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Cotton is an economically important crop grown for natural ber and seed oil
production. Cottonseed oil ranks third after soybean oil ad colza oil in terms of edible
oilseed tonnage worldwide. Glycerol-3-phosphate acyltrasferase GPAT) genes encode
enzymes involved in triacylglycerol biosynthesis in plast In the present study, 85
predicted GPAT genes were identi ed from the published genome data inGossypium.
Among them, 14, 16, 28, and 27 GPAT homologs were identied in G. raimondij
G. arboreum, G. hirsutum, and G. barbadense respectively. Phylogenetic analysis
revealed that a total of 108 GPAT genes from cotton, Arabidopsis and cacao could
be classi ed into three groups. Furthermore, through compaison, the gene structure
analyses indicated that GPAT genes from the same group were highly conserved
between Arabidopsis and cotton. Segmental duplication could be the major drivefor
GPAT gene family expansion in the four cotton species above. Expssion patterns of
GhGPAT genes were diverse in different tissues. MosGhGPAT genes were induced
or suppressed after salt or cold stress in Upland cotton. Eigt GhGPAT genes were
co-localized with oil and protein quantitative trait locugQTL) regions. Thirty-two single
nucleotide polymorphisms (SNPs) were detected from 1ZGhGPAT genes, sixteen of
which in nine GhGPAT genes were classi ed as synonymous, and sixteen SNPs in ten
GhGPAT genes non-synonymous. Two SNP markers of thesShGPAT16and GhGPAT26
genes were signi cantly correlated with cotton oil contentin one of the three eld tests.
This study shed lights on the molecular evolutionary propé&es of GPAT genes in cotton,
and provided reference for improvement of cotton responsed abiotic stress and the
genetic improvement of cotton oil content.

Keywords: Gossypium spp., glycerol-3-phosphate acyltransferase (  GPAT), gene expression patterns, abiotic

stress, oil content
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INTRODUCTION tobacco seedlings to chilling stress, while the transformatib

a squaslGPAT gene into tobacco resulted in decreased chilling
The majority of fatty acids are incorporated into membranetplerance [/lurata and Tasaka, 19%4n rice, the overexpression
glycerolipids or triacylglycerol in a plant cells. The initend  of AtATS1 gene increased the unsaturation of fatty acids in
committed step of glycerolipid biosynthesis is catalyzed byphosphatidylglycerol (PG) and improved the photosynthetic
glycerol-3-phosphate acyltransferase, which catalyzeésth&fer  rates and growth at low temperature&ckoi et al., 1998;
of a fatty acyl moiety from acyl-CoA, dicarboxylic acid-CoA o Ariizumi et al., 200). The chloroplasGPAT gene from tomato
acyl-acyl carrier protein to the sn-1 or sn-2 position of gyale  (LeGPAT)was enhanced by chilling temperature @ and
3-phosphate, resulting in the formation of lysophosphatic aciuppressed by high temperature (€) in tomato leaves, and
(LPA) (Zheng et al., 2003; Singer et al., 2016; Waschburggyerexpression of théeGPATenhanced chilling tolerance by
et al., 201p There are plastid, endoplasmic reticulum (ER) andincreasing the content of unsaturated fatty acids in FGi(et al.,
mitochondrial GPATs in plantsGidda et al., 2009; Chen et al., 2007. Similarly, the overexpression of chloroplastGPATin
201). Plastid GPATs participate in the prokaryotic biosynthesisomato enhanced chillingSui et al., 200)zand salt tolerance
of phospholipids, sulfolipids, and galactolipid®f(lrogge and (Sun et al., 20)pand the overexpression of Suaeda SEIPAT
Browse, 19% ER and mitochondrial GPATs are mainly involved gene(SSGPAT)n Arabidopsignhanced salt to|eranc§|(|i et a|.’
in the synthesis of cutin, suberin, and storage lipidiar(g et al.,  2017. However, antisense-mediated depletion of chloroplast
201). The alignment of GPAT amino acid sequences from eGPATgene alleviated heat stress damage in transgenic tomato
eVOiUtiOﬂariiy diverse organisms has revealed that all TBPA p|ants §u| et al., ZO]X) Many other similar studies oiGPAT
contain at least four highiy conserved mOtifS, which arersal genes and their functions have been repor]ﬁd}(é-'\/mans et a|.’
for both acyltransferase activity and the binding of glyter 2016; Misra et al., 2017; Xie et al., 2D1However, little is
3-phosphate substrate_¢win et al., 1999 The GPAT genes known about this gene family in cotton, especially their poteint
have been identi ed by genome-wide analysesAiabidopsis roles in lipid or oil synthesis or under salt and cold stress in
mammals and other plant specieshieng et al., 2003; Gidda ypland cotton.
et al., 2009; Bertolesi et al., 2012; Yang et al., 2012; \Wasen Cotton (Gossypiumis the most important natural ber-
et al., 201B and fall within three dierent classes. Previous producing p|ant Species for the textile industry' and acc(]gdin
studies showed thaGPAT gene is related to the fertility, oil to the Foreign Agricultural Service, cotton is also the ferdgest
content of plant, seed development and stress tolerahae ( vegetable oil-producing crop after soybeans, rapeseed, st o
et al, 2013; Paya-Milans et al., 2))1&n Arabidopsis ten  and peanuts in the world (https:/apps.fas.usda.gov/psdonline/
GPAT genes have been identi edZljeng et al., 2003; Gidda circulars/oilseeds.pdf). There are approximately 50 spedies o
et al., 200p AtATSLI functions in the production of major Gossypiunncluding 45 diploid (2nD 2xD 26) and 5 tetraploid
phospholipids Ginger et al., 20)J6AtGPAT1plays an essential (2n D 4x D 52) species. Approximately 1-2 million years
role in pollen fertility, the CiiSi‘UptiOﬂ ofAtGPAT 1a ects tapetal ago, d|p|0|d cotton species resemb"@ arboreum(Az) and
di erentiation and causes most microspores to abort befores. raimondii (D5) hybridized and underwent polyploidization,
reaching maturity, anditgpatlatgpatédouble mutants reduced giving rise to tetraploid cotton specie<ionn et al., 1999;

the seed setting rate afabidopsi¢Zheng etal.,, 2003AtGPAT4,  paterson et al., 2012; Li et al., 2R17he recent progress
AtGPATS5, and AtGPATS are involved in the productlon of in the Wh0|e_genome Sequencing iG. raimondii (Paterson

cutin or suberin,atgpatsmutant could decrease suberin contentet al., 2012; Wang et al., 201%. arboreum(Li et al., 201),

in seed coat and root ofrabidopsis(Beisson et al., 2007 G, hirsutum (Li et al., 2015; Zhang T. et al., 2)]1%nd
atgpatd/atgpatéiouble mutants could reduce cutin biosynthesisG. barbadensg.iu et al., 2015; Yuan et al., 2Q1as rendered
in Arabidopsis while overexpression oRtGPAT4 or AtGPAT8 it possible to genome-wide analyses of important gene families

in Arabidopsiscould increase the content of C16 and C18jncluding the GPAT gene family in the four species with their
cutin monomers in leaves and stems by 80%¢t al., 200).  genomes sequenced.

