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Abstract

Grain development of foxtail millet (Setaria italica L.) is essential for yield and quality. However, its transcriptional dynamics molecular
mechanisms and morphological analyses remain scarcely described. Thus, we conducted detailed daily morphological analyses of foxtail millet
grain development throughout the 30 d post-fertilization development period. On the basis of the morphological analyses, we used RNA-
sequencing (RNA-seq) to examine the transcript dynamics involved in foxtail millet grain development at four stages. These genes included those
associated with transcriptional regulation, hormone signaling, sucrose and starch metabolism, zein family members, amino acid metabolism,
carotenoid metabolism, flavonoid biosynthesis, and folate synthesis. We have validated the accuracy of the transcriptome data by means of
reverse transcription quantitative polymerase chain reaction (RT-qPCR). This study provides precious genetic resources for understanding grain
developmental process in the future. These results expand our understanding of the molecular mechanisms of grain development in foxtail millet
and contribute to the functional studies of genes related to grain development in the future.
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Introduction

Foxtail millet (Setaria italica L.), belonging to the poaceae
family, was first cultivated in the green foxtail (S. viridis) about
16,000 years before present!'-3], It has since become the most
prominent miscellaneous cereal in northern China, especially in
arid or semi-arid areal*°l. Foxtail millet grains are rich in nutri-
ents, including polyphenolsl®, organic acidsl’], vitamin E, and
carotenoids!®], a variety of essential amino acids, and high-
quality proteinl®. Additionally, it is a good source of trace
elements such as zinc and ironl'%. Its bran is also rich in linoleic
and linolenic acids!'12, and is an excellent crude fiber source,
which helps with intestinal digestion and promotes digestive
health['3l, Recently, foxtail millet's small diploid genome, self-
compatibility, strong stress tolerance, and low repetitive DNA
content have made it a model crop for C, monocot studies[23.14],
However, despite foxtail millet has many advantages, the plant-
ing area and total yield have been a declining trend, and its
yield per unit area is significantly lower compared to other
staple food crops such as maize, wheat, and rice. So attention
should be paid to improving foxtail millet yield and quality.

Seeds are reproductive units of flowering plants, and the ulti-
mate goal of seeds is to successfully establishing the progeny.
The development of seed is not only the growing of the
embryo, but also involves close coordination of different tissues,
including seed coat, embryo, and endosperm which nourishes
the embryol'®l, In cereals, the endosperm contains starch,
protein, and lipids, accounting for approximately 42.5% of
global food calories for humansl'6l. In brief, seed development
can be described in three stages: cellular division, morphogen-
esis, and maturationl'”, Morphogenesis encompasses all
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processes that form and develop the different parts of mature
seed, and it is during this stage that resources are allocated!'8l,
Maturation is a physiological process that comes to an end
when the seed begins the dormant statel'?l. However, the
developmental process of foxtail millet grains is not clearly
defined morphologically. Therefore, the morphological descrip-
tion of foxtail millet grain development is particularly impor-
tant.

Grain development is an important process in foxtail millet
growth, related to seed setting, grain weight, yield, and
quality[29], This process is influenced by various factors including
the delivery of photosynthetic products, transportation of
stored substances, transport tissues and physiological activities
of the grains themselves, regulation of various plant hormones,
and restriction of various environmental factorsi2'l. The interac-
tion of phytohormones, activity of starch biosynthesis enzymes,
levels of polyamines, and synthesis and translocation of assimi-
lates all play essential role in grain development!22-24, In recent
years, numerous genes and signaling pathways have been
discovered to play a role in regulating grain development. The
endosperm specific bZIP transcription factor (TF) O, can bind
the O,-box and transactivates the 22-kDa a-zein proteinl(2°],
bHLH transcription factor OPAQUE11 (O11) can directly regulate
the expression of various carbohydrate metabolizing enzymes,
affecting carbohydrate accumulation, amino acid metabolism,
and the transcription of stress response genesl26l. ZmNACT1
and ZmNAC29 are also involved in grain development as they
directly activate the expression of ZmEXPB15, which promotes
early grain development in maizel?’). Additionally, ZmNAC128
and ZmNAC130 are endosperm-specific TFs that affect starch
biosynthesis and 16-kDa y-zein content?8l, The specific
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expression of OsSUTT in the aleurone layer indicates a role for
this gene in sucrose uptake, and the spatial distribution of
AGPL2 and AGPS2b is associated with the development of
starch granules in the graint?°l. TA2 encoding DNA demethylase
OsROS1 in rice, restricts the aleurone layer cell number by
mediating DNA demethylation providing means to improve
rice nutritionB3%, Phytohormones can also affect seed develop-
ment and regulate grain filling. DEP1/qPE9-1 can promote
starch accumulation and prolong the grain filling process
through auxin and cytokininB'l. Recently, a new pathway, the
sugar-auxin crosstalk signaling pathway, has been discovered
that is involved in sugar metabolism and carbon partitioning32.
Ethylene and abscisic acid have been shown to regulate the
activity of enzymes involved in starch synthesis, ultimately
affecting the grain filling process33.341,

However, compared to major cereal crops, the molecular
mechanisms and regulatory networks of grain development in
foxtail millet are rarely reported and only a limited number of
genes involved in seed development have been identified.
Therefore, elucidating the regulatory networks and key regula-
tors during foxtail millet grain development is important, which
will help us to understand the molecular basis of foxtail millet
grain yield and quality. LOOSE PANICLET (LP1) is known to
encode a novel WRKY transcription factor, and the Ip7 mutant
can affect panicle development and seed size in foxtail milletB5!.
F128 is the first seed-specific promoter gene reported in foxtail
millet, encoding protein is likely a protease inhibitor / seed stor-
age protein / lips-transfer protein. F128 was specifically
expressed in immature and mature seeds and gradually
decreased with seed maturity, and was no longer expressed in
mature seeds of 25 DAPBS, TRANSPARENT TESTA GLABRA1
(SITTGT) is a WDA40 repeat transcription factor, is able to induce
the expression of genes associated with the accumulation of
seed fatty acids and storage proteins, thereby plays an important
role in seed metabolite productionB7], SiLEA14 is a late embryo-
genesis abundant (LEA) proteins, its transcription level was
gradually increase with seed maturation, indicating that it had
a potential role at the maturation and drying stages of seed
development in foxtail milletB8l, SiDL is a member of the YABBY
family, and the discovery that over-expression of SiDL leads to
delayed flowering and reduced seed size confirms its function
in foxtail millet seed development*9l. The transcriptional levels
of genes SiPSY1/2/3, SiPDS, SiZDS, SiZ-ISO, SiCRTISO, SiLCYB,
SiLCYE, and SiHYD, that play a role in the carotenoid pathway
have been extensively studied. These studies have shown that
up-regulated expression of SiPSY1 accompanied by down-regu-
lated expression of SiCCD1 is the key to increased carotenoid
accumulation in foxtail millet seeds“?l. The expression of
SiGRAS41 increased gradually with the development of millet
seeds, while the expression of SiGRASOT decreased with fruit
maturation*'], SiIMADS34 has been found to regulate inflores-
cence structure and panicle development in a variety of regula-
tory pathways! 2. Ring-type E3 ligase SGD1 and its E2 partner
SiUBC32 control grain development by regulating grain weight
and grain size in foxtail millet!3),

