biomolecules

Article

Sphingosine Promotes Embryo Biomass in Upland Cotton:
A Biochemical and Transcriptomic Analysis

Li Wang 209, Xiaodong Suo 3, Yujie Liu 12, Chen Liu * and Ming Luo 1-3*

check for

updates
Citation: Wang, L.; Suo, X.; Liu, Y,;
Liu, C.; Luo, M. Sphingosine
Promotes Embryo Biomass in Upland
Cotton: A Biochemical and
Transcriptomic Analysis. Biomolecules
2021, 11, 525. https:/ /doi.org/
10.3390/biom11040525

Academic Editor: Jiirg Bahler

Received: 15 February 2021
Accepted: 29 March 2021
Published: 1 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Zhengzhou Research Base, State Key Laboratory of Cotton Biology, Zhengzhou University,

Zhengzhou 450001, China; wangli07-2@163.com (L.W.); liuyujie19@126.com (Y.L.); liuchen_lc@163.com (C.L.)
State Key Laboratory of Cotton Biology, Institute of Cotton Research,

Chinese Academy of Agricultural Sciences, Anyang 455000, China

Key Laboratory of Biotechnology and Crop Quality Improvement of Ministry of Agriculture,
Biotechnology Research Center, Southwest University, Chongqing 400716, China; sxd18883770582@163.com
*  Correspondence: luomingyuan@swu.edu.cn; Tel.: +86-023-68250042

Abstract: Sphingolipids are essential membrane components and signal molecules, but their reg-
ulatory role in cotton embryo growth is largely unclear. In this study, we evaluated the effects of
treatment with the sphingolipid synthesis inhibitor fumonisin B1 (FB1), the serine palmityl trans-
ferase (SPT) inhibitor myriocin, the SPT sphingolipid product DHS (d18:0 dihydrosphingosine), and
the post-hydroxylation DHS product PHS (t18:0 phytosphingosine) on embryo growth in culture, and
performed comparative transcriptomic analysis on control and PHS-treated samples. We found that
FB1 could inhibit cotton embryo development. At the five-day ovule/embryo developmental stage,
PHS was the most abundant sphingolipid. An SPT enzyme inhibitor reduced the fresh weight of
embryos, while PHS had the opposite effect. The transcriptomic analysis identified 2769 differentially
expressed genes (1983 upregulated and 786 downregulated) in the PHS samples. A large number of
transcription factors were highly upregulated, such as zinc finger, MYB, NAC, bHLH, WRKY, MADS,
and GRF in PHS-treated samples compared to controls. The lipid metabolism and plant hormone
(auxin, brassinosteroid, and zeatin) related genes were also altered. Our findings provide target
metabolites and genes for cotton seed improvement.
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1. Introduction

Crop seeds are not only an important source of human food, animal feed, and indus-
trial raw materials, but are also the starting point for plant growth and development, organ
yield, quality, and environmental adaptability. Cotton is not only the most important fiber
crop, but also an important oil crop, and cottonseed meal also contains many types of high
quality proteins. Seed weight is an important crop trait, and is regulated by many genetic
factors. Seed size varies considerably among different plant species. It is also regulated by
both endogenous signals and developmental conditions within any one species. Therefore,
the molecular regulation mechanism of seed formation is a very important developmental
biology issue. Cotton seeds, which develop from fertilized embryos, are not only reproduc-
tive organs, but also have important economic value. However, the development of cotton
embryos remains poorly understood.

Lipid rafts are microregions containing special lipids and proteins, located in the
membrane lipid bilayer, and are mainly composed of sphingolipids, sterols, and proteins [1].
Lipid rafts are considered to be an important part of biomembrane, and contain many of
the components responsible for biomembrane properties [2]. Sphingolipids, not only as
membrane components, but also as signal molecules, play an important role in various
plant life processes. The functions of sphingolipids in plants have been gradually revealed
by studies of Arabidopsis gene mutations related to sphingolipid synthesis and metabolism.
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For example, in the sbh1/sbh2 mutant, t18:0 (phytosphingosine, PHS) cannot be detected,
but d18:0 (dihydrosphingosine, DHS) and d18:1 accumulate heavily. This double mutant
is a dwarf, with inhibited cell elongation and division, and constitutionally up-regulated
hypersensitivity and programmed cell death-related genes [3]. In sld1/sld2 mutants, A8
desaturation of the component long-chain bases (LCBs) is undetectable, which produces
no significant phenotypic change under normal conditions, but the rates of yellowing and
apoptosis are faster at low temperatures (0 °C) [4]. The mutation loh1/loh3 is lethal, resulting
in substantial accumulation of long-chain sphingolipids and reduction of very-long-acyl-
chain sphingolipids [5]. These studies reveal that plant sphingolipids are functionally
complex in plant growth and development.