AtGPATis known to be essential for seed triacylglycerol (TAG) |n this study, all of theGPAT family genes in the four

biosynthesis Gidda et al., 2009 knockdown of AtGPAT9can  sequenced cotton species were identied and characterized.
reduce seed oil content and atgpatdmutant causes both male we further analyzed their phylogenetic tree, gene structure,
and female gametophytic lethality phenotype¢ckey et al., chromosomal localization, functional diversi cation and
2019. Furthermore, AtGPAT9plays a role in the biosynthesis expression proles of GPAT genes in various tissues and
of polar lipids and TAG in developing leaves, as well as lipidinder salt or cold stress. The duplication events GPAT
droplet production in developing pollen grains @frabidopsis genes in the four cotton species were also analyzed. Finally,
(Singeretal., 2036 single nucleotide polymorphisms (SNPs) &hGPAT genes
Since the rst identied plant GPAT gene was reported were identied to study their association with cottonseed
to function in tapetum dierentiation and male fertility in ojl content using high-resolution melting (HRM). The
ArabidopsigZheng et al., 20Q3many studies have reported that results will contribute to widen our understanding about
GPAT genes are involved in adverse environmental conditiongshe gene structures and functions d&BPAT family genes
such as COiCi, salt, and heat stress, indicating their p(ﬂbntiin Gossypium and pro\/ide useful information on the

roles in tolerance to abiotic stresses. The overexpressitineo relationship betweenGhGPAT genes and seed oil content
AtATS1 gene has been reported to improve the tolerance of, cotton.
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MATERIALS AND METHODS GPAT genes could be designated as segmental duplications or
. . . tandem duplications.

Sequence Retrlal and Id_entl cation _Of The Gene Structure Display Server (GSDS) téal ¢t al.,

GPAT Family Members in  Gossypium 2019 was used to construct the gene structureGRAT genes

The completed genome sequencesQf raimondii (Paterson by comparing the predictePAT coding sequences with their
et al., 201), G. arboreunLi et al., 201} G. hirsutumacc. TM- corresponding genomic sequences.

1 (Zhang T. et al., 20)5and G. barbadensacc. 3-79 Yuan
et al., 201p were downloaded from the CottonGen websitelSelective Pressure Analysis of Duplicated
(Yu et al.,, 201% The genome sequences and the publishetene Pairs

GPAT proteins ofArabidopsisand cacao(Theobroma cacdo
(Table S) were retrieved from TheArabidopsisinformation

_I:_{ssogrce (T'glR releasbe 18’ http:r/]/wwyl\;.arabldop&s.org) anE parbadenssere rstly aligned by Clustal X v2.0 program, and
e Cacao Genome Database (https://www.cacaogenome en the synonymous substitution (Ks) and non-synonymous

org), respectively. Afterwards, BlastP and tBlastN Programs, «titution (Ka) were calculated using the DnaSP v5.0 soéw

(E-valueD 0.00001) were performeq to sear_ch for t_he Candidat‘fRozas et al., 20DFinally, the Ka/Ks ratio was used to estimate
GPAT genes of the fourGossypiumspecies using GPAT the selection pressure for each gene pair.

protein sequences fromArabidopsisand cacao as queries.
Subsequently, the Pfam (http://pfam.sanger.ac.uki’mr(et al., RNA-Seq Data Analysis and Gene
2019, Interproscan (http://www.ebi.ac.uk/Tools/pfal/iprscan/) .

(Quevilon et al, 2005 and SMART (http://smartembl- EXPression Heatmap _

heidelberg.de/) L(etunic et al., 201)5databases were applied to 1he raw RNA-Seq data ofG. hirsutum acc. TM-1 was
con rm each candidate member of the GPAT family with the downloaded from the NCBI under the accession number
PIsC acyltransferase domain of Pfam (PF01553). FurtheemoroRA: PRINA248163ZIfang T. et al., 20)5 TopHat and
the theoretical molecular weight (MW) and isoelectric pointCU INks were used for mapping reads and analyzing gene
(pl) of the GPAT proteins were predicted using the online®XPression levels, and fragments per kilobase million (FPKM)

ExPASYy tool (http://web.expasy.orgBjéligvist et al., 1994and values were used to normglize gene expression |gvm$>rqe||
subcellular localization was predicted using the online ogL €t @l 2013 The expression level dBhGPAT family genes

All the full-length gene sequence of th@PAT duplicated
ene pairs ofG. raimondij G. arboreum G. hirsutum and

v2.5 server (http://cello.life.nctu.edu.twfy et al., 200 at di erent developmental stages were measured by extracting
' their respective data from the total expression matrix acowyd
Phylogenetic Construction to the identied GhGPAT ID. The expression levels of

Clustal X v2.0 programi(arkin et al., 200ywas used to perform ten AtGPAT genes were extracted form publichrabidopsis
the multiple sequence alignment with default parametersinicroarray expression datasets by the BioArray Resource
followed by manual comparisons and re nements. SubsequentlyBAR) Expression Pro ler tool (http://bar.utoronto.ca/a ydb
the Neighbor-Joining (NJ) method was used to construc€di-bin/ay_db_exprss_browser_in.cgiJr¢u ghi et al., 2003.

di erent phylogenetic trees by MEGA V5.0 softwaréaura 1he heatmap for expression proles were generated with
et al., 201 with pairwise deletion option, poisson correction MultiExperiment Viewer (MeV) software.

model and uniform rates. Bootstrap test were carried out_ . . . .

with 1,000 replicates for evaluating the statistical rdlighof ~ CiS-Acting Elements Searching in the

phylogenetic tree. Furthermore, Maximum likelihood methodPromoters of GhGPATs

was also applied in the tree construction to conrm the To identify the ciselements in the promoter sequences of the

consistency with the NJ method. 28 GPAT family genes inG. hirsutum the BLASTN program
L was applied for searchings. hirsutum genome using the
Chromosomal Localization, Gene GhGPATgenes as query sequences. A 2-kb of genomic sequences
Duplication and Genomic Organizations upstream of the start codon of ea@hGPATgene was chosen,
Prediction and then each sequence was submitted to the PlantCARE

All GPAT genes of. raimondii G. arboreumG. hirsutum and databasel(escot et al., 200 ¢http://bioinformatics.psb.ugent.be/
G. barbadenseere mapped on the corresponding chromosomegvebtools/plantcare/html/) to identify theiselements.