Although several genes involved seed development have
been identified, few key regulatory genes have been cloned,
and the molecular mechanisms and regulatory networks in
foxtail millet seed development largely remain unclear. In
recent years, several studies have used RNA-seq transcriptome
analysis or metabolomics analysis to identify gene expression
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profiles in foxtail millet seed development!*4-491, Wang et al.l*4!
first identified the gene expression profiles of foxtail millet at
five different developmental stages, including at 7, 14, 21, 28,
and 35 days after anthesis (DAA), using RNA-seq analysis. These
studies have identified a number of genes that exhibited
dynamic or enriched expression patterns in foxtail millet seed
development and highlighted many potential regulators that
may be involved in seed filling and the accumulation of seed
metabolites. However, detailed morphological analysis and
description regarding the foxtail millet seed development
process, is an important step in the study of the seed develop-
ment process. In previous studies, transcriptome analysis of the
seed development process was carried out according to the
date of flowering, but detailed morphological analysis and
description of the specific seed development process have not
been provided. To improve our understanding of dynamic
gene expression profiles of seed development, we conducted
detailed morphological analysis and description of the devel-
opment process of foxtail millet seeds, including the ovule
stage of before pollination that have not been identified in
previous studies. In our study, morphological analyses and defi-
nition of foxtail millet grain development were performed, and
the dynamic regulatory network of grain development was
depicted by RNA-seq analysis of grains at four developmental
stages. Our studies have not only provided morphological and
cytohistological analyses of grain development, but also devel-
oped a temporal transcriptome based on high-throughput RNA-
seq atlas of grain development, and this study will provide a
precious genetic resource for understanding grain develop-
mental process for the future.

Materials and methods

Plant materials

The cultivars 'Jingu 21" of foxtail millet were used in this
study. Materials were planted and grown at Shenfeng experi-
mental fields in Jinzhong, Shanxi, China (37°25'N, 112°35'E)
from May to October in 2022. The surfaces of florets at anthesis
were tagged using a marker pen to denote flowering dates. For
morphological analysis, samples were collected daily over a
period of 30 d of foxtail millet grain development. For staining
assay, paraffin section analysis, and RNA-seq, samples from four
stages (ovule stage, milk stage, dough stage, maturity stage)
were collected. Three replicates were generated for each stage,
and each replicate was made up of a mixture grain of five
spikes. Samples were snap frozen in liquid nitrogen before
processing and stored at —80 °C.

Confocal microscopy

For confocal microscopy, samples were fixed with 2.0%
paraformaldehyde and 2.0% glutaraldehyde fixative (Coolaber,
Beijing, China) for 48 h, rinsed three times in PBS buffer, then
dehydrated in alcohol concentrations (20%, 50%, 70%, 80%,
90%, 95%, 100%, 100%, 100%) for 1 h, respectively. After
completing the above operations, the gradient dehydration
samples were immediately mounted in a mixture of benzyl
benzoate (MACKLIN, Shanghai, China) and benzyl alcohol
(MACKLIN, Shanghai, China) (2v:1v) and photographed using a
confocal microscopy (DMI 8, Leica, Germany), or placed into the
mixture above and stored away from light in refrigerator at 4 °C.
The confocal microscopy system excitation wavelength is 568
nm and emission wavelength is 550—-630 nm.
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Stereo microscopic analysis

A stereo microscope (SZX16, Olympus, Japan) was used to
record the daily growth changes of Jingu 21 developing grains
throughout 1-30 DAP. For staining starch or lipid, median
transverse sections of foxtail millet grains were manually cut
with a sharp razor and immersed into solutions of Lugol's
iodine, 0.1% (w/v) Evans blue, 0.1% (w/v) toluidine blue, and 0.5%
(w/v) Sudan IV (dissolved in Chloroform), respectively. After
staining, the hand-sectioned grains were viewed under micro-
scope (BX51, Olympus, Japan), and immediately photographed.

Paraffin section observation

Paraffin section analyses were performed according to a
method as described with a few modification*%. Samples
collected at four stages (ovule stage, milk stage, dough stage,
maturity stage) were first fixed in 2.0% paraformaldehyde and
2.0% glutaraldehyde fixative. Fixed samples were washed,
dehydrated, embedded into wax and cut into 10 um-thick
sections. Samples were redyed with Safranin O-Fast Green
(Phygene, Fuzhou, China) or toluidine blue O (Coolaber, Beijing,
China) and observed with microscope (BX51, Olympus, Japan).

Staining procedures

Hand sections from the central region of foxtail millet grains
from ovule stage to maturity stage were made using sharp
razor. Evans blue, toluidine blue, Sudan IV, and Lugol's iodine
staining (Coolaber, Beijing, China) were performed according to
the method as described with a few modification->3l,
Sections were soaked in 0.1% Evans blue, 0.1% toluidine blue,
and Lugol's iodine for 10 min, 4 h, and 5 min, respectively, and
immediately washed with distilled water. For Sudan IV staining,
sections were stained with 0.5% Sudan IV for 24 h, washed with
70% alcohol and immediately placed in distilled water. All
samples were under the microscope for observation and
photography (BX51, Olympus, Japan).

RNA-seq analysis

RNA-seq was performed by Shanghai OE Biotech Co., Ltd.
(Shanghai, China). Raw reads were trimmed and mapped by
Trimmomatic (version 0.36)>4 and HISAT2 (version 2.2.1.0)%! to
the reference genome of foxtail millet’®, respectively. DESeq
package was used to analysis the differential expression of
genes (using BaseMean value to estimate expression)P”l. Fold
change > 2 and adjusted P-value < 0.05 as the criteria for differ-
entially expressed genes (DEGs) screening. Hierarchical cluster,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis were performed
by the OE Biotech cloud analysis tools (https://cloud.oebiotech.
cn)b8l,

Quantitative RT-qPCR

Total RNA extracted by the FlaPure Plant Total RNA Extraction
Kit (Genesand Biotech, Beijing, China). Four hundred ng total
RNA was used to generate the cDNA by the Union Script First-
strand cDNA Synthesis Kit (Genesand Biotech, Beijing, China).
gPCR was carried out using the SYBR Green Super Mix (Mei5bio,
Beijing, China) and Bio-Rad CFX96 (Bio-Rad CFX96, BIORAD,
USA). The primers were listed in Supplemental Table S6. The
gene expression was normalized to housekeeping gene Actin 1
(Seita.8G043100).