In a previous study, a total of 95 sphingolipids were detected in cotton fibers and em-
bryos from in vitro ovule culture, including six major categories of sphingolipids, namely,
LCB, LCB-1-phosphates (LCB-1P), ceramides (Cer), hydroxyceramides (hCer), glucosyl-
ceramides (GluCer), and glycosyl inositol phosphoceramides (GIPC) [6]. In cotton fibers
and embryos treated with the sphingolipid synthesis inhibitor fumonisin B1 (FB1), most
simple sphingolipids were significantly increased, while most complex sphingolipids were
significantly decreased. Moreover, FB1 leads to severe impairment of fiber elongation [6].
In this study, we aimed to increase understanding of the impact of sphingolipids in em-
bryo development, hypothesizing that they were significant factors. We found that FB1
could block cotton embryo growth. We determined the sphingolipid content of cotton
ovules/embryos at different developmental stages and found that PHS was the most
abundant sphingolipid. PHS is the hydroxylated product of DHS [7]. The serine palmityl
transferase (SPT) is responsible for de novo synthesis of DHS [7]. Therefore, we selected
SPT inhibitor myriocin and PHS to further elucidate the function of sphingosine in embryo
development. Myriocin was found to inhibit embryo growth, while PHS increased embryo
fresh weight. Furthermore, we performed transcriptomic analysis of embryos treated with
PHS to identify relevant key biological pathways in cotton embryo growth. Our results
provide new insights into the regulatory mechanisms behind cotton embryo growth.

2. Materials and Methods
2.1. Cotton Materials and In Vitro Ovule Culture

The upland cotton variety Gossypium hirsutum L. acc. TM-1 used in this study was
grown in the field in Zhengzhou, Henan Province. Cotton bolls tagged and dated at
anthesis were collected two days post-anthesis (DPA) and sterilized with mercuric chloride
(0.1% aqueous solution). The sterilized embryos were incubated in Beasley and Ting's
medium [8] at 32 °C in the dark for either 5 days or 10 days. Within each duration
group, one of the following was added to each culture container: FB1 (1 uM), myriocin
(0.2 uM, 1 uM, or 2 uM), DHS (2 uM or 6 uM), or PHS (2 uM, 6 puM, or 20 pM). They
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and first dissolved in DMSO
(Amresco, Washington, DC, USA), and the final concentration of DMSO in the medium was
0.2% (v/v). Six uM PHS-treated and control samples cultured for 10 days were collected
for RNA extraction.

2.2. Lipid Extraction and Lipidomics

Ovules/embryos (without fiber) collected from cotton bolls at anthesis and after 5, 10,
15, and 20 days of development were placed in liquid nitrogen and kept at —80 °C. After
sample collection was completed, lipid extraction and lipidomic analysis were performed
by the Lipidall Technologies Company Limited (http://www.lipidall.com/, accessed on
22 June 2019), as described previously [6,9-11].

2.3. RNA-Sequencing (RNA-seq)

Total RNA from control and PHS samples was extracted using the RNAprep Pure
Plant Kit (Tiangen, Beijing, China) according to the manufacturer’s protocol. RNA quality
was measured using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
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USA) and RNase-free agarose gel electrophoresis. Libraries were prepared using the
NEB Next® Ultra™ RNA Library Prep Kit for Illumina® (#£7530L; New England Biolabs,
Ipswich, MA, USA) according to the manufacturer’s protocol. Briefly, enrichment of mRNA
was carried out using Oligo (dT) beads. The mRNA was broken into short fragments after
total RNA extraction, and then reverse transcribed into cDNA using random primers.
Second-strand cDNA was synthesized using DNA polymerase I, RNase H, dNTP, and
buffer. The cDNA fragments were then purified with a QIAquick PCR Extraction Kit
(Qiagen, Venlo, The Netherlands). Finally, they were end-repaired, an A base was added,
and the resulting fragments were ligated to Illumina (San Diego, CA, USA) sequencing
adapters. The ligation products were size selected by agarose gel electrophoresis, amplified
by PCR, and sequenced using the Illumina Novaseq6000 by Gene Denovo Biotechnology
Co. (Guangzhou, China). RNA-Seq analyses were performed on three independent
biological replicates.

2.4. Bioinformatic Analysis

Reads obtained from the sequencing machines were filtered by fastp (version 0.18.0)
to remove raw reads containing adapters or low-quality bases and obtain high-quality
clean reads [12]. Reads were mapped to the ribosome RNA database using the short reads
alignment tool Bowtie2 (version 2.2.8) [13] and then removed to generate clean reads for
assembly and gene abundance calculation.

HISAT?2. 2.4 [14] with “-rna-strandness RF” was used to map paired-end clean reads
to the reference Gossypium hirsutum L. acc. TM-1 genome, which is available at http:
//ibi.zju.edu.cn/cotton (accessed on 10 December 2020) [15]. StringTie v1.3.1 was used
to assemble the mapped reads of each sample [16,17] using a reference-based approach.
The fragment per kilobase of transcript per million mapped reads (FPKM) value was
calculated to quantify its expression abundance using RSEM [18]. DESeq2 was used for
RNA differential expression analysis between control and PHS samples [19]. Genes with
a false discovery rate (FDR) < 0.05 and absolute fold change >2 were considered to be
significantly differentially expressed genes.

