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Cotton (Gossypium spp.) not only serves as a primary textile fiber crop but also
as a vital oilseed crop. It stands as the world’s fifth-largest oil crop and is rich
in essential fatty acids. At present, the mechanisms underlying the biosynthesis
of cottonseed oil have been extensively studied in cotton. 3-Hydroxyacyl-CoA
dehydratase (HACD) is the third rate-limiting enzyme in the elongase complex,
which plays a critical role in the biosynthesis of Very Long Chain Fatty Acids
(VLCFA). However, the members of the HACD family and their roles in cottonseed
oil remain uncharacterized in cotton. This study identified that G. arboreum and
G. raimondii have two HACD genes, while four HACD genes exists in G. hirsutum,
and G. barbadense. The phylogenetic relationships of the 12 HACD genes from
the four cotton species further divided them into two subfamilies. Gene structure
and conserved motif analysis revealed that members of the HACD family were
relatively conserved during the evolution of cotton, but members within the same
subfamily exhibited more similar structures. Homology and collinearity analysis
suggest whole-genome duplication/segmental duplication may be a key factor
in the amplification of the cotton HACD gene family. The gRT-PCR analysis of
high-oil and low-oil genotype found significant differences in the expression
levels of GhHACDI1-4, which indicates GhHACDI1-4 is expected to participate in
the lipid oil biosynthesis process. Subcellular localization experiments confirmed
the presence of the GhHACDZ2 inendoplasmic reticulum. The KEGG pathway
enrichment analysis of co-expressed genes of GhHACD1 and GhHACDZ2 genes
were conducted to confirm their potentialinvolvement in fatty acid elongation and
oil biosynthesis. Furthermore, transgenic overexpression analysis of GhHACDZ2
caused a 5.02% decrease in oil content compared with the control in yeast, while
the levels of C28:0, C30:0, and VLCFAs were significantly improved. This study
characterizes HACD gene family members in cotton and provides rich genetic
resources for increasing cottonseed oil content and improving the nutritional
value of cottonseed oil.
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1 Introduction

Cotton is an important economic crop worldwide, generally
known for producing high-quality natural fiber. It is also the world’s
fifth-largest oil crop after soybean, palm, rapeseed, and sunflower (Zia
etal.,, 2021). Cotton seeds, as important by-products of cotton, also
hold great potential and prospects as a valuable source for high-quality
feed, plant oil, and biofuels (Wu et al., 2022). The composition of fatty
acids in plant oil plays a decisive role in its nutritional value and uses
(Napier et al., 2014). Cottonseed oil accounts for 17-27% of the seed
weight (Wu et al., 2010), and is rich in fatty acids. Saturated fatty acids
such as palmitic acid (C16:0) account for 26%, stearic acid (C18:0)
accounts for 2%, and unsaturated fatty acids such as linoleic acid
(C18:2) account for 58%, and oleic acid (C18:1) accounts for 13%.
Cottonseed oil is a predominantly unsaturated plant oil with linoleic
acid as its main component. Unsaturated fatty acids play significant
roles in human health and nutrition, making cottonseed oil highly
valuable for humans (Konukan et al., 2017; Zhao et al., 2021).

Fatty acids are primarily classified based on their carbon chain
length. Short-chain fatty acids (SCFAs) contain fewer than 6 carbons;
medium-chain fatty acids (MCFAs) have 6-12 carbons; long-chain
fatty acids (LCFAs) contain 12-20 carbons; and very long-chain fatty
acids (VLCFAs) contain more than 20 carbons. Almost all plant tissues
have VLCFAs, which are essential for plant growth and play various
critical roles in plant development (Haslam and Kunst, 2013). VLCFAs
are important functional components of various lipid classes, including
cuticular lipids in the higher plant epidermis and lipid-derived second
messengers. The diversity of VLCFAs and their derivatives in the plant
kingdom is profoundly attributed to the variable acyl-chain lengths, the
degree of unsaturation, and the extent of hydroxylation each molecule
undergoes (Batsale et al., 2021). VLCFAs in different locations in an
organism have different forms of influence on various life activities. For
example, they are essential for the synthesis of membrane lipids (e.g.,
phospholipids and sphingolipids) in plant cells (Devaiah et al., 2006).
They also serve as precursors for the synthesis of cuticle waxes and
suberins (Suh et al., 2005). Furthermore, VLCFAs can accumulate in
the triacylglycerols (TAGs) of seeds, serving as stored lipids for reserve
utilization (Kunst et al, 1992). Several distinguished VLCFAs,
including, eicosapentaenoic acid (20:5), docosahexaenoic acid (22:6),
erucic acid (C22:1), and nervonic acid (C24:1), constitute invaluable
assets, offering substantial benefits to human health (Zhukov and
Popov, 2022).