Statistical analysis
Prism 7.0 (GraphPad Software, INC., USA) was used for statis-
tical analysis. The statistical significance were evaluated by
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one-way analysis of variance (ANOVA) followed by Duncan's
multiplecomparisonrangetestand were consideredsignificantat
p-values < 0.05 level.

Results

Morphological analyses of foxtail millet grain

To investigate the dynamic morphology of foxtail millet grain
development after pollination. We utilized a stereo microscope
to record the daily growth changes of foxtail millet grains
developing during 30 d after pollination. We observed that the
growth period of foxtail millet grain mainly occurred at 1-15
DAP, while grain development was initially characterized by
longitudinal development before 4 DAP, and then transferred
to lateral growth at 5-15 DAP. However, it was noted that the
transverse and longitudinal growth was slower compared with
the growth before 15 DAP (Fig. 1, Supplemental Fig. S1). We
found that foxtail millet grains began to turn yellow at 8 DAP
(Fig. 1b), which may be responsible for the accumulation of
carotenoids and flavonoids during this process. Additionally,
we also observed that the grains gradually became translucent,
which could be caused by dehydration and crystallization of
starch and storage proteins after 24 DAP (Fig. 1b). To investigate
the development patterns of grain growth, area, perimeter,
length, width, and length/width ratio of foxtail millet grains
were measured everyday throughout the 30 d development
period (Supplemental Fig. S1). It was observed that elongation
of foxtail millet grains occurred sharply from 1 DAP, and the
grain length and width reached their maximum at 15 DAP
(Supplemental Fig. S1c). The grain perimeter and area were
found to be consistent with the grain length and width, and
also reached their maximum value at 15 DAP (Supplemental Fig.
S1a, b). Grain change showed that the grain grew rapidly longi-
tudinally in 1-4 DAP, consequently, the maximum length/
width ratio was seen at 4 DAP, and lateral growth began after 5
DAP and aspect ratio change was not obvious after 15 DAP
(Supplemental Fig. S1d). These apparent morphological results
were consistent with the statistical data obtained from 1-30 d
of seed development.

To describe the developmental morphology of the ovule
before pollination. The young spikes containing all develop-
mental stages of ovules and florets were selected to examine
the morphology of the developing florets and characterize the
ovule structure using confocal microscopy (Fig. 2). The devel-
opmental process can be divided into eight periods according
to appearance and morphological of foxtail millet spikelets (Fig.
2b). Morphological analysis of ovule development before polli-
nation was also defined as eight stages, starting with the initial
stage of ovule primordium (Fig. 2¢, d). Similarly, the develop-
ment of ovules was also defined as eight stages in cell morphol-
ogy by confocal microscopy (Fig. 2e—I). The ovule developmen-
tal processes were divided into eight stages: Ovule primordium,
megassporocyte, Functional megaspore (FM), Mono-nucleate
embryo sac (Mnes), Two-nucleate embryo sac (Tnes), Four-
nucleate embryo sac (Fnes), Eight-nucleate embryo sac (Enes),
and Mature embryo sac (Mes). The cell morphological charac-
teristics of foxtail millet ovule before pollination are similar to
those of the embryo sac in ricel>.

We defined the development process of foxtail millet grains,
referring to relevant research on the seed development process
of rice, maize, wheat and other graminaceous cereal crop(60-66],
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Fig. 1

Dynamics of foxtail millet grain development. (a) Time series of kernel development from 1 to 30 DAP; (b) Time series of grain

development from 1 to 30 DAP without kernel hull. Numbers below denote the DAP. (a) Scale bars = 1 mm, (b) Scale bars = 500 pm.

1-5 DAP is defined as the watery stage, characterized by grains
that can be easily squeezed to release transparent liquid. 6—11
DAP is defined as the milk stage, marked by grains gradually
turning yellow and releasing milky white pulp substance when
squeezed. 12—15 DAP is defined as the soft dough stage, and
the green color of the seed coat begins to fade, and the grains
squeeze out nutrients that have the consistency of dough.
16—22 DAP is defined as the hard dough stage, and the grains
become hardened and could not be easily crushed, and the
embryo grows to its maximum at this stage. 23—30 DAP is
defined as the mature stage, and the grains become hard and
transparent due to the loss of water, and the embryo becomes
clearly visible and smaller. The mature ovule before pollination
is defined as the ovule stage. To ensure the accurate collection
of four different development stages, we systematically
summarized the morphological characteristics of foxtail millet
seed development (Supplemental Table S1). Our results
provide detailed cytological and morphological support for the
dynamic developmental process of foxtail millet grain, and
offer reference for future research on specific periods of foxtail
millet grain development.

Accumulation of storage products during foxtail millet
grain development

Grain development is a critical process of nutrient accumula-
tion, and nutrients were mainly accumulated in starchy endo-
sperm and the aleurone layer®’l. Starchy endosperm mainly
accumulates starch, while the aleurone layer primarily
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accumulates storage proteins, lipids, vitamins, and
mineralsB968l, Various staining methods were used to analysis
the accumulation of storage products during grain develop-
ment. Evans blue staining showed that programmed cell death
(PCD) was initially present in the periphery zone of the mature
ovule stage (Fig. 3al), and extended to the entire starchy
endosperm at the milk stage, dough stage, and maturity stage
(Fig. 3a2—a4). In contrast, at the maturity stage, cells of the
embryo-surrounding region (ESR) remain viable, as indicated
by the absence of Evans blue staining (shown by light colour;
Fig. 3a4). This suggests that active starch is still present in the
starchy endosperm, and that apparently disrupting cytoplasmic
membrane integrity does not affect starch biosynthesis. The
most plausible explanation is that the nuclear, plastid, mito-
chondria, and ER membranes remain fully functional. The stain-
ing results of toluidine blue were similar to those of Evans blue
(Fig. 3b1-b4). We observed a gradual increase in starch accu-
mulation in the starchy endosperm, where starch is the main
component (shown by brown/black; Fig. 3d1-d4, e1—e4). As
shown in transversal sections of husked grain (Fig. 3e1-e4),
lipids were predominantly stored in the aleurone layer and
embryo (shown by orange-red; Fig. 3c1-c4, e1—e4). Through
staining analysis of the developing grains, we also observed
that starch grains changed from irregular state to regular crys-
talline starch (Fig. 3). Crystallization of starch and storage
protein resulted in the formation of translucent endosperm, as
has been reported®'52],

Wang et al. Seed Biology 2023, 2:19
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Fig. 2 Morphological analysis of the developing ovules and spikelets in foxtail millet before pollination. (a) The young foxtail millet spike
contains all developmental stages of ovules and florets. (b) Appearance morphological analysis of florets development in foxtail millet. (c)
Morphology of the ovule primordia in foxtail millet. (d) Morphology of ovule development in foxtail millet before pollination. (e)—(l) The
structure of ovules observed by confocal microscopy in foxtail millet before pollination. FM: Functional megaspore; Mnes: Mono nucleate
embryo sac; Tnes: Two-nucleate embryo sac; Fnes: Four-nucleate embryo sac; Enes: Eight-nucleate embryo sac; Mes: Mature embryo sac. (b)—(d)
Scale bars = 10 um, (e) Scale bars = 43.7 um; (f) Scale bars = 33.9 um; (g) Scale bars = 45.6 pm; (h) Scale bars = 45.3 um; (i) Scale bars = 56.7 pm;

(j) Scale bars = 48.9 um; (k) Scale bars = 34.6 um; (I) Scale bars = 60.3 pm.