The Gene Ontology (GO) database [20] was used to analyze the biological significance
and assess the functionality of genes differentially expressed between control and PHS
samples. GO has three ontologies: Molecular function, cellular component, and biological
process. The basic unit of GO is GO-term. Each GO-term belongs to a type of ontology. GO
enrichment analysis provides all GO terms that significantly enriched in DEGs comparing
to the genome background, and filter the DEGs that correspond to biological functions.
Firstly, all DEGs were mapped to GO terms in the Gene Ontology database (http://www.
geneontology.org/, accessed on 15 December 2020), gene numbers were calculated for
every term, significantly enriched GO terms in DEGs comparing to the genome background
were defined by hypergeometric test. The calculating formula of p-value is:

(D)

m—1
P=1- 1
EO N 1
n

Here, N is the number of all genes with GO annotation; # is the number of DEGs in N;
M is the number of all genes that are annotated to the certain GO terms; m is the number of
DEGs in M. The calculated p-value were gone through FDR Correction, taking FDR < 0.05
as a threshold. GO terms meeting this condition were defined as significantly enriched
GO terms in DEGs. This analysis was able to recognize the main biological functions that
DEGs exercise.

Biological pathways associated with DEGs were analyzed using the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway databases [21]. Pathway enrichment analysis
identified significantly enriched metabolic pathways or signal transduction pathways in
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DEGs comparing with the whole genome background. The calculating formula is the same
as that in GO analysis.
(D)
m-l\ i n—i
@

P=1-
L N
n

Here, N is the number of all genes that, with KEGG annotation, 7 is the number of
DEGs in N, M is the number of all genes annotated to specific pathways, and m is number of
DEGs in M. The calculated p-value was gone through FDR Correction, taking FDR < 0.05
as a threshold. Pathways meeting this condition were defined as significantly enriched
pathways in differentially expressed genes (DEGs).

2.5. Heat Map Drawing

RNA-seq data for the DEGs identified above were used for heat map analysis. The
FPKM (fragments per kilobase of transcript per million fragments mapped) values of
differentially expressed genes related to transcription factors, lipid metabolism, and plant
hormones between control and PHS samples were visualized with heat-maps generated by
v3.5.1 of R (https://CRAN.Rproject.org/package=pheatmap, accessed on 7 June 2020). All
the pictures in the text were sheared by adobe photoshop CS6 software and then plotted to
figures using adobe illustrator CS6.

2.6. Semi-Quantitative PCR

First-strand cDNAs were synthesized using the Prime Script™ RT Reagent Kit with
gDNA Eraser (Takara, Kyoto, Japan). Semi-quantitative PCR reactions were performed
using 2xTaq Plus Master Mix (Dye Plus) (Vazyme, Nanjing, China). The PCR conditions
were as described previously [6]. Three biological repetitions were performed. The specific
primers for the selected genes and the internal control (Gossypium hirsutum polyubiquitin
protein gene, Gbp) are listed in Table S1.

3. Results
3.1. Sphingolipid Synthesis Inhibitor Reduced Cotton Embryo Biomass

In this study, we observed that FB1 reduced embryo fresh weight largely by an in vitro
cotton ovule culture system (Figure 1A). We measured the fresh weight of embryos cultured
for 10 days and found that the fresh weight of embryos cultured on medium with FB1
were reduced by 31% compared to that of the control (Figure 1B). The results indicated that
sphingolipid homeostasis plays an important role in embryo growth.
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Figure 1. Sphingolipid synthesis inhibitor inhibited cotton embryo growth. (A) Phenotype of 2 DPA
embryo before treatment and FB1 treated embryos after 10 days of in vitro culture. Scale bars = 1 cm.
(B) Fresh weight of FB1-treated cultured embryos after 10 days. Values represent means =+ SD (1 = 30).
** indicates p < 0.01.
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3.2. Sphingosine Is the Main Sphingolipid Component in Upland Cotton Ovules/Embryos