according to their positional information provided in the ggme . L

annotation document. The chromosome location images oflant Materials and Abiotic Stress

cotton GPAT genes were portrayed by Mapchart v2.2 softwardreatment

(Voorrips, 2002 and Circos tool Krzywinski et al., 2000GPAT  Cotton seedlings o6. hirsutumL. acc TM-1 were grown in a
gene duplication events were de ned according to the lengtlemperature-controlled chamber at 28 2 C under 16 h light/

of aligned sequence covered more than 80% of the long&h dark condition. Seedlings at the 3-true leaf stage weresed
gene, similarity of the aligned regions was bigger than 80%p the following dierent treatments. For low temperature,
and only one duplication event was counted for tightly linkedseedlings were grown in a temperature-controlled chamber at
genes Iflaher et al., 2006; Dong et al., 2016; Cui et al., Y0174 C for 0, 12, and 24h. For salt treatment, the seedlings
Referring to the chromosomal locations GfPAT genes, these were grown in Hoagland nutrient solution with additional O,
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150, 200, and 300 mM NaCl for 24 h, which represented th&RESULTS

control condition, slight stress, moderate stress, andeev . . .

stress, respectively. After di erent treatments, the rostems, Genom_e_WIde Identi Catlon_Of GPAT
cotyledons and leaves were harvested at each time point bf edg€nes in Four Cotton Species

treatment. Three biological replicates were conducted fwhe TO identify all the GPAT genes in cotton, we performed
time point. All collected samples were immediately frozen wit/2 BLASTP search against the diploid cotto@. (raimondii

liquid nitrogen and then stored at 80 C for RNA isolation. and G. arboreurh and tetraploid cotton G. hirsutum and
G. barbadengeprotein databases using th8PAT sequences

of Arabidopsis(10) and cacao(13) as queriesTable S). All
o potential cotton proteins were then subjected to domain asialy
Quantlt_atlve Reverse . . using the Pfam, Interproscan and SMART databases to further
Transcriptase-Polymerase Chain Reaction con rm the presence of the GPAT protein domain (PF01553).
(QRT-PCR) Analysis Eventually, a total of 14, 16, 28, and ZZPAT members
Total RNA of all samples was extracted using an RNAprewere identi ed in G. raimondii G. arboreumG. hirsutumand
Pure Plant kit (Tiangen, Beijing, China), and approximatelyG. barbadenserespectively. Thes&PAT genes were named

1 mg RNA was used for the synthesis of rst-strand cDNAsconsecutively fronGrGPAT1GrGPAT14GaGPAT1GaGPAT16
with PrimerScript 1st Strand cDNA synthesis kit (TaKaRaGhGPAT1GaGPAT28,and GbGPAT1GaGPAT27in the four
Dalian, China) according to the manufacturer protocol. Thecotton species, respectively, according to the order of their
gene-speci ¢ primers were designed, according to the CDSs ofiromosomal locationsTable 1). Eighty of the 85 identi ed
cotton GPAT genes, using Primer v5.0 software. The speci iGPAT genes encode proteins ranging between 377 and 543
primers used are listed ifable S2 and GhUBQ7was used amino acids (AAs), except for 5 genes with lengths of less
as an internal control to normalize all data. The gRT-PCRhan 377 AAs or more than 543 AAs (i.é5rGPAT3encodes
was strictly conducted with SYBR premix Ex Taq Kit (TakaRaj protein of 261 AAs, an@ShGPAT20 GbGPAT2 GbhGPAT16,
following the manufacturer's instruction using ABI 7500ate and GbGPAT20encode proteins of 258, 319, 740, and 298
time PCR System (Applied Biosystems, Foster City, CA, USARMAs, respectively). The predicted Mw of the GPAT proteins
Each sample was conducted with three biological replicatés the four cotton species ranged from 28.78 to 83.20 kDa,
and three technical replicates. The relative expressionisleveand the theoreticalpl varied between 5.49 and 9.63. The
of GhGPAT genes were calculated using thel®Ct method protein subcellular localization of GPAT in cotton showed
(Livak and Schmittgen, 20p1 that 68 of 85 GPAT proteins were predicted to be located in
the plasma membrane, while the rest were predicted to be
located in the chloroplast or cytoplasm. We further analyzed
the orthologous and paralogoBPAT genes in the four cotton

Identi cation of Slngle Nucleotide species Table S3. We identi ed 18 orthologous gene pairs

POlymorPh_isms (SNP_S) fO!’ GPAT Genes betweenG. hirsutumand G. barbadens€ompared with theG.
and Statistical Analysis With Cottonseed raimondii, 13, 12, and 10 orthologous gene pairs were identi ed
Oil for G. arboreumG. hirsutum,and G. barbadenseespectively.

Single-nucleotide polymorphism (SNPs) f&PAT genes were Compared with theG. arboreum 10 and 9 orthologous gene
identi ed by the RNA-seq datasets of CRI 36 and Hai 7124pairs were identied for G. hirsutum and G. barbadense
in which CRI 36 is a currently commercial cultivar ab. respectively. In addition, 5, 6, 13 and 11 paralogous gene pairs
hirsutumand Hai 7124 is a non-commerciél. barbadencand were identi ed in G. raimondij G. arboreumG. hirsutum,and
SOAPsnp software was used to scan SNPs based on the assemBie@arbadenseespectively.

contigs (i et al., 200R To validate SNP markers, genomic DNA . .

was extracted from an interspeci ¢ backcross inbred lineLggl Phylogenetic Analysis of the GPAT Gene

population of 180 lines, as well as the two parents using a quidkamily

CTAB method Zhang and Stewart, 20R0n this study, the BIL To assess the phylogenetic relationship&&AT genes among
population was developed from a cross between Upland cottotne four cotton species G. raimondii G. arboreum G.
CRI 36 andG. barbadensélai 7124 through one generation hirsutum andG. barbadengeand other species, a comprehensive
of backcrossing using CRI 36 as the recurrent parent followedhylogenetic tree was constructed using a NJ metiiagiure 1).

by seven generations of sel ng. Putative SNPs were idahti eMeanwhile, the phylogenetic tree was reconstructed with
to design primers using Primer v5.0 softwarglle S and Maximum likelihood (ML) method, which was almost identical
analyzed their association with cottonseed oil contenbgsiigh- ~ with only minor dierence at some branchesFigure SJ,
resolution melting (HRM). The HRM reaction mixture and PCR suggesting that the two methods were largely consistent with
followed the protocolsila et al., 2016 The SNP markers were each other. As shown iRigure 1, GPAT genes could be divided
coded as “1” for genotypes of CRI 36, “3” for genotypes aihto three groups, named the Group |, Group II, and Group IIl.
Hai 7124 and “2” for the heterozygotes, and used for a simpl&roup Ill has the most members (74), followed by Group | (19),
correlation analysis with the cottonseed oil content in B&  and Group Il (15). Compared tdArabidopsis GPAT genes in
population by SPPS software (IBM, New York, USA). the four cotton species showed a closer relationship withehos
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TABLE 1 | The information ofGPAT gene family in fourGossypium species.