In plants, the biosynthesis of VLCFAs initiates with the de novo
synthesis of C16/C18-CoA in the plastids, and then the C16/C18-CoA
is catalytically elongated into VLC-acyl-CoAs with the help of fatty
acid elongase complexes (FAE), which are located in the endoplasmic
reticulum (Bates and Browse, 2012). The FAE complex consists of four
enzymes, including 3-ketoacyl-CoA-synthase (KCS), 3-ketoacyl-CoA-
reductase (KCR), 3-hydroxyacyl-CoA-dehydratase (HACD), and
trans-2,3-enoyl-CoA-reductase (ECR). The elongation of VLCFAs
proceeds in several steps; firstly, KCS catalyzes the condensation of
acyl-CoA with malonyl-CoA to form3-ketoacyl-CoA. Then, the
3-ketoacyl-CoA is reduced to 3-hydroxyacyl-CoA by KCR enzymes.
Subsequently, HACD dehydrates the 3-hydroxyacyl-CoA to trans-2,3-
enoyl-CoA, which is eventually reduced by the fourth enzyme,
ECR. This process results in the elongation of the acyl-CoA by two
carbons. The reaction can be repeated, generating VLCFAs with
various chain lengths ranging from C20 to more (Leonard et al., 2004;
Haslam and Kunst, 2013).
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The HACD gene is the third rate-limiting enzyme in the FAE
complex and plays an indispensable role in the synthesis of VLCFAs.
Initially discovered in yeast, the HACD gene was identified as a
VLCFA dehydratase, crucial in the third step of very long-chain fatty
acid synthesis (Denic and Weissman, 2007). Through yeast mutant
phsl complementation experiments, the homolog of HACD in
Arabidopsis, known as PAS2/PTPLA, was discovered (Bach et al., 2008;
Morineau et al., 2016). Assays of Arabidopsis mutants revealed that the
loss of AtPAS2 function leads to embryo lethality, accompanied by a
decrease in VLCFA content in the cuticle wax, seed oil, and
sphingolipids (Bach et al., 2008). Another homolog of HACD in
Arabidopsis, PTPLA, inhibits fatty acid elongation, and its loss of
function in Arabidopsis increases VLCFA content (Morineau et al.,
2016). In maize (Zea mays), ZmHCD was found to complement yeast
mutants and complete VLCFA synthesis (Campbell et al., 2019). The
GhPAS2 gene has been confirmed as a VLCFA dehydratase in fiber
development of cotton, but its role in regulating fatty acid synthesis is
not yet clearly understood (Wang et al., 2015). The very-long-chain
(3R)-3-hydroxyacyl-CoA dehydratase (HACD) is involved in
regulating the fatty acid elongation pathway in fiber development by
analyzing a complex network of various RNA types, including mRNA,
miRNA, IncRNA, and circRNA (Wang et al., 2024). However, HACD
genes have not been reported to be involved in cottonseed oil and
VLCFA biosynthesis.

This study undertook a whole-genome analysis of the HACD gene
family members across four cotton species, revealing their
phylogenetic relationships, gene structures, and expression patterns
in cotton. The results highlighted the important regulatory role of the
GhHACD?2 gene in the synthesis of VLCFAs and lipids by heterologous
expression of GRHACD?2 in Saccharomyces cerevisiae. The research
results provide new insights into the functional characterization of
HACD genes in fatty acid biosynthesis in cotton.

2 Materials and methods
2.1 Plant material

Using G. hirsutum high-oil genotype (N0409, oil content 24.24%)
and low-oil genotype (N6940, oil content 15.28%), the experiment was
conducted in 2022 at the experimental station of the Cotton Research
Institute of the Chinese Academy of Agricultural Sciences in Anyang,
Henan, China. Samples were taken from the ovules at seven
developmental stages (0, 5, 10, 15, 20, 25, and 30 days post-anthesis,
DPA) after flowering in cotton. Each sample had three biological
replicates. The freshly harvested samples were immediately placed in
liquid nitrogen and stored at —80°C.

2.2 Identification and physiochemical
properties analysis of HACD gene family
members

The gene annotation GFF3 and genome files of G. arboreum
(HAU), G. raimondii (HAU), G. hirsutum (ZJU), and G. barbadense
(ZJU) were retrieved from the Cotton Functional Genomics Database
(CottonMD, http://yanglab.hzau.edu.cn/CottonMD/) (Yang et al,
2023c¢). The HACD protein sequences of Arabidopsis were obtained
from the Arabidopsis Information Resource (TAIR, http://www.
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arabidopsis.org) database (Bano et al., 2021b). The HACD protein
sequences of Glycine max and Brassica napus were obtained from the
Soybean Genome Database (SoyBase, https://www.soybase.org/) and
the Brassica Database (BRAD, http://www.brassicadb.cn/), respectively.

The protein sequences of the HACD genes AT5G10480 and
AT5G59770 in Arabidopsis thaliana were used as reference sequences
to search for HACD genes in cotton. The target files were aligned and
searched using the local BLASTP (the e value<10~ and identity
match >50%) and TBtools software, resulting in the identification of
candidate HACD genes in four cotton species (Chen et al., 2020; Bano
et al.,, 2023). The identified HACD genes were further confirmed by
NCBI Batch-CDD' search and SMART? search for the presence of a
conserved PTPLA protein structural domain (Letunic et al., 2021).
The physicochemical properties of the HACD protein were analyzed
using the online tool ExPASyProtParam (https://web.expasy.org/
protparam/; Chattha et al., 2020).

2.3 Construction of a phylogenetic tree of
HACD family genes

The candidate HACD protein sequences from G. arboreum,
G. raimondii, G. hirsutum, G. barbadense, Arabidopsis thaliana, Glycine
max, and Brassica napus were aligned using the ClustalW tool (Kumar
et al, 2016). The best phylogenetic tree of all HACD proteins was
constructed using MEGA11, which using a neighbor-joining [NJ,
bootstrap with 1,000 replicates and Jones-Taylor-Thornton (JTT)
model] (Hall, 2013; Bano et al., 2021a). The constructed phylogenetic
tree was visualized with the online iTOL tool.?