We determined the ovule/embryo sphingolipid content at five developmental stages
by liquid chromatography and mass spectrometry. Six major categories of sphingolipids
were detected in the cotton ovules/embryos, including LCB, LCB-1P, Cer, hCer, GluCer,
and GIPC (Table S2). We found that the sphingolipid content in ovules/embryos gradually
reduced as the ovules/embryos developed, from 0.02328 umol/g in ovules at 0 DPA to
0.00714 pmol/g in embryos at 20 DPA, a decrease of 69.30% (Figure 2A). Among the six
major categories of sphingolipids, LCB was the most abundant at the first four devel-
opmental stages, accounting for more than 39% of the sphingolipids present (Figure 2B).
Three sphingosine molecules (LCB t18:1, t18:0 [PHS], and d18:1) were detected in cot-
ton ovules/embryos (Figure 2C). Among them, LCB t18:0 was most abundant at five
developmental stages (Figure 2C). These results indicate that sphingosine is the main
sphingolipid component in cotton ovules/embryos and may play important roles in
ovule/embryo growth.
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Figure 2. Sphingolipid composition in field-grown upland cotton ovules/embryos at different devel-
opmental stages. (A) The total content of six major sphingolipid categories in cotton ovules/embryos
at five different developmental stages. (B) Percentages of the six major categories of sphingolipids
in cotton ovules/embryos at different developmental stages. (C) Individual sphingosine content
of cotton ovules/embryos at different developmental stages. LCB, long chain base; LCB-1P, LCB-1-
phosphates; Cer, ceramides; hCer, hydroxyceramides; GluCer, glucosylceramides; GIPC, glycosyl
inositol phosphoceramides. O-0 indicates ovules at anthesis. E-5, E-10, E-15, and E-20 indicate
embryos 5, 10, 15, and 20 days post anthesis, respectively. Values represent means 4 SD (1 = 3).

3.3. SPT Enzyme Inhibitor Reduced Cotton Embryo Biomass

We treated embryos with three myriocin concentrations (0.2 uM, 1 uM, and 2 uM),
and found that myriocin inhibited embryo fresh weight in a dose-dependent manner.
Myriocin significantly inhibited embryo growth even at low concentration (0.2 pM); at
a dose of 2 um, the fresh weight of treated embryos was 35.0% and 47.4% lower than
that of controls, after 5 and 10 days, respectively (Figure 3). LCB d18:0 was the simplest
sphingosine and a downstream product of SPT enzyme activity, so we added DHS to
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Control

counter the inhibition of embryos by myriocin. The results showed that DHS-treated
(2 uM) embryos had significantly higher fresh weights than controls after 5 and 10 days,
at 7.4% and 20.6%, respectively (Figure 3). Moreover, at 6 pM DHS, the embryo fresh
weights after 5 and 10 days were 20.5% and 48.7% higher, respectively, compared to that of
controls (Figure 3). In addition, after 5 days, DHS restored embryo growth in the presence
of myriocin at lower concentrations (0.2 pM and 1 uM) and partly restored it at the higher
myriocin concentration (2 uM) (Figure 3). The inhibition of embryos treated with myriocin
for 10 days was only partially restored by DHS (Figure 3). These results indicated that
decreasing SPT enzyme activity could inhibit embryo growth, while exogenous DHS could
promote it.
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Figure 3. DHS (d18:0 dihydrosphingosine) partially restored the inhibitory effect of myriocin on embryo fresh weight.

(A) Phenotypic characteristics of myriocin- and DHS-treated embryos after 5 and 10 days of in vitro culture at different

concentrations. Scale bars = 1 cm. (B) Fresh weight of myriocin- and DHS-treated embryos after 5 days (upper panel) and

10 days (lower panel) at different concentrations. Values represent means + SD (n = 24). Different letters above the bars

indicate significant differences at the p = 0.05 level.

3.4. PHS Promoted Cotton Embryo Biomass

Although DHS could promote cotton embryo growth, it was not detected in substantial
amounts at the different ovule/embryo development periods (Figure 2). PHS was the most
abundant type of sphingolipid in ovules/embryos and is a direct product of DHS after
hydroxylation; we therefore added PHS to in vitro ovule culture and observed embryo
changes. The fresh weight of 2 pM PHS-treated embryos after 5 days did not differ
significantly from controls, while high concentrations of PHS (6 pM and 20 pM) resulted in
40.3% and 42.0% higher embryo weights, respectively, compared to the control (Figure 4).
After 10 days, PHS treatments of 2, 6, and 20 uM produced 47.9%, 93.5%, and 102.1%
higher weights, respectively, compared to controls (Figure 4). These results showed that
PHS could promote cotton embryo biomass in vitro.
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Figure 4. PHS (t18:0, phytosphingosine) increased embryo fresh weight. (A) Phenotype of PHS
treated embryos after 5 and 10 days at different concentrations. Scale bars = 1 cm. (B) Fresh weight
of PHS-treated embryos after 5 and 10 days at different concentrations. Values represent means + SD
(n > 24). Different letters above the bars indicate significant differences at the p = 0.05 level.