To further observe the cytomorphology characteristics of
foxtail millet grain development, two staining methods were
used to make paraffin sections to observe the complete
morphological changes of seeds from the ovule stage before
pollination to the maturity stage. Cytological morphology of
mature ovule before pollination is shown (Supplemental Fig.
S2a, e), and morphology of mature ovule and mature pollen
grains can be observed. Milk stage is the filling stage of foxtail
millet grain, it is a process of endosperm starch accumulation
and differentiation (Supplemental Fig. S2b, 2f; Fig. 3a2—e2).
Dough stage is the process when the accumulation of foxtail
millet grains storage products has been completed, at this
stage foxtail millet grain has formed the complete embryo
(Supplemental Fig. S2c, g; Fig. 3a3—e3). At the maturity stage
the endosperm starch of the foxtail millet grains entered the
maturation process, and the seed begins to lose water and
become translucent (Supplemental Fig. S2d, 2h).

Global gene expression profiling of grain development
in foxtail millet

To explore the molecular mechanisms of grain development,
transcriptome profiling was used to detect genes potentially
involved in foxtail millet grain development. According to the
stage of grain development, samples used for RNA-seq were
collected at four developmental phases, namely, the ovule
stage before pollination (ovule stage), the milk stage after

Wang et al. Seed Biology 2023, 2:19

pollination (milk stage), nutrient storage stage after pollination
(dough stage), and the grain maturity stage (maturity stage)
(Fig. 4a). In this study, we collected 12 samples for RNA-seq
analysis, with three biological replicates for each stage (Supple-
mental Table S1). Clean reads of the 12 samples ranged from
44.88 to 50.60 million. 94.78% to 99.02% of the clean reads
were mapped to the reference genome (http://foxtail-millet.
biocloud.net/home), and 83.14% to 95.09% of the reads were
uniquely mapped (Supplemental Table S2). These data indicate
that the quantity and quality of reads were sufficient to
perform quantitative analysis of gene expression.

To understand the relationships between different groups,
we used principal component analysis (PCA) on the full data set,
which can visually demonstrate transcriptional features and
developmental similarities (Supplemental Fig. S3a). To evaluate
the global gene expression profiles of different samples, gene
expression levels were assessed using fragments per kilobase
of transcript per million mapped reads (FPKM), based on
normalized read counts. Across these four stages, a total of
29,530 genes were measured (Supplemental Data Set S1).
Compared to the dough and milk stages, fewer genes were
detected in the remaining stages, especially in the maturity
stage (Supplemental Fig. S3b). The relationship between the
gene number of the four samples was plotted as a Venn
diagram, with 24,528 genes identified as co-expressed genes
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Dough Stage Maturity Stage

Storage product accumulation in the foxtail millet hulled grain by staining analysis. (a1)—(a4) Transversely sectioned hulled grain

stained with Evans blue to analyze the PCD of developing grain. (b1)—(b4) Transversely sectioned hulled grain stained with toluidine blue to
observe endosperm storage product accumulation. (c1)—(c4) Transversely sectioned hulled grain dyed with Sudan Red IV to analyze the lipids
accumulation. (d1)—(d4) Transversely sectioned hulled grain stained with Lugol's iodine to analyze the accumulation of starch. (e1)—(e4)
Transversely sectioned hulled grain dyed with Sudan Red IV and Lugol's iodine to analyze the accumulation of lipids and starch. Scale bars = 10

pm.

(Fig. 4b). Based on their expression levels, we classified these
genes into six groups. No expression FPKM < 1, extremely low
expression FPKM < 10, low expression FPKM ranging between
10 and 30, medium expression FPKM ranging between 30 and
100, high expression FPKM ranging between 100 and 300, and
very high expression FPKM > 300 (Supplemental Fig. S3c;
Supplemental Table S3). Thus, the results revealed that 21,866
expressed genes with FPKM values > 1 (Supplemental Data Set
S2). Hierarchical cluster analysis and KEGG pathway classification
were performed on all expressed genes (Fig. 4c, 4d).

Multiple TFs involved in grain development in foxtail
millet

The expression dynamics of TFs during grain development
were investigated. At least one developmental stage, 509 TFs
were detected, and they belonged to 42 families and other
categories of TFs (Supplemental Data Set S3; Supplemental
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Table S4). The genes encoding putative TFs was obtained from
the Plant Transcription Factor Database (http://planttfdb.gao-
lab.org/index.php)©9. One hundred and six differentially
expressed TFs were identified, including MADS-box family,
WRKY family, bHLH family, MYB family, AP2/ERF family, and
NAC family. Based on their expression patterns at four develop-
mental stages, the 106 TFs were classified into four groups (Fig.
5). Among these TFs, 38 exhibited significantly higher expression
levels specifically during the ovule stage, compared to the
remaining three stages. These TFs were assigned as ovule stage
preferential genes (Fig. 5a). In the milk stage, 60 TFs exhibited
differential expression, with significantly higher expression
compared to the other three stages (Fig. 5b). Only two TFs
displayed considerably higher expression at the dough stage
compared to other developmental stages, and these were
designated as dough stage predominantly expressed genes

Wang et al. Seed Biology 2023, 2:19
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Fig. 4 Global gene expression profiling and KEGG pathway analysis. (a) Schematic overview of the experimental approach. RNA-seq was
performed for four developmental stages. (b) Distribution of genes in four samples. (c) Hierarchical cluster analysis of genes expressed during
four developmental stages. (d) KEGG pathway classification of the all expression gene in four developmental stages.