2.4 Conserved motifs, conserved domain,
and gene structure analysis of HACD family
genes

The MEME Suite* was used to predict motifs in the HACD family
members of four cotton varieties (Shafqat et al., 2021). The motif
parameter was set to 10, while the other parameters were kept at their
default values (Hall, 2013). TBtools was used to visualize the gene
structure, protein motifs, and conserved domains of the HACD
family members.

2.5 Chromosomal locations and gene
replication analysis of HACD genes

CottonMD genome annotation files and TBtools were used to
visualize the chromosomal distribution of HACD genes in four cotton
species. Multiple Collinearity Scan toolkit (MCScanX) was used to
analyze gene duplication events and collinearity between four cotton
species, as well as between diploid and tetraploid cotton species (Wang
et al,, 2012). Non-synonymous mutation rate (Ka), synonymous

1 https://www.ncbi.nlm.nih.gov/cdd/
2 http://smart.embl-heidelberG.de/
3 https://itol.embl.de/
4

https://meme-suite.org/meme/tools/meme;
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mutation rate (Ks), and Ka/Ks value of selection pressure were
calculated using TBtools software. The haplotype distribution
frequency of GRHACD in different cotton subgroups was obtained
through CottonMD.?

2.6 Cis-element analysis of HACD family
genes

Using the TBtools software, 2kb promoter sequences upstream of
the HACD gene transcription start sites in the genomes of four cotton
species were extracted from the genomic database. Then, the retrieved
sequences were analyzed for cis-elements using the PlantCARE
website.® After filtering and removing redundant information, the
TBtools Simple BioSequence Viewer function was used to complete
the visualization analysis.

2.7 Different tissue-specific expression
analysis of the GhHACD

The transcriptional data from different tissues, including epicalys,
leaf, petal, pistil, root, sepal, stem, torus, fiber (25 DPA), and at
different developmental stages of ovule (0, 1, 3, 5, 10, and 20 DPA),
were obtained from the COTTONOMICS website’ for conducting
expression analysis of GRHACD gene.

2.8 RNA extraction and real-time
fluorescence quantitative PCR analysis

Following the grinding of the fresh samples, the FastPure Plant
Total RNA Kit (Nanjing Vazyme Biotech. Co., Ltd.) was used to extract
total RNA from cotton seeds and other tissues. The quality and
quantity of RNA were then detected using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific) (OD260/0D280). Next,
the RNA was reverse transcribed into first-strand cDNA using the
HiScript ITI Q RT SuperMix for qPCR kit (Vazyme Biotech Co., Ltd.).
Specific primers for the gene were designed using SnapGene software
(Supplementary Table S1). The ChamQ Universal SYBR qPCR Master
Mix kit (Vazyme) was used for real-time fluorescence quantitative
PCR, with the internal control reference being HISTONE3
(AF024716). The data were processed with the 274" method, with
three biological replicates set for each sample.

2.9 Co-expression genes and metabolic
pathway analysis of negatively and
positively co-expressed genes with
GhHACD1 and GhHACD2

Performing Weighted Gene Co-expression Network Analysis
(WGCNA) using transcriptomes from five developmental stages (0, 5,

5 http://yanglab.hzau.edu.cn/CottonMD/
6 http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

7 http://cotton.zju.edu.cn/
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10, 20, and 30 DPA) of embryo tissues from high-oil (3,008) and
low-oil (3,012) genotype (Song et al., 2022). The co-expression
network of GRHACDI and GhHACD2 genes was analyzed using
WGCNA with 49,661 genes. Among which, 16,828 genes were
obtained and classified into MEturquoise modules (Song et al., 2022).
Performing KEGG pathway analysis in MEturgugise modules genes
using GENE DENOVO.*

2.10 Subcellular localization of GhWHACD?2

The 35S-YFP subcellularly localized expression vector was
constructed using the cDNA mixture from TM-1 as a template. The
primer pairs GRHACD2-YFP-F (5-GGGGACAAGTTTGTACAAAA
AAGCAGGCTTAATGTCTCACCTGCTGAAGCT-3) and
GhHACD2-YFP-R(5"-GGGGACCACTTT GTACAAGAAAGCTG
GG TAAATTTTCT TCTTCTTGTGGT-3’) were designed as per the
reference genome TM-1. The recombinant plasmid p35S-
GhHACD2-YFP was transformed into the Agrobacterium tumefaciens
strain (GV3101). The bacterial liquid containing the target plasmid
was then introduced into N. benthamiana leaves, and the YFP signal
was observed through confocal laser scanning microscopy.

2.11 Construction of the GhHACDZ yeast
expression vector and yeast transformation

Using the cDNA mixture from TM-1 as a template, the primer
pairs GhHACD2-HindIII-F (5-TAATACGACT CACTATAGGG
ATGTCTCACCTGCTGAAGCT-3") and GhHACD2-BamHI-R
(5-GTGACATAACTAATTACATGATGTCAAATTTTCTTCTTCT
TGT-3") were designed as per the reference genome TM-1. The PCR
product was inserted between the HindIII and BamHI sites of the
PYES2 yeast expression vector. The recombinant plasmid pYES2-
GhHACD?2 was then transferred into the Saccharomyces cerevisiae
(INVSc1) using the PEG/LiAc transformation technique (Ma et al,
2019). The INVScl strain containing the empty vector pYES2 served
as a negative control (CK). Galactose and raffinose were added to the
culture medium to induce transgenic yeast for gene expression. The
obtained yeast cells were centrifuged and freeze-dried in a vacuum
freeze dryer (Christ® Alpha I-5; Martin Christ).