Gene name  Gene identi er Genomics position CDS AA size Mw (kDa) pl Predicted subcellular location
GrGPAT1 Gorai.003G185500.1  Chr03: 45619381-45625850 1386 461 517 8.38  Chloroplast
GrGPAT2 Gorai.004G145100.1  Chr04: 40873197-40875543 1632 543 6138 9.59 Plasma Membrane
GrGPAT3 Gorai.004G182200.1  Chr04: 49380119-49387779 786 261 29.21 6.66 Chloroplast
GrGPAT4 Gorai.005G258500.1  Chr05: 63451173-63455894 1134 377 4316 7.96 Plasma Membrane
GrGPATS Gorai.006G181200.1 Chr06: 43856590-43859232 1515 504 561 9.31 Plasma Membrane
GrGPAT6 Gorai.007G033500.1  Chr07: 2286486-2290897 1155 384 42.86 5.52  Chloroplast
GrGPAT7 Gorai.007G100100.1  Chr0Q7: 7410329-7415092 1503 500 55.74 9.29 Plasma Membrane
GrGPAT8 Gorai.008G098000.1  Chr08: 27391572-27393956 1626 541 6101 9.26 Plasma Membrane
GrGPAT9 Gorai.010G045500.1  Chr10: 4807029-4809534 1551 516 58.4 956 Plasma Membrane
GrGPAT10 Gorai.011G267100.1  Chrl1: 59897897-59899780 1485 494 5527 9.05 Plasma Membrane
GrGPAT11 Gorai.011G267200.1  Chrl1l: 59914117-59915636 1218 405 4557 9.04 Plasma Membrane
GrGPAT12 Gorai.012G071300.1  Chrl12: 10531559-10533384 1467 488 549 9.54 Plasma Membrane
GrGPAT13 Gorai.012G112800.1  Chrl2: 25762804-25765226 1548 515 5738 9.28 Plasma Membrane
GrGPAT14 Gorai.012G158300.1 Chr12: 33150125-33154932 1137 378 4341 8.83 Plasma Membrane
GaGPAT1 Cotton_A_09737 chr03: 35875883-35882520 1341 446 49.93 669 Chloroplast
GaGPAT2 Cotton_A_21450 chr04: 24644639-24648923 1467 488 54.25 926 Plasma Membrane
GaGPAT3 Cotton_A_20607 chr04: 56175430-56177058 1533 510 56.14 923 Plasma Membrane
GaGPAT4 Cotton_A_00592 chr05: 8890287-8894119 1134 377 43.25 8.83 Plasma Membrane
GaGPATS Cotton_A_18440 chr08: 44876559-44878590 1548 515 58.37 963 Plasma Membrane
GaGPAT6 Cotton_A_30920 chr09: 80514225-80515788 1476 491 54.87 912 Plasma Membrane
GaGPAT7 Cotton_A_24431 chr09: 85523484-85525099 1515 504 55.11 923 Plasma Membrane
GaGPAT8 Cotton_A_25400 chrl0: 112459178-112464741 1386 461 51.92 8.1  Chloroplast
GaGPAT9 Cotton_A_02486 chrll: 20915572-20917911 1503 500 55.52 928 Plasma Membrane
GaGPAT10 Cotton_A_39465 chrl2: 20976325-20978378 1506 501 55.86 926 Plasma Membrane
GaGPAT11 Cotton_A_19822 chrl2: 45334367-45336407 1602 533 60.35 949 Plasma Membrane
GaGPAT12 Cotton_A_36957 chrl2: 50316570-50318108 1467 488 54.79 945 Plasma Membrane
GaGPAT13 Cotton_A_25468 chrl2: 75489147-75491122 1626 541 60.98 913 Plasma Membrane
GaGPAT14 Cotton_A_08860 chrl2: 90634082-90638451 1137 378 43.41 883 Plasma Membrane
GaGPAT15 Cotton_A_09184 chrl3: 44533469-44537359 1155 384 42.67 549 Cytoplasmic
GaGPAT16  Cotton_A_ 24308 chr13: 89011942-89013603 1578 525 59.13 924 Plasma Membrane
GhGPAT1 Gh_A03G1851 A03: 99577941-99581782 1134 377 43.24 8.6  Plasna Membrane
GhGPAT2 Gh_A04G0765 A04: 51891051-51893104 1506 501 55.82 9.26 Plama Membrane
GhGPAT3 Gh_A04G1069 A04: 60750094-60754552 1137 378 43.41 8.83 Plama Membrane
GhGPAT4 Gh_A05G3037 AO05: 78024613-78026151 1467 488 54.79 9.51 Plama Membrane
GhGPAT5 Gh_A06G0327 A06: 4927618-4929887 1566 521 59.02 9.63 Plasna Membrane
GhGPAT6 Gh_A08G1054 A08: 72959792-72961831 1599 532 60.17 9.43 Plama Membrane
GhGPAT7 Gh_A08G1388 A08: 88694103-88700765 1341 446 49.8 6.52 Chlooplast
GhGPAT8 Gh_A08G1816 A08: 98752308-98754008 1617 538 60.72 9.27 Plsma Membrane
GhGPAT9 Gh_A09G1528 A09: 68529716-68532054 1503 500 55.56 9.28 Plsma Membrane
GhGPAT10  Gh_A10G1987 A10: 97626943-97628506 1476 491 54.88 9.12 Plsma Membrane
GhGPAT11 Gh_A11G0804 Al11: 7991963-7996279 1503 500 55.83 9.25 Plasma Membrane
GhGPAT12 Gh_A12G0824 Al12: 49192781-49194756 1626 541 60.99 9.13 Plama Membrane
GhGPAT13  Gh_D02G2290 D02: 66653634-66657584 1134 377 43.16 7.96 Plama Membrane
GhGPAT14 Gh_D03G1661 D03: 46629378-46634196 1386 461 51.69 8.1  Chlaoplast
GhGPAT15 Gh_D04G0605 D04: 10821266-10822804 1467 488 54.93 9.48 Plama Membrane
GhGPAT16 Gh_D04G1251 D04: 41151043-41153134 1548 515 57.41 9.28 Plama Membrane
GhGPAT17 Gh_D04G1675 DO04: 48923650-48927352 1086 361 41.48 9.02 Plama Membrane
GhGPAT18  Gh_D06G0355 D06: 4862412-4864432 1548 515 58.23 9.54  Plasma Membrane
GhGPAT19  Gh_D08G1335 DO08: 43709349-43711332 1632 543 61.41 9.58 Plsma Membrane
GhGPAT20  Gh_D08G1336 DO08: 43711996-43712772 777 258 28.78 9.35 Plasna Membrane
(Continued)
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TABLE 1 | Continued