(Fig. 5¢). There were six genes whose expression were signifi-
cantly higher in the maturity stage, and these genes were
designated as the main TFs expressed in this stage (Fig. 5d).
WRKYs that regulate seed development have been
reportedB579-721. Qur results showed that eight WRKYs TFs
were detected during grain development. Among these,
Si3g13930-WRKY53 was found to be enriched at the ovule stage,
while six WRKYs TFs (5i3g27390-WRKY24, Si2g18500-WRKY30,
Si5g26980-WRKY48, Si2g18510-WRKY70, Si1g06940-WRKY71 and
Si3g17470-VQ4) were enriched at the milk stage. Additionally,
Si5g14790-VQ4 was enriched at the dough stage. The MADS-
box is a crucial regulator of various processes of plant repro-
ductive development and play important roles in the control of
seed development!’3l. SiIMADS34, an E-class MADS-box protein,
played a crucial role in regulating foxtail millet grain yield“2.
Among the MADS-box genes, SiMADS17 and SiMADS2 showed
high expression in foxtail millet seeds’4. Our findings demon-
strated the presence of 13 MADS-box genes, with seven genes
(5i6g22290-MADS7,  Si2g27130-MADS8,  Si3g10210-MADS13,
S$i7922110-MADS17, Si5g40600-MADS21, Si3g07900-MADS58 and
Si1g07790-ZMM17) being enriched at the ovule stage, and six
genes (S5i9g47800-MADS1, Si5g40400-MADS2, Si4g06820-MADSS5,

Wang et al. Seed Biology 2023, 2:19

Si4g26480-MADS16, Si5g30750-MADS32, Si9909150-MADS34)
being enriched at the milk stage. An important regulatory role
in plant development is played by the bHLH51, Opaque11 (O11)
and ZmZHOUPI (ZmZOU), encoding bHLH TFs, are activated
after pollination and regulate several biological processes
during endosperm development in maizel26:53, ZmbHLH121 can
bind to the G-box cis-element ABA response element (ABRE) to
positively regulate maize grain size and weight7¢. An-1 and
OsbHLH107, also regulate grain size in ricel’7.78l, Our analysis
results showed that 11 bHLH genes were detected during
foxtail millet grain development, including five at the ovule
stage  (5i9905580-bHLH89,  Si2g26780/5i9g10860-bHLH49,
Si7g29990-LHW, Si1g35350-bHLH82), five at the milk stage
(5i2g03880-PIF4, 5i9909960-bHLH148, Si6g19250-BIM1,
Si5g08020-bHLH168, Si5g41500-bHLH128), and only one at the
maturity stage (5i3g08580-bHLH68). Opaque2 (02) and Opaque3
(03), an extensively studied bZIP TF, its functional studies has
roles in regulating grain protein accumulation, amino acid and
sugar metabolism, through the transcriptional regulation of
certain zein genes7989, Our results also revealed the presence
of a small amount of the bZIP TFs Si1g10450-HBP-1a and
Si1g33540-bZIP23.
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(b) the milk stage, (c) the dough stage, and (d) the maturity stage, respectively.

Genes enriched in the hormone signaling pathway
during foxtail millet grain development

KEGG pathway classification analysis was performed on TFs,
revealing a significant enrichment of TFs in hormone signaling
(Supplemental Fig. S4). Our results identified 221 genes
involved in phytohormones signaling, including auxin,
cytokinin (CTK), gibberellin (GA), abscisic acid (ABA), and brassi-
nosteroid (BR) signaling pathways. To investigate the temporal
expression patterns of phytohormone-related genes, we inves-
tigated gene expression profile clustering. Among the phyto-
hormones, auxin plays crucial roles in ovule and seed develop-
ment®l, Therefore, our focused primarily on genes related to
auxin signal transduction, including those participating in auxin
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biosynthesis, polar transport, and response (Fig. 6a). Plasma
membrane influx and efflux transporters mediate polar auxin
transport, including three transporters®2l, These include the
influx carrier AUXIN1/LIKE-AUX1 family, the efflux carrier PIN-
FORMED family, and the P-glycoprotein (PGP) subfamily of the
ATP-binding cassette transporter family. The auxin signaling
pathway during grain development in foxtail millet included
eight PIN genes, four AUX genes, and nine PGP genes (Fig. 6b).
Among these, six efflux carrier genes (SiPILS2, SiPINTa, two
SiPIN1b, SiPINTc, SiPIN3a) were preeminently expressed at the
ovule and milk stages, but their expression significantly down-
regulated in the remaining samples. Whereas the expression
levels of the following two efflux carrier genes (SiPIN5a, SiPIN5b)

Wang et al. Seed Biology 2023, 2:19
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Fig.6 Expression patterns of genes enriched in the auxin signaling during the four developmental stages. (a) Schematic of the auxin pathway

in plants. (b) Polar auxin transporter gene expression patterns, (c) IAAs, (d) ARFs, (e) GH3s, and (f) SAURs respectively. AUX1: auxin influx carrier
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increased at the dough and maturity stages. The influx carrier
genes SiLAXs (SiLAX1, SiLAX2x1, SiLAX2x2, SiLAX3) was found to
be up-regulated at the milk stage. SiPGP4 (Si3g06120), SiPGP11,
SiPGP19, SiPGP21 (Si3g15930) showed preferential expression at
the ovule stage and significantly down-regulated at other
stages of grain development. However, SiPGP1, SiPGP4
(5i5g28820), SiPGP11, SiPGP14, and SiPGP21 (Si5g04220) exhib-
ited significantly higher expression at the milk stage than other
stages. It is worth noting that the tryptophan-dependent path-
way is the primary pathway responsible for the production of
indole-3-acetic acid (IAA)®31, Our transcriptome data showed
that 22 IAAs genes, five IAAs genes were preferentially
expressed at the ovule stage, while 16 /AAs genes showed the
highest expression at the milk stage (Fig. 6¢). Auxin response
factor (ARF) and Small Auxin-Up RNA (SAUR) families are the
most important family of auxin-responsive proteins, potentially
playing an important role in the regulation of foxtail millet
grain development and its response to abiotic stress8485l,
Several ARFs and SAURs genes were found to be enriched at the