2.12 Gas chromatographic analysis of fatty
acid composition

The freeze-dried yeast cells were ground into powder, and each
sample was arranged with three biological replicates. These samples
were used for preparing fatty acid methyl esters (FAME), and the fatty
acid composition was analyzed using a gas chromatograph Nexis
GC-2030 (Shimadzu Corporation, Kyoto, Japan) (Xin et al., 2022).
Quantitative analysis was performed based on the peak area of the
internal standard C17:0 and the retention time of the fatty
acid standards.

8 https://www.genedenovo.com/
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3 Results

3.1 Identification of members of the HACD
gene family

In a comprehensive analysis across four cotton species, 12 HACD
genes were successfully identified. Specifically, two HACD genes were
identified in the diploid cotton species G. arboreum and G. raimondii,
respectively. The four HACD genes were renamed GaHACDI,
GaHACD2, GrHACD1, and GrHACD?2, respectively. In the tetraploid
cotton species G. hirsutum and G. barbadense, four HACD genes were
identified, respectively. The eight HACD genes were renamed
GhHACDI, GhHACD2, GhHACD3, GhHACD4, GbHACDI,
GbHACD2, GbHACD3, and GbHACD4, respectively. The
physicochemical properties of the HACD genes in the four cotton
species were analyzed, revealing that the protein length of cotton
HACD family members ranged from 219 to 255 aa, with a molecular
weight (MW) range of 25.24-29.55kDa and an isoelectric point (pI)
range of 9.32-9.79, indicating that they are all alkaline proteins.
Among them, GaHACDI, GrHACDI, GhHACDI, GhHACD?2,
GbHACDI, and GPHACD2 showed similar protein lengths, MW, and
pl, suggesting that they may have parallel functions in cotton (Table 1;
Supplementary Table S2).

3.2 Phylogenetic analysis of the HACD
gene family

To systematically understand the evolutionary correlation and
phylogenetic relationships of the cotton HACD gene family, protein
sequences from Arabidopsis thaliana, Brassica napus, Glycine max,
and four cotton HACDs were used to construct a phylogenetic tree
(Figure 1). As shown in Figure 1, the HACD gene family is divided
into two subgroups, A and B. AtHACD?2 is grouped with GaHACD1,
GrHACDI, GhHACDI1, GhHACD2, GbHACDI1, and GbHACD2 in
the same branch, indicating homology between the HACD genes in
this subgroup and ATHACD2. AtHACDI is grouped with
GaHACD2, GrHACD2, GhHACD3, GhHACD4, GbHACD3, and
GbHACD4 in the same branch, suggesting homology between the
HACD genes in this subgroup and AtHACDI. Each subgroup is
further subdivided into two clusters, with a closer relationship
observed between cotton and Glycine max HACD family members.
Genes within the same branch demonstrate similar evolutionary
levels and exhibit a higher degree of relatedness. Additionally, the
number of genes varies among different subgroups, signifying
significant divergence of HACD genes during the evolution
of species.

3.3 Analyses of gene structures, proteins,
and motifs of HACD genes

Analysis of the 10 conserved motifs of HACD proteins in four
cotton species was done using the MEME online tool to study the
characteristics of HACD genes (Figure 2). The conserved motifs
within subgroups A and B exhibit substantial congruity. Intriguingly,
Motif 10 was exclusively found in subgroup B. The distribution of
motifs in HACD protein members within subgroup A is completely
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TABLE 1 Characteristics of HACD genes and HACD proteins.

10.3389/fsufs.2024.1413724

Gene ID Gene name Location Start P.I. Mw (kD)  Amino acid length (aa)
Garb_01G005290 GaHACDI Chr_A01 7,423,322 7,425,947 9.55 253 219
Garb_11G024420 GaHACD2 Chr_Al1 48,017,608 48,020,683 9.73 25.49 221
Grai_02G017110 GrHACDI Chr_D02 33,819,594 33,822,828 9.57 25.43 219
Grai_11G016070 GrHACD2 Chr_D11 42,170,556 42,173,218 9.66 25.47 221
GH_A03G0493 GhHACDI1 Chr_A03 7,235,958 7,238,321 9.55 25.24 219
GH_D03G1482 GhHACD?2 Chr_D03 47,234,421 47,236,787 9.32 253 219
GH_A11G2175 GhHACD3 Chr_Al1 53,368,114 53,370,870 9.6 29.55 255
GH_D11G2259 GhHACD4 Chr_D11 30,715,002 30,717,647 9.48 26.43 230
GB_A03G0480 GbHACDI1 Chr_A03 6,971,134 6,973,583 9.55 25.24 219
GB_D03G1506 GbHACD2 Chr_D03 47,119,072 47,121,444 9.48 253 219
GB_A11G2224 GbHACD3 Chr_All 51,689,441 51,692,345 9.79 27.78 239
GB_D11G2304 GbHACD4 Chr_D11 30,844,473 30,847,121 9.48 26.56 230

consistent, while differences in Motifs 9 and 7 were observed in
GhHACD3, GhHACD4, GbHACD4, GaHACD2, GrHACD?2, and
GbHACD3 within subgroup B. It is worth noting that Motifs 1, 2, 3, 5,
6, 8, and 9 are identified in four cotton HACD proteins in both
subgroup A and subgroup B. This observation underscores their
highly conserved nature and signifies their role as conserved protein
domains of HACD.