3.5. Transcriptomic Analysis of Embryos Treated with PHS

To further explore the molecular mechanisms of PHS regulation of cotton embryo
growth, we constructed six cDNA libraries using embryos treated for 10 days with 6 uM
PHS for transcriptomic analysis. After sequencing the cDNA libraries, the number of
clean reads per library ranged from 44,041,734 to 53,753,302, and over 96.97% of the
reads mapped to the upland cotton genome. The percentage with a sequencing quality
score > Q30 was at least 93.10%, and the average GC content of the six libraries was
44.34%. These data indicated that the generated reads were of high quality, suitable
for differential gene expression analysis. Raw transcriptomic data can be available at
SRA database (https://www.ncbi.nlm.nih.gov/sra/PRJNA714828, accessed on 17 March
2021). There were 1983 upregulated and 786 downregulated differentially expressed
genes (DEGs) between the control and PHS samples (Table S3). In the top 100 DEGs
(FDR < 2.1 x 10~%), there were 64 upregulated genes and 36 downregulated genes in the
PHS samples (Table S3).

The DEGs were associated with three GO categories (biological process, cellular
component, and molecular function). The top 20 GO enrichments included 11 biologi-
cal processes, 6 molecular functions, and 3 cellular component elements (Table 54). In
the biological process category, the most predominant were cell wall macromolecule,
cell wall polysaccharide, and hemicellulose metabolic processes. Among the molecular
function categories, the most enriched functions among the DEGs were tetrapyrrole bind-
ing, monooxygenase activity, and oxidoreductase activity. The cellular component GO
terms were those for intrinsic membrane components, membrane parts, and membranes
(Figure 5A).

The biological pathways incorporating the genes of interest were identified using
KEGG analysis. A total of 16,134 unigenes and 562 DEGs were grouped into 121 known
pathways, divided into five categories (Table S5). The top 20 KEGG pathways are shown in
Figure 5B; a large number of DEGs were involved in metabolic pathways (252 DEGs, 44.8%),
including those for lipids, amino acids, carbohydrates, and terpenoids and polyketides, as
well as that for biosynthesis of other secondary metabolites (Figure 5B). Two important
signal transduction pathways, those for plant hormone signal transduction (50 DEGs, 8.9%)
and plant MAPK signaling (29 DEGs, 5.2%) were also significantly enriched (Figure 5B).


https://www.ncbi.nlm.nih.gov/sra/PRJNA714828

Biomolecules 2021, 11, 525

8 of 16

A 1D Descrption
GO:0044036 cell wall macromolecule metabolic process
30 GO0:0010383 cell wall polysaccharide metabolic process
GO:0010410 hemicellulose metabolic process
G0O:0045491 xylan metabolic process
GO:0071554 cell wall organization or biogenesis
GO0:0042546 cell wall biogenesis
20 GO:0009832 plant type cell wall biogenesis
E GO:0009698 phenylpropanoid metabolic process
é’, GO:0009699 phenylp id biosynthetic p
% GO:0071669 plant—type cell wall organization or biogenesis
75 GO:0010087 phloem or xylem histogenesis
10 GO:0031224 intrinsic component of membrane
GO:0044425 membrane part
GO0:0016020 membrane
G0:0046906 tetrapyrrole binding
GO:0004497 monooxygenase activity
GO:0016491 oxidoreductase activity
0 GO:0005215 transporter activity
-1.0 05 § gé((])re 05 1.0 GO0016713 oxidoreductase activity, acting on paired donors, with

incorporation or reduction of molecular oxygen, reduced...
Categroy - Cellular Component * Biological Process

Molceular lFunction G0:0022857 transmembrane transporter activity
B D Descrption
k000940 Phenylpropanoid biosynthesis
15 ko00073 Cutin, suberine and wax biosynthesis
koO1110 Biosynthesis of secondary metabolites
k000909 Sesquiterpenoid and triterpenoid biosynthesis
ko00908 Zeatin biosynthesis
ko00480 Glutathione metabolism
10 ko01100 Metabolic pathways
g ko00071 Fally acid degradation
g ko00941 Flavonoid biosynthesis
= ko00905 Brassinosteroid biosynthesis
Eb ko00561 Glycerolipid metabolism
3 k000330 Arginine and proline metabolism
ko00410 beta—Alanine metabolism
ko00052 Galactose metabolism
ko00590 Arachidonic acid metabolism
0 " ‘ i000062 Tatty acid elongation
002010 ABC transporters
! | | | | ko04075 Plant hormone signal transduction
Tl 0.5 UL, 0.5 10 "ko04016 MAPK signaling pathway — plant
KEGGA Class Metabolism - Cellular Processes eprganismal Systems 504626 Plant-pathogen interaction

Genetic Information Processing

Figure 5. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses of control and PHS (t18:0, phytosphingosine) samples. (A,B) The bubble chart of GO (A)
and KEGG (B) enrichment categories (left panel) and the top 20 GO (A) and KEGG (B) enrichment
categories (right panel) in the control and PHS-treated samples. In the bubble chart, the ordinate
axes indicate log10 (Q value), and the abscissa axes indicate z-score (the proportion of the difference
between the number of up-regulated and down-regulated genes in the total number of DEGs), the
bubble sizes mean the difference between the number of up-regulated and down-regulated genes,
and the yellow line represents the threshold value of Q value = 0.05. On the right is a list of the
top 20 enrichments with Q values. Different colors represent different category or A class and
plot separately.