Gene name  Gene identi er Genomics position CDS AA size Mw (kDa) pl Predicted subcellular location
GhGPAT21  Gh_D08G1683 DO08: 52638770-52645877 1341 446 49.86 6.48 Chbroplast
GhGPAT22  Gh_D09G1546 D09: 43059728-43061991 1509 502 55.89 9.23 Plsma Membrane
GhGPAT23 Gh_D10G2294 D10: 61148398-61149971 1485 494 55.27 9.05 Plama Membrane
GhGPAT24 Gh_D11G0942 D11: 8173864-8178049 1503 500 55.74 9.29 Plasna Membrane
GhGPAT25 Gh_D12G0839 D12: 26672950-26674926 1626 541 61 9.22 PlasmaMembrane
GhGPAT26 Gh_A03G1948 scaffold496_A03: 45464-51022 1386 461 51.9 81  Chloroplast
GhGPAT27 Gh_A11G2987 scaffold2726_A11: 85575-89619 1323 440 48.69 6.11 Chloroplast
GhGPAT28  Gh_D11G3539 scaffold4571_D11: 33114-37148 1323 440 49.01 6.06 Chloroplast
GbGPAT1 Gbscaffold10683.8.0  A03: 101375090-101379793 1134 377 4324 8.6  Plasma Membrane
GbGPAT2 Gbscaffold9797.1.0 A04: 63446426-63449956 960 319 36.48 848 Plasma Membrane
GbGPAT3 Gbscaffold1022.17.0  A06: 5684360-5686814 1548 515 58.41 9.63 Plasma Membrane
GbGPAT4 Gbscaffold127.8.0 A08: 76313638-76315690 1599 532 60.17 943 Plasma Membrane
GbGPAT5 Gbscaffold5413.16.0 ~ A08: 103987721-103989621 1617 538 60.69 9.19 Plasma Membrane
GbGPAT6 Gbscaffold31407.2.0 A09: 71102212-71105277 1503 500 55.61 9.28 Plasma Membrane
GbGPAT7 Gbscaffold5583.14.0  A10: 103589265-103590767 1194 397 44.35 9.44 Plasma Membrane
GbGPAT8 Gbscaffold17219.12.0 A11: 9067020-9071621 1503 500 55.86 9.25 Plasma Membrane
GbGPAT9 Gbscaffold6816.2.0 A12: 51866337-51868435 1626 541 60.96 9.17 Plasma Membrane
GbGPAT10 Gbscaffold17185.12.0 D02: 70322327-70329230 1134 377 4318 8.23 Plasma Membrane
GbGPAT11 Gbscaffold2076.5.0 D04: 50119564-50124142 1137 378 43.43 8.83 Plasma Membrane
GbGPAT12  Gbscaffold2076.7.0 D04: 50128492-50133233 1137 378 43.43 8.83 Plasma Membrane
GbGPAT13  Gbscaffold11060.1.0 DO06: 4727967-4730037 1548 515 58.38 957 Plasma Membrane
GbGPAT14  Gbscaffold5633.11.0  DO08: 44543424-44545643 1632 543 61.31 9.55 Plasma Membrane
GbGPAT15  Gbscaffold15529.6.0 DO08: 54558468-54565707 1341 446 49.86 6.34 Chloroplast
GbGPAT16 Gbscaffold5633.10.0 DO08: 44527931-44530917 2223 740 83.2 9.42 Plasma Membrane
GbGPAT17 Gbscaffold7965.5.0 D09: 45190899-45193553 1509 502 55.91 9.23 Plasma Membrane
GhbGPAT18 Gbscaffold10055.26.0 D10: 62642543-62644388 1485 494 5527 9.12 Plasma Membrane
GbGPAT19 Gbscaffold1641.10.0 D11: 9489598-9494108 1503 500 55.77 929 Plasma Membrane
GbGPAT20  Gbscaffold346.41.0 D11: 3136620-3154735 897 298 33.65 5.64 Cytoplasmic
GbGPAT21 Gbscaffold3997.11.0 D12: 26167138-26169961 1626 541 60.98 9.26 Plasma Membrane
GbGPAT22  Gbscaffold1135.1.0 scaffold1135: 10610-20038 1341 446 498 6.52 Chloroplast
GbGPAT23  Gbscaffold14639.21.0 scaffold14639_A03: 268323-274714 1692 563 64.22 9.38  Chloroplast
GbGPAT24 Gbscaffold16283.3.0  scaffold16283: 71319-73133 1467 488 54.93 9.48 Plasma Membrane
GbGPAT25  Gbscaffold3695.4.0 scaffold3695: 56371-64196 1386 461 5169 8.37  Chloroplast
GbGPAT26 Gbscaffold9785.1.0 scaffold9785: 126689-128615 1383 460 51.37 9.35 Plasma Membrane
GbGPAT27 Gbscaffold9785.2.0 scaffold9785: 129516-131971 1548 515 57.3 9.23 Plasma Membrane

from cacao, since they were clustered closely to each ather in tetraploid G. hirsutumand G. barbadensesince the diploid
the phylogenetic tree. However, the number@PAT genes in  genomes ofs. raimondiiand G. arboreumare the progenitors
cotton and cacao were not similar within the groups, and ondor tetraploid G. hirsutumand G. barbadensé€aterson et al.,
cacao gene corresponding to one to three homologous geit&s 0f2012. In this study, mosGPATgenes fronG. hirsutumand from
raimondiiandG. arboreumFor example, in Group TcGPAT12 G. barbadensshowed a one-to-one correspondence with those
had three orthlogous inG. raimondii and G. arboreumeach, from the diploid progenitors G. raimondiiand G. arboreum
whereas in Group II,TcGPAT2had two orthologous genes in The inconsistencies were that tBGPAT2gene was duplicated
both G. raimondiiand G. arboreumFurthermore, in Group Ill, in G. arboreum G. hirsutum, and G. barbadenseimplying
TcGPAT4had only one orthologous gene iB. raimondiiand  that this gene underwent an independent duplication event in
G. arboreumrespectively. In addition, th6&PAT genes from G. arboreumafter its divergence fronG. raimondij even this
the four cotton species showed a closer relationship tham thaluplication also existed after the formation of tetraploid toot
from Arabidopsisand cacao(Figure 1). From the perspective of In addition, GPAT genes from A subgenome and D subgenome
evolution, eachGPAT gene inG. raimondiicorresponds to one of G. hirsutum showed a bias to those frors. arboreum
orthologous gene i6s. arboreurrand to two orthologous genes andG. raimondii
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FIGURE 1 | Phylogenetic relationships ofGPAT genes from Gossypium, Arabidopsis, and cacao. Phylogenetic analysis was performed using the neighbopjning
method with 1,000 replicates. TheGPAT genes from G. raimondii G. arboreum, G. hirsutum, G. barbadense, Arabidopsis, and cacao were marked with the red,
yellow, black, blue, green, and magenta dots, respectivelyThe branches of each group were indicated in a speci c color.