Wang et al. Seed Biology 2023, 2:19

ovule and/or milk stages during foxtail millet grain development
(Fig. 6d, f). The Gretch Hagen 3 (GH3s) family not only plays an
essential role in auxin signaling, but is also involved in the plant
defense response systemsl8687 Three GH3s genes were
markedly down-regulated at the milk stage, while the expression
of two GH3s genes gradually increased during foxtail millet
grain development (Fig. 6e). These data suggest that these
auxin signaling related genes are involved in the grain develop-
ment. Cytokinin, an important phytohormone, plays a key role
in regulating various physiological processes such as seed
production, cell proliferation, and differentiation(®8l. It also plays
a significant role in the expression of several important genes
during grain development. There genes include three histidine
kinases (Si5g431500-HK3, Si9g11580-HK4, Si9926610-HK5), four
histidine-containing phosphor transfer proteins (Si6g24170-
AHP1, Si2g14080-AHP2, Si5g31910-PHP5, Si3g17280-PHP5X1),
and the corresponding 10 response regulators type-A/B (ARR)
family members (Si7912360-ARR1, Si1g20230-ARR2, Si1g37750-
ARR3,  Si5g45190-ARR4,  Si3g02790-ARR6,  Si8g03520-ARR9,
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Si9g47340-ARR21, Si1g35420-ARR23, Si1g06860-ARR24,
Si5g41810-ARR26) (Supplemental Fig. S5). GA is an important
endogenous hormone that regulates multiple developmental
processes in plants®0. Research has shown that GAs are
particularly important for ovule formation in early seed devel-
opment and can also regulate embryo development in late
seed development®!l, The GA receptor GID1 specifically recog-
nizes DELLA protein and prevents it from being trans activated,
forming the GA-GID1-DELLA complex, which can facilitate
interaction with GID22, GA signaling is a complex process and
involves 12 GA oxidase genes responsible for GA biosynthesis,
two DELLA proteins (S5i9950510-GA1 and Si4g27600-RGL2) and
one GA receptor (5i3g23940-GID1) involved in GA signal trans-
duction. Additionally, our transcriptome data revealed the pres-
ence of numerous TFs involved in GA signaling (Supplemental
Fig. S6). ABA serves as the key regulator of seed dormancy and
germinationl®3], ABA signaling promotes PP2Cs binding to the
PYR/PYL families of ABA receptors, dephosphorylates SnRK2
kinase activity, and activates SnRK2 to phosphorylate and
autophosphorates downstream effector genesl®l. Our tran-
scriptome data revealed the genes involved in these ABA
signaling pathways were highly enriched (Supplemental Fig.
S7). Specifically, we detected six ABA receptor PYR/PYL family
genes, including one PYR gene (5i9939880-PYR1) and five PYL
genes  (Si4g22990-PYL2,  Si1g02490-PYL3,  Si9g42890-PYL4,
Si5g37100-PYL5, Si3g08200-PYL8). Furthermore, we identified
eight protein phosphatase genes (5i9933810-PP2C27, Si9g45010-
PP2C30, Si3g16340-PP2C50, Si3g12370-PP2C1, Si5g21960-PP2C6,
Si2g18270-PP2C4,  Si7g02990-PP2C3.1,  Si5g03330-PHS1), a
protein kinase SnRK2 gene (Si3g36320-SnRK2.3), and Si3g24450-
ABF2 serves as a binding factor of the ABA responsive element.
BR are novel and potent plant hormones that have a wide
range of biological activities, which can regulate flowering time,
promote anthocyanin accumulation, cell division and elonga-
tion, stimulate vegetative growth, promote flowering and fruit
ripening, and improve fruit quality and yield®>%l, In foxtail
millet, studies have shown that a LRR receptor-like kinase
DROOPY LEAF1 (DPYT) can regulate leaf droopiness by interact-
ing with SiBRI1-SiBAK1, thereby achieving the purpose of regu-
lating plant architecture®’]. RING-type E3 ligase SiSGDT gene
can interact with E2 ubiquitin-conjugating enzyme SiUBC32
and ubiquitinates the BR signaling receptor SiBRI1, affecting
foxtail millet grain size*3l. These data suggested potential
involvement of these BR signaling genes in foxtail millet grain
development. Altogether 72 genes related to BR signaling were
detected, including a series of enzymes such as receptor kinase,
protein phosphatase, protein kinase, casein kinase, hydrolase,
and some TFs (Supplemental Fig. S8). Among these, four recep-
tor kinases (Si9g12450-SERK2, Si5g30180-BRI1, Si8g01300-BRI1,
Si6g05160-BAK1), eight protein kinases (5i9g43630-PBL7,
Si4g16710-GSK4, Si1g03360-GSK4, Si5g15090-GSK1,
Si9903700BSK5, Si3g01910-BSK3, Si9g31580-BSK2, Si9g34630-
ASK8), and three hydrolases (Si9954960-XTH24, Si4g23660-
XTH22, Si4g23650-TCH4) were identified.

Sucrose and starch metabolism in foxtail millet during
grain development

A critical process in grain filling is the conversion of sucrose
to starch®8l, Starch is an important component of foxtail millet
grains!®, This study identified 164 genes related to starch and
sucrose metabolism were identified (Fig. 7 ; Supplemental Fig.
S9). The expression of SiSUS2 and SiSUS7 gradually increased
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and peaked at the milk stage, whereas the expression of SiSUST
peaked at the dough stage and then gradually dropped. SiSUS4
expression increased progressively with a peak at the maturity
stage. Four SiSPSs, one SiTPP, one SiAGPase, one SiGBSS, four
SiSSs, two SiSBEs, one SiAMY, and one SiBMY gene were highly
expressed at the ovule stage, and their expression gradually
decreased. One SiSPS, three SiTPSs, six SiTPPs, one SiAGPase, one
SiAMY, and one SiBMY gene were higher expressed at the milk
stage. The highest at the dough stage was observed for three
SiTPSs, one SiTPP, one SiAGPase, four SiSSs, one SiSBE, three
SiAMYs and one SiBMY. At the maturity stage, they were highest
expressed by one SiTPP, one SiGBSS, one SiSS, one SiSBE and
one SIAMY. Increasing AGPase activity may improve the sink
strength of developing grains and ultimately promote grain
weight at the maturity stage.

Expression of zein genes in foxtail millet during grain
filling

Encoded by several different genes and families, zein can be
divided into a-, f-, -, and J- types zein, which are the most
important storage proteins!'9101, In maize, o-zein is further
divided into 19-kD (Z1A, Z1B, Z1D) and 22-kD o-zeins (Z1Q), -
zein contains only a class of 14-kD f-zeins, whereas the y-zein
subfamily contains 16-kD, 27-kD, 50-kD zeins, and J-zein
includes 10-kD, 18-kD zeins!'%2, The expression profiles of the
16 zein genes clearly showed that zeins were strongly induced
during the dough and maturity stages of endosperm develop-
ment, which is characteristic of storage product accumulation
(Fig. 8 & Supplemental Table S5). Our study showed a total of
seven 19-kd-a-zein genes, notably Si8G18820-PMS1-19-kDa.
exhibited the highest expression level of 100,000 during the
maturity stage. There were also seven 22-kD a -zein genes, with
three of them showing expression levels exceeding 10,000 in
the dough and maturity stages. Furthermore, we observed the
presence of one f-zein gene (Si3g11730--zein) and one y-zein
gene (5i2g22180-y-zein). Surprisingly, all the detected 19-KD-o-
zein genes in the transcriptome data were found to be located
on chromosome 8 of foxtail millet, forming a tandem array in a
single gene cluster (Fig. 8b). Therefore, we speculate that a-zein
genes in foxtail millet may be arranged in tandem in one or
more clusters within the genome, which play a role in regulating
the accumulation of storage proteins. Amino acids are crucial
components of proteins and serve as essential nutrients for
humans. Foxtail millet grains are abundant in various amino
acids, including essential amino acids needed by human, such
as leucine, phenylalanine, isoleucine, tryptophan, methionine,
and lysinel'%], Therefore, we further analyzed the expression of
genes involved in amino acid synthesis and metabolism during
foxtail millet grain development. These genes can be divided
into those associated with the synthesis and metabolism of
essential amino acids, non-essential amino acids synthesis and
metabolism, and those involved in both pathways. We found
that a majority of these genes were highly expressed during
the initial three stages of grain development (Supplemental Fig.
S10).

