584 and 2654, were
detected from the plants of 4th and 6th days of treatment, respectively. The gene expression profiles of foxtail
millet were verified through gRT-PCR in accordance to 16 previously reported genes from other crops that
were associated with pollen development. Reference genes Si002651 and Si002929 were found to be the
most proper option for SQ-1 treatment.

Introduction

Setaria italica (L.) P. Beauv. belonging to Poaceae commonly known as Foxtail millet, is an
important cereal grain and forage crop, which is predominantly cultivated in North China. It is a
self-pollinated crop with a tiny floral morphology and delicate anthesis behavior, which represent
a major bottleneck in artificial hybridization for breeding progress and the utilization of heterosis.
Besides, the lack of an efficient method for artificial hybridization has also hindered the
development of this plant as a model system. The production of hybrid seed is primarily
dependent on the breeding performance of male sterile lines in the application of heterosis in
foxtail millet (Wang et al. 2002). Till now, no cytoplasmic male sterile or photoperiod- and
thermo-sensitive genic male sterile lines are available for foxtail millet. Because of these
restrictions, chemical hybridizing agents (CHAS) appear to be an ideal and effective alternative.
SQ-1 has been demonstrated to be an ideal chemical male gametocide for foxtail millet, owing to
its high efficacy, among the chemical male gametocides to generate male sterile lines (Wang et al.
2003, Zhu et al. 2015, Wang et al. 2016). Furthermore, Song et al. (2011) reported that a suitable
dosage of SQ-1 sprayed at an appropriate time can result in male sterility between 95 and 100%
and thereby it can be applied for artificial hybridization in foxtail millet.

In the present study, a comparative transcriptomic analysis was carried out for the SQ-1-
treated immature inflorescences of foxtail millet with the objective of elucidating the molecular
mechanisms underlying the induction of male sterility. Accordingly, 6659, 1584, and 2654 genes
were identified that were differentially expressed (DEGs) on 2nd, 4th and 6th days after SQ-1
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treatment, respectively. Later on, these genes were classified into different functional pathways
based on GO analysis. Thus, based on the experimental data, the present investigation aimed to
examine the molecular mechanisms related to anther and pollen development for molecular
breeding in foxtail millet.

Materials and Methods

In the present study, Yugu 1 cultivar of foxtail millet was selected for spraying with a 4%
solution of SQ-1 ( Song et al. 2011, Wang et al. 2019) at the eight-leaf stage. The plants were
grown in experimental field in Chengde city, Hebei province, China under natural conditions. The
solution of SQ-1 was sprayed onto plants, after SQ-1 treatment, the plants were properly labeled
and the panicles were bagged prior to flowering. At the time of flowering, pollen grains were
examined to determine the extent of male sterility, and grain number was subsequently used to
assess the actual seed setting rate (Song et al. 2011). Total RNA was extracted from composite
samples from three biological replicates using Trizol (Invitrogen). The quality of the extracted
RNA was determined using a NanoDrop spectrophotometer and Agilent 2100 Bioanalyzer
(Agilent, Santa Clara, CA, USA), mRNA was isolated following the protocol of the NEBNext®
Poly (A) mRNA Magnetic Isolation Module (NEB, Ipswich, MA, USA).

Sequencing libraries were created using an NEBNext® Ultra™ RNA Library Prep Kit for
Illumina. High-quality libraries were sequenced using an Illumina HiSeq X sequencer (lllumina,
San Diego, CA, USA) and the data output of each sample was found to be greater than 6 Gb. To
remove the low-quality reads, the adapter sequences were filtered out, and used SolexaQA
(http://solexaga.sourceforge.net/) for quality control. Clean reads were obtained using BWA
software, and these were aligned with the Setaria italica v2.2 genome sequence
(https://phytozome.jgi.doe.gov/pz/portal.html) (Bennetzen et al. 2012) using RapMap.

The RPKM algorithm was used to calculate gene expression, and then conducted differential
expression analysis using the DESeq Bioconductor package. Benjamini and Hochberg approach
was applied to control the false discovery rate and p value of < 0.05 was considered for detecting
DEGs. GO-TermFinder was used to identify Gene Ontology (GO) terms for annotation of enriched
genes with a significant P-value of less than 0.05 (Mortazavi et al. 2008).

On the basis of the results obtained, previously reported 16 genes form other crops associated
with pollen development were screened out. The relevant sequences were downloaded from the
Phytozome database (https:/phytozome.jgi.doe.gov/pz/portal.html), from which specific primers
were designed. The cDNAs generated following transcriptome analysis were used as templates for
gRT-PCR to verify the identified expression profiles. qRT-PCR was performed using an ABI
PRISM 7500 Real-Time PCR System (Applied Biosystems, USA) with the cycling parameters:
95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C for 34 s, and 72°C for 40 s, with a final
elongation at 72°C for 3 mins.