To further explore the gene structure of HACD family members,
we analyzed their intron/exon compositions (Figure 2). As shown in
Figure 2, the exon-intron distribution pattern of HACD genes in
subgroup A is consistent in that each HACD gene contains nine exons.
The gene structures of HACD family members in subgroup B are
relatively consistent, but GRHACD4 and GbHACD4 are devoid of a
unique exon compared to the other members in subgroup B, and
GhHACD?3 lacks two exons. Conserved domain analysis of HACD
indicates that all HACD proteins contain the conserved PTPLA
domain. Overall, HACD genes exhibit high conservation during
cotton evolution, but members within the same subgroup have more
similar conserved protein regions and motif compositions. These
results not only demonstrate the feasibility of phylogenetic evolution
classification, but also suggest that they may have similar
biological functions.

3.4 Chromosomal localization and
collinearity analysis

The chromosomal localization analysis of 12 HACD genes in four
cotton species (Figure 3) was conducted. As shown in the Figure 3, in
G. arboreum, HACD genes are located on chromosomes A01 and A11;
in G. raimondii, HACD genes are located on chromosomes D02 and
D11; in G. hirsutum and G. barbadense, HACD genes are distributed
on chromosomes A03, A11, D03, and D11. The results indicate that
during the course of evolution, HACD genes are evenly dispersed in
the cotton genome (At and Dt subgenomes) without gene loss, which
may be attributed to the relatively small number of HACD gene family
members. Additionally, there is a high degree of similarity in the
number, chromosomal distribution, and structure of HACD gene
family members between the two tetraploid cotton species, G. hirsutum
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and G. barbadense, indicating a high level of conservation of HACD
genes between them.

In order to clarify the duplication and evolutionary status of the
cotton HACD genes, we conducted a gene duplication event analysis
within four cotton species. Through collinearity analysis, we observed
that in the two tetraploid cotton species, there are four pairs of
collinear gene pairs (GhHACD1/GhHACD2, GhHACD3/GhHACD4,
GbHACDI1/GbHACD?2, and GbHACD3/GbHACD4), and all eight
HACD genes contain segmental repeat sequences (Figure 4A), without
tandem repeats. Among them, there are no repeat relationships
between HACD genes in the A subgenome and D subgenome of the
diploid cotton species. In addition, the Ka/Ks ratios of all the
duplicated genes were found less than 0.5 (Table 2).

As is well known, the allotetraploid cotton species G. hirsutum and
G. barbadense originated from the hybridization of the A subgenome
(G. arboreum) and D subgenome (G. raimondii) (Hu et al., 2019).
Subsequently, we investigated the collinearity relationship between
tetraploid and diploid cotton species to further understand the
duplication of the HACD gene family among different cotton species.
In both the G. arboreum and G. raimondii genomes, we found two
pairs of collinear homologous genes of HACD in the G. hirsutum
(Figure 4B). Similarly, in the collinearity relationship between the
HACD genes in the G. barbadense and the HACD genes in G. arboreum
and G. raimondii, we also identified two homologous genes
(Figure 4B). Thus, it can be inferred that the members of the HACD
gene family are highly conserved in evolution. Additionally,
we observed chromosomal translocation in the chromosomal segment
containing the HACD genes during the process of polyploidization
from diploid to tetraploid cotton species, with chromosome A01 from
G. arboreum translocating to chromosome A03 in tetraploid cotton
species, and chromosome D02 from G. raimondii translocating to
chromosome D03 in tetraploid cotton species.

To explore the domestication selection of HACD genes in
G. hirsutum, we analyzed the distribution of HACD genes in different
G. hirsutum species and different regions (Figures 4C-F). The analysis
revealed that the GhHACDI, GhHACD3, and GhHACD4 genes
primarily had three or more haplotypes in GO and G1. Among them,
hap_0 accounted for 15.63, 62.5, and 34.48% in GO, and 22.91, 7.22,
and 40.28% in G1 for GhHACDI1, GhHACD3, and GhHACD4,
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using the neighbor-joining (NJ) method.

Phylogenetic analysis of the HACD genes in Arabidopsis, Glycine max, Brassica napus, and four cotton species. The phylogenetic tree was constructed
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respectively (Figures 4C,E,FF). GRHACD2 had two haplotypes, with
hap_0 occupying 86.67% in GO and 72.22% in G1 (Figure 4D). With
domestication progression, the proportion of hap_0 for GRHACD],
GhHACD3, and GhHACD4 increased to 80% or higher in G. hirsutum
(G3, G4, G5, and G6), exhibiting only two haplotypes predominantly
characterized by hap_0. GhHACD? existed only in hap_0 in G3, G4,
G5, and G6. These findings indicate that GAHACD have undergone
significant selection  and  share

purifying potential

functional similarities.