Dynamic changes in carotenoid, flavonoid, folate
metabolism pathways in foxtail millet grain filling

The selection of yellow grain in the domestication of foxtail
millet presents a striking aspect, especially when compared to
major cereal crops such as wheat (Triticum aestivum) and rice
(Oryza sativa). Grain colour and quality were important breeding

Wang et al. Seed Biology 2023, 2:19
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traits for foxtail millet domestication. The yellow color of most
foxtail millet landraces and varieties, is typically produced by
the accumulation of carotenoids and flavonoids in the pericarp,
aleurone, and endosperm!'%4, This study identified 25 genes,
including a bunch of enzymes, that are related to the
carotenoid pathway (Fig. 9a). Schematic representation of the
carotenoid pathway during foxtail millet grain development
(Fig. 9b). Carotenoids play a critical role in maintaining good
health, its biosynthesis requires many enzymes, phytoene
synthase (PSY) is the most essential rate-limiting enzyme in the
carotenoid pathway!'%l, Most genes involved in carotenoid
biosynthesis accumulated significantly during foxtail millet
grain development. This indicating that the carotenoids began
to accumulate at the milk stage, which aligned with previous
findings, and the foxtail millet grains started to turn yellow after
8 DAP (Fig. 1b). One of the candidate genes, SiPSY1, which
affects foxtail millet grain color and quality, was identified as a
potential gene for foxtail millet color variation that can be
utilized in breeding!'%4. In this study, we detected three PSY
genes (5i4g27520-PSY1, Si3g38930-PSY2, and Si2g30580-PSY3) in
the carotenoid metabolic pathway of foxtail millet. Further-
more, we further analyzed the expression levels of genes
involved in flavonoid pathways from ovule stage to maturity
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stage. In the flavonoid biosynthesis pathway, a total of 36
genes related this pathway were identified (Supplemental Fig.
S11a). Among these genes, 5i2g44100-C4H, Si8g14530-CHS, two
CHI genes (Si7g30460-CHIL, Si9g04210-CHI-1), Si1g33590-FLS,
$i9938590-F3'5'H, and four ANR genes (Si7g25720, Si7g25730,
Si7925740, Si7g25760) showed the highest levels at the milk
stage, and then gradually decreased. Si3g03560-F3H, Si9g23880-
F3'H, Si5g25220-DFR, and Si1g01130-LAR showed higher levels
at the ovule and dough stages, but lower levels at the milk and
maturity stage (Supplemental Fig. S11). Folate metabolism
process is conserved and requires the catalysis of a variety of
specific enzymes!*7], This study detected most genes related to
the folate metabolism pathway in foxtail millet (Supplemental
Fig. S12a). SIADCS, SiDHPS1/2, SiDHFR1/2, two SiFPGS, SiDHNA2,
SiDHN-P, and SiGGH expression levels gradually decreased,
SiGCHI expression levels gradually increased, SiDHFS, SiDHNAT,
SiDHN-P3 expression levels decreases and then increases
during foxtail millet grain development (Supplemental Fig.
S12b).

RT-qPCR verification of RNA-seq data

To ensure the reliability of our transcriptome data, we
selected 14 key metabolic genes by RT-qPCR validation. Specifi-
cally, we analyzed the expression patterns of three zein genes
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(5i9929850-AZ522-16, Si3q11730-B-zein, Si2g22180-y-zein), the
rate-limiting enzyme gene (Si2g30580-PSY3) of carotenoid
biosynthesis, five auxin signaling pathway-related genes

(5i5g13880-1AA2, 5i6923990-SAUR36, Si1925820-SAUR36,
Si5g43630-ARF4, Si9g21430-ARF22), five transcription factors
(S5i9g47800-MADS1,  Si6g22290-MADS7,  Si3g10210-MADS13,

Si5g406000-MADS21, Si6g14500-ERF058), and a house-keeping
gene (Seita.8G043100). The results of our RT-qPCR analysis
demonstrated that the observed variation in gene expression
levels aligned with those obtained from the RNA-seq data
(Supplemental Fig. S13). This concurrence strongly suggests
the reliability of our analytical findings.

Discussion

Foxtail millet grain development is crucial for grain quality
and yield, although previous studies have identified several
genes that regulate starch biosynthesis, grain color, carotenoid,
flavonoid, and folate metabolisml40.106.107] However, detailed
morphological analyses of foxtail millet grain development
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process are scarce and comprehensive description of transcrip-
tome dynamics based on morphological analyses is lacking.
Therefore, conducting a, detailed morphological analysis of the
ovule before pollination and the grain development stages
after pollination can provide detailed morphological support
for the dynamic developmental process of foxtail millet grains
(Fig. 1, Fig. 2; Supplemental Fig. S1). This study provides a valu-
able reference for studying the specific periods of ovule and
grain development in foxtail millet. In addition to the morpho-
logical analysis of grain development of Jingu 21, the accumu-
lation characteristics of main storage substances (protein and
fat) during foxtail millet grain development were also analyzed
(Fig. 3; Supplemental Fig. S2). On the basis of morphological
analysis and storage material analysis of foxtail millet grain
development, we have established a time-dynamic transcrip-
tome of grain development in Jingu 21. This transcriptome
provides valuable genetic resources for understanding the
genetic control of grain development in foxtail millet. Addition-
ally, we have analyzed the integrated dynamic transcriptome of
TFs, plant hormone signaling, starch and sugar metabolism,
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zein related genes, carotenoid metabolism, flavonoid
metabolism, and folate metabolism in grain development. This
comprehensive analysis deepens our understanding of the
changes in important metabolic pathways during foxtail millet
grain development, and help us provide new insights for devel-
oping better high-yield cultivars.

Seed development is regulated by numerous TFs, many of
which have been extensively reported!'%81%9], In our RNA-seq
analysis, we aimed to identify regulatory networks that play
important role in grain development. We have discovered 106
grain-specific TFs (Fig. 5). These results are similar with the
previous study on the gene expression profile of foxtail millet
grain filling process*4. MADS-box were responsible for the
regulation of the development of flower organs, embryos,
endosperm, and seeds’3. SiMADS17/33/34/37/46/52 were
considered key regulatory factors for grain yield in foxtail millet,
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and they are highly expressed in seeds. Moreover, SiMADS2/12/
26/28/60 were thought to be highly expressed in pericarp and
mainly expressed at the filling stagel274, Many SiMADS TFs
were analyzed in our transcriptome data. Combined with previ-
ous reports and our research results, we have identified highly
homologous genes from the transcriptome data, namely
Si1g07790-ZMM17,  Si4g06820-MADS5,  Si4g26480-MADS16.
SiMADS34 (Si9909150-MADS34), which has been reported to
regulate foxtail millet inflorescence structure, was also found to
be highly up-regulated in the ovule and milk stages of grain
development, but its role in the grain filling process is remains
unknown. It is noteworthy that the four TFs Si9g47800-MADS1,
Si6g22290-MADS7,  Si3g10210-MADS13,  Si5g406000-MADS21
exhibit different expression patterns during grain development.
Further investigation is required to determine their functions
and roles. In maize, OPAQUE11 is a central hub in endosperm
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development and nutrient metabolism[''%111 Among the
numerous TFs we have discovered, 11 belong to the bHLH
family. It is noteworthy that only Si3g08580-bHLH68 shows
differential expression at the maturity stage, however, no studies
have been reported on its regulatory mechanism at the maturity
stage of foxtail millet grain development. Our dynamic tran-
scriptome analysis of TFs enables us to identify key regulators
of seed development, and gain insights into the mechanisms
underlying grain development.