Genomic Structure of GPAT Genes for GhGPAT2Ghat had only one exon, eight gened8gGPAT?2
Gene structure of5PAT genes is closely related to its function, GrGPAT7 GhGPATS GhGPAT11 GhGPAT24 GbGPAT8
and could re ect the phylogenetic relation among ti&PAT GbGPAT14andGbGPAT2Pthat had three exons, and three enes
genes, together with their phylogenetic analysis. To obtaifAtGPAT4 AtGPAT8,and GrGPAT1]) that had four exons. As
further insight into the evolutionary relationships among excepted, the gene structures of orthologous gene pairs taircot
GPAT genes from the four cotton species aAdabidopsiswe GPATswere almost identical with minor di erences with the
compared their gene structures. As shown Figure 2A, the  exception of GrGPATEGbGPAT19 GaGPAT1AGbGPAT2
GPAT genes were divided into three groups as described iF@GPAT1EGbGPAT19 GaGPATBGhGPATS, and
Figure L The GPAT gene members within groups were mostlyGhGPAT?SGbGPAT:‘(Table S3.

the same, although the topologies of the two phylogenetic trees

were di erent. Analysis ofArabidopsisand cotton GPAT gene  Genomic Localization and Duplication of

structure for exon/intron organizations revealed that thenber GPAT Genes

of exons per gene varied from 1 to 12gure 2B), and the genes GPATgenes were mapped onto chromosomeS&irarboreum, G.
close to each other in the phylogenetic tree showed highlyi&@im  raimondii, G. hirsutumandG. barbadenseased on the available
exon numbers. In general, tl@&PATgenes in the same group had genomic information on the four cotton species. Seventy-$ix o
similar exons than other groups. For example, all the membergs GPATswere assigned to chromosomésgure 3), while the

in Group | contained 12 exons exce@GPAT1%hat had 11  remaining 9GPATswere anchored on unmapped sca olds. A
exons. A host ofGPAT genes in Group Il possessed 12 exonsiotal of 14 GrGPAT genes were mapped to 9 chromosomes of
except folGhGPAT1and GbGPAT2which had 11 and 10 exons, G. raimondii chromosome D12 contained thre®PAT genes,
respectively. Most members of Group Ill had two exons, excegthromosomes D04, D07, and D11 contained tGBAT genes
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each, and chromosomes D03, D05, D06, D08, and D10 ea@PAT genes in the four cotton species had not diverged much
contained only oneGPAT gene. The 185aGPATgenes were during subsequent evolution, and purifying selection might
distributed on nine chromosomes i@. arboreum5GPATgenes contribute greatly to the maintenance of function in t&PAT
were on chromosome A12 and 2 genes on each of chromosomtsnily genes in the four cotton species.
A04, AQ09, and A13, while each of chromosomes A03, A05,
A08, A10, and A1l contained only on8PAT gene. A total ) . .
of 25 GhGPATgenes were mapped to 18 chromosomes of th&XPression Pro ling of GPAT Genes in
G. hirsutumgenome, not including chromosomes A01, A02,Upland Cotton and Arabidopsis
A07, A13, D01, D05, D07, and D13. The remaining three gene§ene expression is the major step toward a gene realizing its
GhGPAT26 GhGPAT27,and GhGPAT28,were positioned on biological function. To understand the temporal and spatial
unmapped sca olds. As illustrated ifigure 3, chromosomes expression patterns of upland cotton amfabidopsis GPAT
A08, D04, and D08 contained thr&&PAT genes each, and two genes, their expression pro les in di erent tissues were aredy
GPAT genes were present on chromosome A04, while only onesing the public expression data.
GPAT gene appeared on each of chromosomes A03, A05, A06, The RNA-seq data dBhGPATgenes from di erent tissues and
A09, A10, Al11, A12, D02, D03, D06, D09, D10, D11, and D12. Aevelopmental stages Gf hirsutumacc. TM-1 Zhang T. et al.,
total of 21GbGPATgenes were distributed unevenly on 16 of 262015 were analyzedHigure 4). As shown inFigure 4, GhGPAT
G. barbadensehromosomes, and the number GIPATgenes on genes exhibited di erent expression patterns in di erent tissu
each of the 16 chromosomes ranged from 1 to 3. of TM-1, indicating thatGhGPATgenes had multiple biological
Gene duplication events were considered to play an importarfunctions during cotton growth and development. Eleven
role in the ampli cation of gene families. It is reported thdte GhGPATgenes GhGPAT3 GhGPAT7 GhGPAT11GhGPAT14
genomes ofG. raimondiiand G. arboreumhave undergone at GhGPAT17 GhGPAT21 GhGPAT22 GhGPAT24 GhGPAT26
least two rounds of genome-wide duplicatioRaterson et al., GhGPAT27and GhGPAT28 could be detected in all the tested
2012; Wang et al., 20).2And all tetraploid cotton species tissues, indicating that thesdBhGPAT genes were involved in
are derived fromG. raimondii and G. arboreum(Wendel multiple processes during the development of cotton. With the
et al., 200R Therefore, evolutionary relationships among theexception ofGhGPATS GhGPAT6 GhGPAT8,and GhGPAT18
four cotton species are close. To elucidate the expanddbe expression of other genes could be detected in the stems.
mechanism of theGPAT gene family, gene duplication event GhGPAT5and GhGPAT 18vere speci cally expressed in 10 DPA
analysis in the four cotton species was performed, and théers, and GhGPAT4 GhGPAT10 GhGPAT15and GhGPAT23
details of the duplicated gene pairs were listedTable2 A were expressed in 20 DPA bers, suggesting that these genes
total of 5, 6, and 19 duplication events were detectedsin might play important roles in the rapid elongation period and
raimondii, G. arboreumandG. hirsutum respectively. They were secondary wall developmerBhGPAT13exhibited a high level
located on individual chromosomes and were mainly attrémit of accumulation during ovule development 8 to 35 DPA)
to segmental duplication events in the three cotton speciesnd ber development (5, 10, and 25 DPA), indicating that
(Figure 3). In G. barbadenséd. pair of tandem duplications and GhGPAT13night play important roles in ovule development and
13 pairs of segmental duplication events were detediigli(e 3, ber developmentGhGPA4GhGPAT5GhGPAT15GhGPAT18
Table 2, but we also concluded that the expansion of theGhGPAT1%nd GhGPAT20were not detectable at the di erent
GbGPATgene family occurred mainly by segmental duplicationstages of cotyledons, suggesting that those six genes might n
events rather than tandem events. be associated with seed germination. There were 13 pairs of
The duplicated gene pairs might have undergone threparalogous genes among theG&GPAT genes, and 11 pairs
alternative fates during their evolution, i.e., nonfumctalization, clustered together, which suggested that the expressioheof t
neofunctionalization and subfunctionalizationLynch and paralogousGhGPAT genes might be conserved. In addition,
Conery, 200)) To examine the selective constrains on duplicatedhe expression patterns of duplicated gene pair§irhirsutum
GPAT gene pairs in the four cotton species, the Ka/Ks ratio fowere also investigated iRigure 4. Most duplicated gene pairs
each pair of duplicatedsPAT genes was calculated using thesuch asGhGPAT2/GhGPAT1&nd GhGPAT5/GhGPAT 18/ere
full-length sequences. Generally, KafK4 indicates accelerated similar. However, the expression &hGPATland GhGPAT13
evolution with positive selection, Ka/KB 1 indicates neuteal were strongly divergent, which might be caused by the sicanit
selection, while Ka/Ks 1 indicates the functional constraint variation in gene regulations after the duplication events.
with purifying selection. In this study, there are 2, 6, 15¢d &h The expression pro les ofArabidopsis GPATgenes were
pairs of duplicatedsPATswith a Ka/Ks ratio< 1inG. raimondij  also analyzed unsing the public microarray dataoy ghi
G. arboreumG. hirsutumandG. barbadenseespectively, which et al., 200 Similar to GhGPAT genes, theAtGPAT genes
suggested that they had experienced purifying selectionymess also showed di erent expression patterns in di erent tissues
with limited functional divergence after cottoGPAT genes (Figure SJ. The expression oAtGPATS showed a relatively
duplications {Table 2. However, 3, 4, and 6 pairs of duplicated high level in the siliques at 6-10 DAF (day after owering),
GPATswith a Ka/Ks ratio> 1 were found inG. raimondij G.  but lower expression in early developmental stages of silique
hirsutum,and G. barbadenseespectively, suggesting that thesg4-5 DFA), which suggested that it might contribute to
cotton GPAT genes had experienced positive selectitable 2. the accumulation of glycerolipid irArabidopsissiliques. The
These observations re ected that the functions of the dgibd  AtGPAT6had high exprsssion in sepals, petals and stamens than
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FIGURE 3 | Genomic localization and gene duplication o6PAT genes in the four cotton species. The chromosomes of5. raimondii G. arboreum, G. hirsutum, and
G. barbadensewere lled with red, blue, green, and orange, respectively. fie duplicated gene pairs were connected with different colplines. Green, red, and black
GPAT genes belonged to Group I, Group II, and Group Ill, respectively.