3.6. The DEGs of TFs Treated by PHS

Numerous studies have indicated that transcription factors (TFs) participate in plant
seed development [22-27]. We found that zinc finger, MYB, ERF, NAC, bHLH, and WRKY
were the top six TF families related to embryo growth regulated by PHS, with 46, 46, 29,
29, 16, and 14 member genes present, respectively (Figure 6, Table S3). Among those
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TFs, identified as differentially expressed, most were upregulated in the PHS samples
compared to controls, and the proportions (the percentage of the number of up-regulated
TFs to the total number of TFs) were 89.1% (zinc finger), 82.6% (MYB), 72.4% (ERF), 89.7%
(NAC), 75.0% (bHLH), and 64.3% (WRKY) (Figure 6). Furthermore, 10 LBD, 9 BLH, 9 MADS,
7 GATA, 5 ORG, 5 NFYA, 5 DIVARICATA, 5 TCP, 4 GRF, and 4 trihelix TFs were also
identified. Of these 63 TFs, only 4 LBD and 1 GATA were downregulated, while other TFs
were upregulated (Figure S1).
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Figure 6. Heat map of differential expression of transcription factors in the control and PHS (18:0, phytosphingosine)-treated
samples cultured for 10 days. (A) Zinc finger. (B) MYB. (C) bHLH and ERF. (D) WRKY and NAC.

3.7. The DEGs Related to Lipid Metabolism Treated by PHS

Lipids are the main nutrient component of seeds and seed weight is closely related
to lipid metabolism [28]. We found that 70 DEGs related to lipid metabolism were al-
tered. Among these genes, there were 26 genes involved in sphingolipid metabolism
(2 SBHs, 2 TSCs, 1 GBA, and 1 BGAL), steroid biosynthesis (3 SQEs), fatty acid biosynthesis
and elongation (1 SDR, 4 KCSs, 1 ABHD, and 1 KCR), alpha-linolenic acid and linolenic
acid metabolism (1 AOS, 2 ADHs, 1 LOX and 1 CYP77), arachidonic acid metabolism
(1 GGT, 1 LKHA, and 2 CYP72s) and synthesis and degradation of ketone bodies (1 HMGS)
(Figure 7A). 24 genes were associated with cutin, suberine, and wax biosynthesis (10 CYP86s,
1 CYP94, 6 HHTs, 3 FARs, 3 CERs, and 1 HTH) (Figure 7B). Another 22 genes were involved
in glycerolipid and glycerophospholipid metabolism (5 PLDDELTAs, 6 GPATs, 3 DGAT,
2 MGDs, 2 ALDHs, 1 GDPD, 1PDAT, 1 DDB_G0269086, and 1 DGK) (Figure 7C). Of those
genes, only 14 were downregulated. Most DEGs related to sphingolipid metabolism were
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downregulated, while almost all DEGs related to cutin, suberine, and wax biosynthesis
(except 1 HTH) were upregulated.
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Figure 7. Heat map of differential expression genes (DEGs) related to lipid metabolism in the
control and PHS (t18:0, phytosphingosine)-treated samples cultured for 10 days. (A) DEGs related to
sphingolipid metabolism, steroid biosynthesis, fatty acid biosynthesis and elongation, alpha-linolenic
acid and linolenic acid metabolism, arachidonic acid metabolism, and synthesis and degradation
of ketone bodies. (B) DEGs related to cutin, suberine, and wax biosynthesis. (C) DEGs related to
glycerolipid and glycerophospholipid metabolism.

3.8. The DEGs Related to Plant Hormones Treated by PHS

Auxin regulates many of the processes of plant growth and development, and plays
an important role in seed development. In this study, auxin-related gene expression
was analyzed to uncover how the auxin signaling pathway was involved in PHS-related
promotion of embryo growth. In total, 23 auxin signaling pathway-related genes were
among those affected by PHS, including 4 auxin response factors (ARFs), 9 auxin-responsive
proteins (6 IAAs and 3 SAURs), 2 auxin-binding proteins (ABPs), 4 auxin transporter-like
proteins (LAXs), 2 auxin transport proteins (BIG GRAIN 1s), and 2 auxin efflux carriers
(PINs) (Figure 8A). Among these genes, all ARFs, LAXs, BIG GRAIN 1s, and most IAAs
were upregulated, while all ABPs and most SAURs were downregulated (Figure 8A).
Thereafter, we randomly selected several genes to verify their transcription levels by means
of semi-quantitative PCR. Our results showed that the transcription of each gene was
consistent with the changes detected by RNA-seq (Figure 8B).