3.5 Promoter cis-element analysis of HACD
gene family

To further understand the potential functions of the cotton
HACD genes, we conducted a predictive analysis of cis-acting
elements within the upstream 2,000 bp promoter sequence of the
cotton HACD genes. As shown in Figure 5, the cotton HACD genes
contain various cis-acting elements, mainly including MYBHv1
binding sites, growth and development response elements, hormone
response elements, abiotic stress response elements, and light
response elements. Hormone response elements include salicylic
acid, jasmonic acid, gibberellins, auxins, and abscisic acid. Abiotic
stress response-related elements include wound response, low
temperature response, drought response, defense and stress
response, and anaerobic induction. Growth and development
response elements include diurnal rhythm control. The results
suggest that the cotton HACD genes may play important roles in
hormone and stress responses. It is noteworthy that the diurnal
rhythm control element is exclusively present in GbHACD2,
indicating that the GbPHACD2 gene may be involved in plant growth
and development.

3.6 Expression profile of GhHACD

To gain a deeper understanding of the expression patterns and
potential biological roles of the HACD genes in G. hirsutum,
we analyzed the expression patterns of GRHACD in various tissues
using publicly available RNA-seq data. As shown in Figure 6A, 12
GhHACD genes are expressed in epicalys, leaf, root, sepal, stem, torus,
ovule, and fiber of G. hirsutum, with lower expression levels in the
petal and pistil. Compared to other tissues, GRHACD genes are
expressed at higher levels during the development of cotton fiber and
ovules, indicating a potential association with cotton fiber and
ovule development.

Further analysis of GRHACD gene expression patterns during
cotton seed development in high-oil genotype (N0409) and low-oil

TABLE 2 Ka/Ks ratio of paralogous genes in HACD gene family.

Gene ID ‘ Gene ID ‘ Ka Ks ‘ Ka/Ks

GhHACDI1 GhHACD2 0.014165682 0.032297778 0.438596189
GhHACD3 GhHACD4 0.00574532 0.049862595 0.115223048
GbHACDI1 GbHACD?2 0.010121611 0.038552384 0.26254177
GbHACD3 GbHACD4 0.029580581 0.082455275 0.358746976
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genotype (N6940) at 0, 5, 10, 15, 20, 25, and 30 DPA was conducted
using qRT-PCR technology (Figure 6). As shown in the Figure 6,
during embryonic development, the expression levels of GAGHACD1
and GhHACD?2 in the high-oil genotype were lower than those in
the low-oil genotype, especially during the critical period of
cottonseed oil accumulation at 20 and 25 DPA (Figures 6B,C).
GhHACD3 and GhHACD4 genes showed significant differences in
expression at 20 DPA, with low expression in N0409 and high
expression in N6940 (Figures 6D,E). This research indicates that
the GhHACD genes may play a role in negatively regulating the
synthesis of cottonseed oil, particularly GGHACDI and GhHACD2.

3.7 Co-expression genes and pathways
analysis of GhHACD1 and GhHACDZ2 genes

The significantly differentially expressed genes (GhHACDI and
GhHACD?2) were further selected for analysis of co-expression
networks and pathways. The co-expression network of GRHACDI
and GhHACD2 genes was analyzed using WGCNA with 49,661 genes
in the transcriptome of the developing ovules from high-oil and
low-oil genotype (Song et al, 2022). The analysis revealed that
GhHACDI and GhHACD?2 were found in the MEturquoise module.
To further elucidate the underlying mechanisms governing process
of oil biosynthesis, the MEturquoise module was subjected to
functional enrichment analyses through KEGG pathway annotations
(Supplementary Figure S1). In the KEGG pathway enrichment
analysis, 16,828 genes within the MEturquoise module were found to
be associated with various metabolic pathways, with 251 genes
specifically implicated in lipid metabolism. GhHACDI and
GhHACD?2 were enriched in “Fatty acid elongation” metabolic
pathways which including 10 genes. A total of three positively and six
and GhHACD2,
respectively. Among which, including Protein-tyrosine phosphatase-
like 2C PTPLA, 3-ketoacyl-CoA synthase, alpha/beta-Hydrolases
superfamily protein, etc. (Supplementary Table S3). This analysis

negatively co-expression with GhHACDI

demonstrated that pathway enrichment analysis of co-expressed
genes of GRHACDI1 and GhHACD2 genes were conducted to confirm
their potential involvement in fatty acid elongation and
oil biosynthesis.

3.8 Subcellular localization of GhHACDZ2

Based on the significant differences in expression patterns of
GhHACD?2 between high and low oil materials, as well as its conserved
function during the domestication process of G. hirsutum, further
research was conducted to investigate the expression site of GRHACD2
in plant cells. Transient expression of GRHACD2 was performed in
N. benthamiana leaf epidermal cells. As shown in Figure 7,
co-localization of the fusion expression construct 35S::GhHACD2::YFP
with an endoplasmic reticulum marker was observed around the
endoplasmic reticulum, indicating that GRHACD?2 is located on the
endoplasmic reticulum. This suggests that GRHACD2 might play a
participatory role in the elongation mechanism of exceedingly long-
chain fatty acids, an event that unfolds within the confines of the
endoplasmic reticulum.
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Promoter cis-element analysis of HACD gene family. (A) Positions of cis-acting elements on the HACD promoter sequences. (B) The rectangles of
different colors represent distinct cis-acting elements. The black lines represent the length of the HACD promoters (in base pairs, bp).