in other tissues, which indicated that it may play importantof all 28 GhGPAT genes were used to nd their putatives
rols in the Arabidopsis ower development. Additionally, the elements Table S4, and eight putative environmental stimulus-
paralogous gene pairs dfrabidopsis GPATgenes were also responsive ciselements were identied inGhGPAT genes
investigated, it was showed tha&tGPAT4/AtGPAT8had the (Table S§. Although there were ncciselements responding
simiar expression patterns. However, it was not the case f@p salt stress and only oneiselement responding to low
AtGPAT2/AtGPAT3 temperature in the PLACE database, soaigelements might
respond to multiple environmental stimuliHigo et al., 1999

) The results showed that almost &hGPATpromoters contained
Gene Expression Patterns Under Salt and more than three environmental stimulus-responsiigelements
Cold Stresses except forGhGPAT13Table S, indicating thatGhGPATgenes
Salt and cold stresses are the two of the main abiotic ss¢sae may be involved in the response to salt and cold stresses.To
limit the productivity and geographical distribution of vatis  validate the participation oGPAT genes in salt or cold stress,
crops all over the world. Previous study reported that plangene expression of &lhGPATgenes were conducted in di erent
GPAT genes are well known to be involved in responses to salissues under salt or cold stressidure 5). For the salt stress,
(Sun et al., 2010; Sui et al., 2D&nd cold stressed/urata and  the relative expression levels GhGPAT genes were altered
Tasaka, 1992; Ariizumi et al., 2002; Sui et al., 2)0git the  either induction or suppression under di erent salt treatment
function of GhGPAT genes in cotton response to salt or cold(Figure 54). In the roots, nearly allGhGPAT genes were
stress remains unknown. Thiselements could provide critical upregulated under slight salt stress except ®GPAT17and
evidence and understanding about the functions3#AT genes GhGPAT21Most GhGPATgenes were suppressed under severe
in cotton. Therefore, the promoter regions up to 2 kb upstreanstress except foBhGPAT8, GhGPATGhGPAT11GhGPAT1S,
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and GhGPAT22 In the stems, mosGhGPAT genes displayed GhGPAT27/GhGPAT28vere clustered together with similar
downregulation under di erent levels of salt stress, whilee  expression patterns.

GhGPAT genes GhGPATS GhGPAT7 GhGPAT8 GhGPAT11

GhGPAT13and GhGPAT18showed upregulation under at least CO-localization and Sequence Variation of

one salt treatment. In the leave§hGPAT5and GhGPAT18 GhGPAT Genes With Quantitative Trait Loci

were upregulated under di erent Ievel_s of salt stress. Séverfbr Seed Oil and Protein Contents

GhGPAT genes showed dOV\{nreguIatlon: In the cotyledons,ro analyze the relationships &hGPATgenes with cottonseed
only GhGE,IATl&vals upéer?élatlon under di erednt levels |°f salt oil and protein contents, a co-localization analysisGHGPAT
stress, while nearly al PATgenes_ were downregulation. enes with oil- and protein-related QTLs was conducted
Furthermore, two duplicated gene pal_IGhGPATZ/_GhGPAT16 ?Figure 6). QTLs for oilpand protein traits were downloaded
and GhGPAT27/GhGPAT28howed similar expression patterns. ¢ intraspeci ¢ G. hirsutumand interspeci ¢ G. hirsutum
For thg COIq stressF@gure 5B), only a fewGh.GPAT genes G. barbadenseopulations Gaid et al., 2013aThe results
were induction, while others was suppression under COl%howed that 5GhGPAT genes on ve chromosomes were
stress. In the roots, véShGPATgenes G_hGPATZ GhGPATE ¢4 localized within a 21.7 cM region of cottonseed oil- and
GhGPAT10GhGPAT20and GhGPAT2R displayed upregulated giein-related QTLs, includingGhGPAT3on chromosome
expression under cold stress, while others were suppressg@4lc4, GhGPAT4 on chromosome A05/c5GhGPAT7 on
by cold stress. In the stem&hGPAT18and GhGPAT24were  chromosome A08/c8GhGPAT90n chromosome A09/c9, and
initially increased at 12h of cold stress and then decreaseghGPAT150n chromosome DO04/c22. Thre&hGPAT genes
at 24h of cold stress. In the leaves, the expression @h one chromosomeGhGPAT19GhGPAT20and GhGPAT21
GhGPAT2Gshowed upregulation under cold stress as comparegn chromosome DO08/c24) were localized within a 35cM
with other GhGPAT genes. In the cotyledons, most of theregion Figure ). The co-localized QTLs include six QTLs (on
GhGPAT genes were suppressed under cold stress excegiromosomes A04, A0S, A09 and D04) from intraspectc
for GhGPAT8 GhGPATY, and GhGPAT24 GhGPAT8 and  hirsutumpopulation and three QTLs (on chromosomes A05 and
GhGPATO9were upregulated after 12h of cold treatment, whilepog) from interspeci ¢G. hirsutum G. barbadensgopulation
GhGPAT24vas upregulated at 24 h. In addition, three duplicated(Tab|e S6. Inintraspeci ¢G. hirsutumpopulation, 4 and 2 QTLs
gene pairs GhGPAT5/GhGPAT185hGPAT12/GhGPAT2%nd  associated witkshGPATgenes were identi ed for cotton oil and