We also found that brassinosteroid (BR) and zeatin biosynthesis and signal trans-
duction pathway genes were altered. 7 BR biosynthesis (1 CYP72, 3 CYP734s, 1 CYP85,
and 2 CYP90s) and 9 BR-responsive proteins (4 XTHs and 5 CYCDs) related genes were
identified (Figure 8C). There were 12 genes involved in zeatin biosynthesis (5 UGT73s and
7 CKXs) and 4 genes involved in zeatin signal transduction pathway (1 AHK, 1 PR, and
2 ARRs) (Figure 8D). Among DEGs related to BR, only 1 CYP72 were downregulated, while
all UGT73s and ARR:s related to zeatin were downregulated.
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Figure 8. Involvement of differentially expressed genes (DEGs) related to plant hormones in PHS
(t18:0, phytosphingosine)-related promotion of embryo growth. (A) Heat map of auxin signaling
pathway gene expression in the control and PHS-treated samples after culture for 10 days. (B) Semi-
quantitative PCR of auxin signaling pathway genes in the same control and PHS samples. DL2000
DNA marker (left). Amplified genes of interest (right). (C,D) Heat map of brassinosteroid (C)
and zeatin (D) biosynthesis and signal transduction pathway gene expression in the control and
PHS-treated samples after culture for 10 days.

4. Discussion

Sphingolipids are not only the main structural components of biomembrane, but also
important bioactive molecules that participate in various signal transduction pathways.
They play an important role in plant growth, development, and stress response [29-32].
In a previous study, we found that the sphingolipid synthesis inhibitor FB1 can seriously
interfere with cotton fiber elongation [6]. Here, we investigated whether FB1 can also affect
cotton embryo growth (Figure 1), finding that sphingolipid homeostasis does indeed play
an important role not only in cotton fiber elongation, but also in embryo growth. Although
we identified a large number of sphingolipids and proteins affected by FB1 in cotton fibers
and embryos, the functions and regulatory mechanisms of individual sphingolipids in
cotton are still unclear.

In this study, we examined sphingolipid content in ovules/embryos from field-grown
plants at different developmental stages. Concordant with the results for sphingolipids
in fibers and embryos cultured in vitro [6], LCBs were the most abundant sphingolipids
(Figure 3). In Arabidopsis seedlings, the most abundant sphingolipids are GIPCs, while
LCBs account for only a small fraction [10]. These results suggest that sphingolipid
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composition varies greatly among different species, and that LCBs may play a special role
in cotton embryo growth.

FB1 and myriocin are sphingolipid inhibitors that alter sphingolipid content [33]. FB1
results in an increase in simple sphingolipids (LCBs) and a decrease in complex sphin-
golipids in Arabidopsis [33]. This condition also occurred in FB1 treated cotton fibers and
embryos [6]. Myriocin can inhibit SPT enzyme activity and reduce LCB and GIPC con-
tent [33,34]. In this study, we found that both FB1 and myriocin can reduce the fresh weight
of cotton embryos, while LCBs (DHS and PHS) can increase it (Figures 1, 2 and 4). Al-
though FB1 can increase the LCB content, it still decreases embryo fresh weight. Therefore,
we speculate that LCBs increase cotton embryo biomass by influencing the downstream
sphingolipid content, especially that of the complex GIPC sphingolipids. Studies of Ara-
bidopsis sphingolipid-related mutants have gradually revealed the functions of some
sphingolipid synthase genes in plant development. It is possible to identify cotton sphin-
golipid synthesis genes through multiple sequence alignment. These sphingolipid synthase
proteins in cotton may have conserved functions. Future studies could investigate sph-
ingolipid function in cotton embryos and improve cotton seed traits by modifying the
expression levels of sphingolipid synthesis genes through genetic transformation.

Larger seeds provide more nutrients for seed germination and can also improve seed
resistance to environmental stress. Seed development is regulated by a complex gene
network. Given that PHS was shown to increase the fresh weight of cotton embryos, we
performed a global transcriptomic analysis in order to reveal the associated regulatory
mechanism. We identified a great number of DEGs in the control and PHS samples. In
a previous study, 20 peroxidases (PODs) were upregulated in FB1 treated cotton fibers
and embryos [6]. This study also found 25 upregulated PODs in the PHS-treated samples
(Table S3). We speculate that PODs may be activated by LCBs rather than by complex
sphingolipids. PODs play an important role in plant development [35]. LCBs may mediate
POD-based regulation of plant growth processes apart from affecting cotton seed develop-
ment, because cotton embryos became smaller under both the FB1 and myriocin treatments.