3.9 Heterologous expression of GhHACDZ2
genes in yeast

To analyze the function of the protein encoded by GRHACD2,
we heterologously overexpressed the GhHACD2 gene (pYES2-
GhHACD?2) in the S. cerevisiae strain INVScL1, using an empty vector
(pYES2) as a control. The results, as shown in Figure 8, indicate that
overexpression of GRHACD?2 led to a significant decrease of 2.88 and
1.31% in C16:0 and C16:1, respectively, while C18:0, C18:1, and C18:2
increased significantly by 2.40, 2.06, and 11.77%, respectively,
compared with the control. Long-chain fatty acids showed significant
changes (Figure 8A). Seven VLCFAs were detected in yeast, including
C20:0, C22:0, C22:2n6, C22:6n3, C24:0, C26:0, and C28:0 (Figure 8A).
Overexpression of the GWHACD2 gene led to a 7.85 and 8.60%
increase in the content of C26:0 and C28:0 in yeast, respectively, while
C24:0 significantly decreased by 48.01%. Moreover, GhHACD2
overexpression increased the total VLCFAs in yeast by 3.88%
(Figure 8B). Additionally, the VLCFA/LCFA ratio in GhHACD2
transgenic yeast significantly increased by 4.22% (Figure 8C). These
results indicate that GRHACD2 promotes the synthesis of very long-
chain fatty acids. Interestingly, overexpression of GRHACD led to a
significant decrease of 5.02% in total oil content in yeast (Figure 8D).

4 Discussion

Cotton is an important cash crop, serving as an excellent fiber
crop as well as a significant source of plant oil and biofuels (Yang et al.,
2023a). The demand for its seed oil can significantly increase with
better seed oil quality contents, especially for human consumption.
For high oil quality and contents, VLCFAs have higher importance in
oilseed crops. VLCFAs play a crucial role in the biosynthesis of lipids
such as phospholipids, sphingolipids, cuticular wax, suberin, and
triglycerides. Therefore, VLCFAs are essential throughout the entire
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life process of plants, including cell membrane formation, protection
against stress, and oil storage in seeds (Kim et al, 2023). The
biosynthesis of VLCFAs is controlled by FAE complexes composed of
four enzymes named KCS, KCR, HACD, and ECR. KCS has garnered
considerable attention because it act as the rate-limiting enzyme for
VLCFA synthesis (Huai et al., 2020). However, the functional studies
of HACD genes in plants remain limited. So far, only two HACD genes
have been identified in Arabidopsis thaliana, both confirmed to have
dehydratase activity (Bach et al., 2008; Morineau et al., 2016). In
G. hirsutum, GhPAS2 has been proven to encode 3-hydroxyacyl-CoA
dehydratase, but its regulation of fatty acids remains unclear (Wang
etal., 2015).

This study identified two HACD family members in diploid cotton
species G. arboretum and G. raimondiiand four HACD family
members in tetraploid cotton species G. hirsutum and G. barbadense
through whole-genome screening. Studies have found that HACD
genes are single genes in tomato and maize, with six genes in rice and
three genes in sorghum (Campbell et al., 2019). Compared to other
gene families, the HACD gene family is relatively smaller in size.
Phylogenetic tree clustering revealed that these genes are divided into
two branches, group A and B. Furthermore, several HACD proteins
from the same species tend to cluster together, which may be a result
of segmental duplication events of HACD genes in their genomes and
also indicates the relative evolutionary independence of HACD genes
in different species.

The tetraploid cotton species, G. hirsutum and G. barbadense
belong to the AD genome and are allopolyploids that originated from
hybridization between the A genome (G. arboreum) and the D
genome (G. raimondii) millions of years ago (Hu et al., 2019). Cluster
analysis reveals that HACD genes in two tetraploid cotton species,
G. hirsutum and G. barbadense, clustered together in the same branch.
This may stem from the relatively recent divergence time of HACD
genes in G. hirsutum and G. barbadense and the conservation of
HACD gene functions.
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Expression profile of GhHACD. (A) Expression profile of GhHACD in different tissues. The heatmap demonstrates the expression level, the color
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All members of the HACD gene family contain protein motif 1,
2,3,5,6, 8, and 9, as well as the conserved PTPLA domain. In
Arabidopsis thaliana, AtPTPLA has been shown to possess
dehydratase activity (Morineau et al., 2016), suggesting that HACD
genes may be involved in the third step of very long-chain fatty acid
synthesis. The gene structures diversity plays a crucial role in gene
family evolution, providing further support for phylogenetic
clustering and aiding in protein function prediction (Bano et al.,
2021b). The conserved motifs and gene structures of the cotton
HACD members are preserved in most members, with some
exceptions. Cotton HACD family members within the same subgroup
have more similar gene structures and conserved motifs. For example,
motif 10 is only present in the B subfamily, which may account for
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the differences between the two subfamilies. Overall, HACD genes
exhibit high conservation during cotton evolution, but members
within the same subfamily show closer conservation in protein
regions and functions. In the previous study, the genomes of more
2021a).
GhHACD4 contains a smaller number of introns (seven) and this

advanced species contained fewer introns (Bano et al,

gene has lost one of their introns during evolution, suggesting that
intrafamilial specific genes may have specific functions (Bano et al.,
2023). Furthermore, in the analysis of the differences between
G. hirsutum and G. barbadense, we observed minimal differences in
collinear genes. However, within different species, each has its own
unique haplotypes that have been selectively retained. This may
be attributed to the differential selection pressures faced by different
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GC-2030 analysis of fatty acid components of yeast transformed with GhHACDZ2. (A) Individual fatty acid levels in GhHACDZ2-expressing yeast plants
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cotton species. It also implies that the function of this gene is highly
conserved and crucial for G. hirsutum.