Phytohormones play an extremely crucial role in seed devel-
opment, so far, numerous plant hormone-related genes have
been identified(''2113], BR has been found to promote foxtail
millet grain development, it has been discovered that SiBZR1
and SiUBC32-SGD1-SiBRIT of the BR signaling pathway, can
regulate grain yield in foxtail millet and other gramineous
cropst3 114, These findings provide a new strategy for BR in
breeding and improving important traits in foxtail millet. In our
transcriptome data, we observed the presence of several
enzymes and TFs within the BR signaling pathway (Supplemen-
tal Fig. S8). Four BZR1 genes were detected in our study, among
which $i2g36710-SiBZR1 gene was consistent with the genetic
results reported in previous studies. The Si5g14880-SiBZR1,
Si1g03480-SiBZR1, Si3g37600-SiBZR1 genes were found to be
homologous genes of SiBZR1. Further analysis indicated that
Si1g03480-SiBZR1 and Si3g37600-SiBZR1 were strongly induced
at maturity stage, while Si5g74880-SiBZR1 was expressed
throughout grain development. Based on these findings, it can
reasonably speculate that these SiBZR1 genes may play distinct
regulatory roles in different stages of foxtail millet grain devel-
opment. What's more, our transcriptome data indicated the
preferential expression of auxin influx carriers, efflux carriers,
and auxin-response factors in early foxtail millet grain develop-
ment, specifically at the ovule and/or milk stages (Fig. 6). Genes
associated with the auxin signaling pathway may be valuable
resources for foxtail millet molecular breeding.

Starch is the main component of seeds, and its synthesis is a
complex process involving many enzymesl''5]. The activity of
key enzymes participating in converting sucrose to starch in
seeds was shown to regulate grain fillingl"'6117] In our study,
we identified several genes associated with starch and sucrose
metabolism (Fig. 7). These genes include SiSUS, SiAGPase,
SiGBSS, SiSSs, SiSBE, SiAMY, and SiBMY, which are important for
grain formation. It is important to note that the amylose
content is the main factor affecting the nutritional and eating
quality of foxtail millet!'3], Recessive mutations in the waxy (Wx)
gene, encoding granule-binding starch synthetase (GBSS), an
enzyme required for amylose synthesis, control the waxy char-
acteristic of foxtail millet grain['8119), However, the waxy gene
not only reduces amylose content but also affects the gela-
tinization, aging, adhesiveness, and physicochemical properties
of starch('29], In our study, we detected two genes in granule
binding starch synthetase (Si4g02980-GBSS and Si2g12020-
GBSS1B). Specifically, the expression levels of the Si4g02980-
GBSS gene at the milk and maturity stages were found to be
300 times and 650 times higher, respectively, compared to
earlier stages. This observation suggests that the GBSS gene is
essential for seed filling and starch accumulation. This study
also showed that the Wx gene is an important target for
domesticating of foxtail millet to improve its nutritional quality.
During foxtail millet grain development, the expression of zein
genes was highest at the milk stage, which is consistent with
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characteristics of nutrient accumulation (Fig. 8). High levels of
zein expression play a key role in endosperm hardness, but it
contains almost no essential amino acids such as lysine and
tryptophanl’2l, In maize, zein gene transcription is regulated
by 02, PBF, OHP1, OHP2, ZmMADS47, and others, among O2
having the greatest effect on a-zein gene expression!102122],
Maize and sorghum storage protein genes exist in the form of
gene clusters, which are tandem array by gene family members,
and this arrangement leads to the accumulation of storage
proteins at extremely high levelsl'23124], Our study identified a
gene cluster consisting of seven 19-KD-a-zein genes tandemly
arrayed. However, it remains unclear whether other genes are
also involved in this gene cluster. These results indicate that the
accumulation of foxtail millet storage proteins may also be
regulated by complete tandem gene clusters. Therefore, to
gain a better understanding the accumulation of foxtail millet
storage proteins, it is crucial to consider the zein gene cluster as
a whole. Zein, a seed storage protein that is specifically
expressed at the endosperm filling stage, is a representative
substance for studying storage proteins at the endosperm filling
stage. Despite the importance of zeins, their regulatory mecha-
nisms are still unclear, and further investigation is needed to
elucidate the molecular mechanisms of zeins in the endosperm.

Carotenoid and flavonoid, together as nutrients of foxtail
millet, greatly impact its beige color, and the more carotenoids,
the more yellow the beige color and the better the quality of
foxtail millet'4, SiPSY gene plays an important role in
carotenoid accumulation in foxtail millet, it was found to be up-
regulated, while the SiCCD1 gene was down-regulated, resulting
in continuous carotenoid accumulation in foxtail millet!0.1251,
Our data analysis revealed three SiPSY genes (SiPSY1/2/3), with
two genes showing the highest expression at the milk stage,
and another gene being most expressed at the dough stage.
This suggests that the SiPSY gene is expressed at different
stages of foxtail millet grain development and may have differ-
ent regulatory roles. Understanding the key genes that control
grain colour and carotenoid accumulation in foxtail millet is
crucial for breeding high-quality varieties.

Conclusions

Overall, we conducted a detailed morphological analysis of
foxtail millet grain development, defining the grain develop-
ment process, and described the characteristics of the accumu-
lation of storage products during grain development. Subse-
quently, we performed transcriptome analysis to elucidate the
dynamic mechanisms of TFs, plant hormone signaling, starch
and sugar metabolism, carotenoid metabolism, flavonoid
biosynthesis, and folate metabolism pathways during grain
development in foxtail millet. The expression of key genes
involved in important metabolic pathways during foxtail millet
grain development were investigated using RT-qPCR. It was
found that some genes exhibited high expression levels at the
early stages (ovule and milk stages), whereas others showed
high expression levels at the later stages (dough and maturity
stages). These findings suggest different genes play different
roles in grain development. The results of this study provide
valuable insights into the developmental process and molecular
mechanism of foxtail millet grain, as well as establish a strong
theoretical foundation for its improvement.
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