As lipid rafts contain a variety of signaling molecules, they can participate in many
signal transduction pathways. Sphingolipids, as lipid raft components, may affect raft
activity, thereby affecting signal transduction. Meanwhile, the activity of TFs is activated
or inhibited, leading to gene expression changes. We found a large number of differentially
expressed TFs, most of which were upregulated in PHS-treated samples, which could
explain why the number of upregulated genes (1983) was much higher than that of down-
regulated genes (786) in these samples. TFs are involved in every aspect of plant growth
and development, including seed development. The GS2 QTL, coding for OsGRF4 in rice,
promotes grain size by enlarging glume cells [23]. The class D genes of the MADS-box
family are crucial in regulating ovule development [22,24]. NARSL and NARS2 encode
NAC TFs that are responsible for regulating the growth and degeneration of ovule tepals
in Arabidopsis [25]. The bHLH transcription factor RGE1 gene in the endosperm plays
an important role in controlling embryo growth in Arabidopsis [36]. TTG2 and MINI3
are WRKY TFs that modulate seed size [37-39]. These important transcription factors that
regulate seed development are also present in our transcriptome data. In particular, some
of the pathways that regulate seed size were altered by PHS. For example, IKU2 encodes a
leucine-rich repeat (LRR) kinase and shares a pathway of seed development with MINI3.
We also found 19 upregulated LRR kinase genes in PHS samples (Table S3). We speculate
that the MINI3-IKU2 pathway is conserved in cotton embryo development.

Numerous studies have shown a correlation between lipid metabolism and seed size
or weight. For example, miRNA167A promotes seed size and decreases «-linolenic acid
content in Camelina sativa [40]. Silencing of GmFAD3 leads to larger seeds and reduces
linolenic acid (18:3) in soybean [41]. TT2 mutation decreases seed weight and increases
fatty acid content in Arabidopsis [42]. In this study, 70 DEGs were related to various lipid
metabolism processes, and most of them were upregulated, in particular, cutin, suberine,
and wax biosynthesis pathway. In tomato, overexpression of SIKLUH confers an increase
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in seed weight and lower expression of SIKLUH was associated with increased expression
of genes involved in lipid metabolism, including cutin synthesis and transport pathway,
and fatty acid elongation and wax biosynthesis pathway [28]. These results indicate lipid
metabolism and seed weight have a complicated relationship. In addition, we found that
4 DEGs (2 SBHs and 2 TSCs) related to sphingosine biosynthesis were downregulated. This
suggests that PHS may negatively feedback sphingosine synthesis.

Auxin response is mediated by ARF transcription factors, which transcriptionally
regulate the downstream auxin genes [43]. In Arabidopsis, arf2 mutants have larger seeds
than those of wildtype plants [43]. In Brassica napus, ARF18 acts as an inhibitor of the auxin
response and limits cell elongation to control seed size [44]. Overexpression of the [cARF19
gene in Jatropha curcas resulted in enlarged seeds in Jatropha curcas; a similar effect was
seen in Arabidopsis [45]. The auxin transport protein BIG GRAIN 1 can promote grain
size in both rice and maize [46,47]. In this study, we also identified transcript alterations
associated with the auxin signaling pathway, including auxin response, binding, and
transport, which have been reported to be involved in seed development. Among them,
4 ARFs and 2 BIG GRAIN 1s were upregulated in PHS-treated samples. Several studies have
shown that brassinosteroid (BR) related genes are closely related to seed weight. DWF4,
encoding a cytochrome P450 enzyme (CYP90B1), increases seed weight in Arabidopsis [48],
rice [49], and Brassica napus [50]. D-type cyclins (CYCD) are promotes cell division and the
expression of CYCD3 could be induced by BR in Arabidopsis [51]. Activation of CYCD7;1
leads to larger seeds in Arabidopsis [52]. Here, we found 6 CYPs related to BR biosynthesis
and 5 CYCDs involved in the BR signal transduction pathway were upregulated in PHS-
treated samples. PHS may mediate cotton embryo development through these genes;
future study of their functions may support improvement of cotton seed traits.

5. Conclusions

Our results reveal important sphingolipid molecules and gene regulatory networks
involved in cotton embryo growth. Both the sphingolipid synthesis inhibitor FB1 and the
SPT enzyme inhibitor myriocin can reduce cotton embryo fresh weight. PHS were the
most abundant sphingolipids at different developmental stages of cotton ovules/embryos
and increased embryo fresh weight. These findings not only provide key metabolites
for consideration in seed improvement, but also provide a strong rationale for the use
of RNA-Seq analysis in future studies. Through the analysis of DEGs, we found that a
large number of TFs were upregulated, including WRKY, NAC, MADS-box, and GRF, all of
which have been reported to be involved in seed development. The lipid metabolism and
plant hormones (auxin, brassinosteroid, and zeatin) related genes were also altered and
most of them were upregulated. These DEGs may be targeted to improve seed biomass in
the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biom11040525/5s1, Figure S1: Heat map of differential expression of TFs in control and PHS
samples cultured 10 days; Table S1: Primer sequences for semi-quantitative PCR; Table S2: Individual
sphingolipid content of ovules/embryos at five different developmental stages; Table S3: The list of
all DEGs in control and the PHS samples; Table S4: GO analysis of all DEGs in the control and the
PHS samples; and Table S5: KEGG analysis of all DEGs in the control and the PHS samples.
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