Gene duplication plays a critical role in the duplication and
expansion of genes. In the polyploidization process of cotton, genome
expansion is mainly achieved through whole-genome duplication
(WGD), tandem duplication, and segmental duplication (Shiraku
etal., 2021). The HACD gene family in cotton, both in G. hirsutum and
G. barbadense, underwent segmental duplication without tandem
duplication. During the evolution of the cotton HACD gene family
from diploid to tetraploid, they exhibit collinearity, indicating that
segmental/WGD duplication may be the primary driving force for the
evolution of the cotton HACD gene family. The Ka/Ks ratios of four
HACD gene pairs of segmental duplications were all below 0.5. This
further reveals the high conservation of the cotton HACD gene family
members in evolution.

The expression patterns of genes can provide valuable clues for
further exploring gene function (Zhu et al., 2021). In this study,
using publicly available RNA-seq data (Hu et al., 2019), it was
observed that the GRHACD gene is expressed in various tissues and
organs during the development of G. hirsutum. Particularly, it shows
higher expression during ovule development, indicating the
potentially important role of GRHACD in cotton seed development.
To further understand the role of GWHACD in cotton seed oil
development, we analyzed the expression patterns of GhHACD
during seed development in high-oil (N0409) and low-oil (N6940)
genotypes. The results showed that the relative expression level of
GhHACD is higher in low-oil genotype compared with high-oil
genotype. Additionally, the expression levels of GGHACDI and
GhHACD?2 genes significantly decreased during the key period of
rapid oil accumulation in seed development at 25 and 30 DPA,
compared to the early stages of 0-20 DPA, suggesting a negative
correlation between the expression levels of the GRHACDI and
GhHACD?2 and cotton seed oil content. To further elucidate the
roles of GhHACDI1 and GhHACD?2 genes, their co-expression
network was investigated. GRHACD1 and GhHACD?2 were identified
in the MEturgugise module by WGCNA analysis, and GRHACDI
and GhHACD2 were enriched in the fatty acid elongation pathway,
further their
acid elongation.

indicating potential involvement in fatty

The synthesis of fatty acids is a complex process. First, they are
synthesized de novo in the plastids and then elongated by the FAE
complex on the endoplasmic reticulum to form VLCFA (Bates and
Browse, 2012). In Arabidopsis thaliana, PTPLA interacts with several
elongase subunits on the endoplasmic reticulum (Morineau et al.,
2016). In order to confirm the subcellular localization of GRHACD2
and its functional site, this study conducted subcellular localization
analysis, and the results revealed that GRHACD?2 is localized in the
endoplasmic reticulum, consistent with previous studies (Morineau
etal., 2016).

Many studies have shown that the FAE complex regulates the
production of VLCFAs. For example, the fel mutant of B. napus leads
to a significant decrease in VLCFA content in rapeseed (Wang et al.,
2010). Peanut KCSI and KCS28 can regulate fatty acid elongation and
promote the accumulation of VLCFAs in seeds, especially saturated
VLCFAs, when overexpressed heterologously in Arabidopsis (Huai
etal, 2020). The second member of the FAE complex, KCR, has been
found in Arabidopsis to be involved in VLCFA elongation in the ER,
and the inhibition of KCRI activity leads to a decrease in total C20:0,
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C22:0, and VLCFA content in seeds (Beaudoin et al., 2009). Through
heterologous expression of GRHACD2 in yeast, we observed an
increase in VLCFA content, especially a significant increase in C26:0
and C28:0, confirming that GRHACD?2 can regulate VLCFA synthesis.
Partial loss of function of the HACD gene in Arabidopsis leads to
changes in VLCFA content, which is reduced in the pas2 mutant and
accumulates after overexpression of Arabidopsis with PTPLA (Bach
et al., 2008; Morineau et al., 2016). Previous studies have shown that
the elongase complex involved in limiting VLCFA synthesis only
includes the KCS gene (Millar and Kunst, 1997; Huai et al.,, 2015).
However, our findings demonstrate that the HACD gene (dehydratase)
also limits VLCFA synthesis, consistent with earlier research (Bach
et al., 2008).

Currently, research on VLCFAs in cotton primarily focuses on
fiber development. For example, some plant hormones, such as
brassinosteroid (BR) and strigolactones (SLs), regulate the cotton fiber
elongation rate by regulating VLCFA biosynthesis (Tian et al., 2022;
Yang et al., 2023b). However, this study revealed for the first time that
overexpression of the GhHACD2 gene within yeast not only catalyzes
the biosynthesis of VLCFAs but also impedes the overall
synthesis of oil.

5 Conclusion

In this study, we identified 12 HACD genes from four species of
cotton, classified them into two groups based on phylogenetic
relationships, and discovered that their functions are substantially
conserved in cotton. The cotton HACD gene family was analyzed in
terms of phylogeny, chromosome distribution, gene structure,
evolutionary pattern. Their gene expression patterns were confirmed
during the oil formation stage in two contrasting cottonseed
oil-producing geneotypes of cotton. Expression profile analysis
indicated that differentially expressed GRHACD genes in high-oil and
low-oil genotypemay negatively regulate cottonseed oil accumulation.
Current research reveals that GRHACD?2, of very long-chain carbon
based fatty acids within yeast while concurrently impeding lipid
deposition. These findings deepen our understanding of the role of the
HACD family in VLCFA synthesis, providing insights into fatty acid
synthesis-related genes and laying the platform for studying the
regulatory network of cottonseed oil.
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