The actin gene (GenBank: GQ339766.1) was used as an internal control. All reactions were
performed with at least three replicates. Results were analyzed using Student’s t-tests. Statistically
significant differences are indicated by asterisk (P < 0.05).

Results and Discussion

Pollens of both untreated and SQ-1-treated plants were stained with 1% KI-I, in order to
assess the efficacy of SQ-1. Microscopic observations revealed that the pollen grains of treated
plants had stained pale yellow (Fig. 1A), whereas those of control plants had stained dark blue
(Fig. 1B). It was found that 96.7% of the pollen of SQ-1-treated plants were sterile, thereby
confirming the efficacy of SQ-1 in inducing male sterility in foxtail millet (Fig. 1C). Significant
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differences were observed between the control and treated plants for most of the agronomic traits
following SQ-1 treatment (Fig. 1D: a-e). Agronomic traits namely, plant height, panicle length,
panicle width, panicle weight, and grain number per panicle were significantly reduced in treated
plants when compared to the control plants, (Fig. 1D: f). Among these differences, panicle weight
and grain weight per panicle showed significant marked reduction of 72.5 and 84.8%, respectively,
whereas plant height, panicle length, and panicle width decreased 5.3, 6.1 and 14.6%, respectively.
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Fig. 1. Mature pollen of control and SQ-1-treated foxtail millet plants. A: Pollen of SQ-1-treated plants stained with 1%
Kl-1; B: Pollen of untreated plants stained with 1% KI-1,. C: Comparison of the proportions of male sterility in control
and treated plants; D: Effects of SQ-1 treatment on plant height (a), panicle length (b), panicle width (c), panicle
weight (d), grain weight per panicle (e), and the extent of variation of these five agronomic traits (f). ** indicates a
significant difference at the 0.01 level, as determined using a t-test.

mMRNA sequencing libraries were constructed using the immature inflorescences of both SQ-1
treated and control group plants collected at 2nd, 4th and 6th days of treatment. mRNA of the
immature inflorescences from SQ-1 treated and control group plants were isolated based on two
independent biological replicates. A total of 6659 DEGs were identified from the 2nd day plants,
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among which 3532 and 3127 were up- and down-regulated, respectively. And 1584 and 2654,
were detected from the plants of 4th and 6th days of treatment, respectively (Fig. 2A). Thus, the
lowest number of DEGs were detected from 4th day plants, among which, the number of down-
regulated genes were considerably less than that of the up-regulated genes. The number of DEGs
slightly increased in 6th day plants; however, at this time point, the number of up-regulated genes
were smaller than that of the down-regulated genes. Venn diagram analysis of the DEGs at the
three time points resulted that 4928, 227, and 1398 DEGs were pertained to the plants of 2nd, 4th
and 6th days of treatment, respectively, while 432 DEGs were common (Fig. 2B). The DEGs
shown in the volcano plots presented in Fig. 2C,D,E clearly reveal the changes in expression and
significant differences in the fold changes of gene expression among the different samples, thereby
indicating the reliability of the data.

o

> T6D vs C&D

20 vs €D 14D vs C4D
DEGs
4000 == Up
3532
@ 3127 Down
2 3000
@
o
S 2000
E 1564
[ 1090
S 1000 Ll
=z l 507
»> ©

C D E

Volcano plot (T2D vs C2D)

Volcano plot (T4D vs C4D) Volcano plot (TéD vs C6D)

(404) 0130 %}~
0S 00L 0SL 00Z 0SZ 00€
>

(¥03) 0130 | %}~
0S5 00 0Sh 00Z 0SZ O00E

(¥04) 0130 %}~
0S5 004 0SL 00Z 0SZ 00€

0
0
0

-5 0 5 10 -4 -é 0 2 4 6 8 —'6 —.4 —é 0 2 A 6
logFC logFC logFC
Fig. 2. Genes showing differential expression on the 2™, 4™ and 6" days after SQ-1 treatment. A: Number of differentially
expressed genes (DEGs). B: Venn diagram analysis of DEGs at different time points. C-E: Volcano plots of DEGs of
the 2", 4™ and 6™ days after SQ-1 treatment. DEGs denoted by red and blue points indicate significant differences in
up-regulation and down-regulation, respectively. The abscissa indicates the fold changes in gene expression in different
samples, whereas the ordinate indicates the statistical significance of the differences in gene expression.

To gain insights into the functions of DEGs, enrichment analysis was performed using the
web-based tool agriGO (http://bioinfo.cau.edu.cn/agriGO/index.php). GO-BP functional
enrichment analysis revealed that the DEGs that were down-regulated in 2nd day plants were
involved in flower development (“sepal formation” and “petal formation”), DNA modification
(“DNA methylation” and “histone H3-K9 methylation”), and cell process (“G2/M transition of
mitotic cell cycle,” “cytokinesis by cell plate formation,” and “microtubule-based movement”).
Down-regulated DEGs of 6th day plants were mainly involved cell wall organization
(“glucuronoxylan metabolic process” and “xylan biosynthetic process”), phenylpropanoid
metabolic process (“cinnamic acid biosynthetic process”), and oxidation-reduction. The up-
regulated DEGs were mainly enriched in “response to stimulus,” including “response to chemical
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stimulus,” “response to heat,” “response to inorganic substance,” and “response to reactive oxygen
species” (Fig. 3). These results indicated that genes related to flower development were
suppressed in response to SQ-1 treatment, whereas certain stress resistance genes became
activated. These DEGs thus indicate that male gametocide treatment affects the regulation of
metabolic activity and the physiological and biochemical processes associated with stimulus
responses.
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Fig. 3. GO analysis of differentially expressed genes, at 2nd, 4th and 6th days of SQ-1 treatments. A: Up-regulated genes
based on GO analysis. B: Down-regulated genes based on GO analysis.

In the present study, 16 DEGs referred to other crops to verify their homogous genes’
expression between the SQ-1-treated and control plants were used. These genes included DFR2A
(Sachiko et al. 2013), ABCB1 (Cecchetti et al. 2015), NEF1 (Ariizumi et al. 2004), Ms1 (Yang
et al. 2007) which are involved in ‘anther’ development along with other genes such as GH3 (Feng
et al. 2015), FD (Kaur et al. 2021), MKK4/5P (Zhang et al. 2016). Gene expression was measured
by gRT-PCR using gene-specific primers. Among them, eight up-regulated (Fig. 4A) and eight
down-regulated (Fig. 4B) genes were validated.

The expression of those genes, detected by gRT-PCR, showed significant up- or down-
regulation, which were consistent with the aforementioned results obtained from transcriptome
analysis. Among these genes, the expression of sulfite reductase (Ferredoxin, FD)
(Seita.3G187400) increased after treatment with chemical hybridization agents (Fig. 4A).
Furthermore, transcriptome and gRT-PCR analyses validated the SQ-1-induced enhanced
expression of SiGh3 (Seita.2G375300.1), an auxin early response gene (Fig. 4A). The expression
of SIAUT3 (Seita.4G026700.1) was significantly reduced in response to SQ-1 treatment in foxtail
millet (Fig. 4B). Male sterility caused by MS gene mutations was reported in many crops. Msl is
required for pollen wall biosynthesis in Arabidopsis (Yang et al. 2007), the expression of
homologous SiMs1 (Seita.2G224700.1) in foxtail millet was found to reduce after SQ-1 treatment,
which might also lead to male sterility. Further analysis and verification are necessary for other
genes that are differentially expressed after SQ-1 treatment to determine those genes that are
responsible for male sterility in foxtail millet.
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Fig. 4. gRT-PCR expression analysis of differentially expressed (DEGs) genes between control and treatment samples. A:
Up-regulated DEGs. B: Down-regulated DEGs.
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Fig. 5. Reference gene validation under SQ-1 treatment. A. Analysis of the expression stability of candidate reference
genes by geNorm. The reference genes were shown instead of A-M and the genes ID were listed as follow: A: Si000245,
B: Si002651, C: Si002929, D: Si014034, E: Si017354, F: Si018607, G: Si018608, H: Si021145, I: Si021373, J: Si022372,
K: Si030042, L: Si034613, M: Si035654. B. Determined the optimal number of candidate reference genes by geNorm.
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Many studies have reported that reference genes can differ under various conditions. In the
present study, 13 reference genes (Si000245, Si002651, Si002929, Si014034, Si017354, Si018607,
Si018608, Si021145, Si021373, Si022372, Si030042, Si034613, Si035654) were chosen from
previous researches to confirm the reliability of SQ-1 treatment. The Cq values of the reference
genes were variable from real-time PCR. The M values were calculated by geNorm to determine
the stability of the reference genes. Besides, the lower M values the expression of the gene was
more stable under SQ-1 treatment. However, reference genes Si002651 and Si002929 were found
to be the most proper option for SQ-1 treatment (Fig. 5A). The pairwise change (V) was also
calculated and the values of Vn/Vn+1 determined the optimal amount by geNorm. Results showed

that V2/V3=0.154 > 0.15 (Fig. 5B), therefore, three genes were sufficient for use in normalizing
gene expression in SQ-1 treatment.

The present study is the first to compare the immature inflorescence transcriptomes of foxtail
millet in which male sterility has been induced by SQ-1, and a great number of important genes on
SQ-1-induced male sterility were identified. In future this finding would contribute to the
examination of the genes or pathways related to male fertility in foxtail millet.
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