Frontiers in Genetics | www.frontiersin.org 11 February 2019 | Volume 10 | Article 116


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Cui et al. Genome-Wide, Glycerol-3-Phosphate Acyltransferase, GenFamily

TABLE 2 | Ka/Ks analysis for the duplicatedGPAT gene pairs fromG. raimondii G. arboreum, G. hirsutum, and G. barbadense

Species Duplicated gene 1 Duplicated gene 2 Ka Ks Ka/Ks Purify ing selection Duplicate type
G. raimondii GrGPAT1 GrGPAT6 0.149 0.179 0.832 Yes Segmental
GrGPAT4 GrGPAT14 0.12 0.128 0.938 Yes Segmental
GrGPAT5 GrGPAT13 0.132 0.104 1.269 No Segmental
GrGPAT6 GrGPAT3 0.158 0.137 1.153 No Segmental
GrGPAT10 GrGPAT12 0.211 0.188 1.122 No Segmental
G. arboreum GaGPAT1 GaGPAT8 0.131 0.197 0.665 Yes Segmental
GaGPAT1 GaGPAT15 0.119 0.248 0.48 Yes Segmental
GaGPAT3 GaGPAT7 0.205 1.024 0.2 Yes Segmental
GaGPAT4 GaGPAT14 0.094 0.228 0.412 Yes Segmental
GaGPAT6 GaGPAT12 0.14 0.495 0.283 Yes Segmental
GaGPAT9 GaGPAT10 0.08 0.374 0.214 Yes Segmental
G. hirsutum GhGPAT1 GhGPAT13 0.007 0.008 0.875 Yes Segmental
GhGPAT2 GhGPAT9 0.11 0.163 0.675 Yes Segmental
GhGPAT2 GhGPAT16 0.007 0.008 0.875 Yes Segmental
GhGPAT3 GhGPAT1 0.089 0.115 0.774 Yes Segmental
GhGPAT3 GhGPAT17 0.009 0.008 1.125 No Segmental
GhGPAT4 GhGPAT15 0.005 0.016 0.313 Yes Segmental
GhGPAT4 GhGPAT23 0.174 0.311 0.559 Yes Segmental
GhGPAT5 GhGPAT18 0.01 0.033 0.303 Yes Segmental
GhGPAT6 GhGPAT19 0.017 0.016 1.063 No Segmental
GhGPAT7 GhGPAT21 0 0.008 0 Yes Segmental
GhGPAT7 GhGPAT27 0.122 0.174 0.701 Yes Segmental
GhGPAT9 GhGPAT22 0.005 0.016 0.313 Yes Segmental
GhGPAT10 GhGPAT23 0.03 0.036 0.833 Yes Segmental
GhGPAT11 GhGPAT24 0.01 0.007 1.429 No Segmental
GhGPAT12 GhGPAT25 0.016 0.018 0.889 Yes Segmental
GhGPAT14 GhGPAT26 0.009 0.026 0.346 Yes Segmental
GhGPAT17 GhGPAT1 0.084 0.125 0.672 Yes Segmental
GhGPAT21 GhGPAT28 0.126 0.15 0.84 Yes Segmental
GhGPAT27 GhGPAT28 0.017 0.016 1.063 No Segmental
G. barbadense GbGPAT1 GbGPAT10 0.006 0.008 0.75 Yes Segmental
GbGPAT2 GbGPAT11 0.008 0.015 0.533 Yes Segmental
GbGPAT3 GbGPAT13 0.014 0.008 1.75 No Segmental
GbGPAT4 GbGPAT15 1.812 1.535 1.18 No Segmental
GbGPAT6 GbGPAT17 0.011 0.015 0.733 Yes Segmental
GbGPAT7 GbGPAT18 0.032 0.059 0.542 Yes Segmental
GbGPAT7 GbGPAT24 0.234 0.178 1.315 No Segmental
GbGPAT8 GbGPAT20 1.705 3.103 0.549 Yes Segmental
GbGPAT9 GbGPAT21 0.006 0.016 0.375 Yes Segmental
GbGPAT11 GbGPAT12 0.006 0.015 0.4 Yes Tandem
GbGPAT14 GbGPAT15 1.889 1.525 1.239 No Segmental
GbGPAT16 GbGPAT22 1.876 1.557 1.205 No Segmental
GbGPAT25 GbGPAT23 0.008 0.024 0.333 Yes Segmental
GbGPAT26 GbGPAT27 0.01 0.007 1.429 No Segmental

protein, respectivelychGPAT3and GhGPAT 7each co-localized only co-localized only with one oil-related QTL on chromosem
with one oil-related QTL, whileGhGPAT9 and GhGPAT15 AO05, whereasGhGPAT19 GhGPAT20,and GhGPAT21 co-
each co-localized with one oil-related QTL and one proteindocalized with one oil-related QTL and one protein-related
related QTL. In addition, one oil-related QTL and two protein QTL on chromosome D08. However, the causative relationship
related QTLs associated wiBhGPATgenes were identi ed from between the natural variation i@hGPATgenes and oil content
interspeci cG. hirsutum G. barbadensgopulation.GhGPAT4 may not be obtained from the co-localization of a cottonseed
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FIGURE 5 | Expression patterns of 28GhGPAT genes in four representative tissues os. hirsutumin response to salt stress and cold stress(A) Expression patterns
of 28 GhGPAT genes under salt stress.(B) Expression patterns of 28GhGPAT genes under cold stress. Slight stress, moderate stress, ah severe stress inG.
hirsutum were represented by 150, 200, and 300 mM NaCl, respectivelyThe color bar represents the relative signal intensity vads.

oil-related QTL or a protein-related QTL witlbhGPATgenes, 16 SNPs in SGGPAT genes were classi ed as synonymous, and
since hundreds of genes could be identi ed from a 20 cM regiorl6 SNPs in 1GGPAT genes were non-synonymous. To detect
(Said et al., 2019peven 35 cM region. the association analysis between SNPs (non-synonynous) from
To analyze the relationship between the sequence variatidBPAT genes and oil content, primers were designed to amplify
in GPAT genes and oil content, the SNPs GPAT genes fragments containing SNP3dble S2 and analyzed using high-
were identi ed from RNA-seq data on CRI 36 and Hai 7124.resolution melting (HRM). The 16 SNPs classied as non-
As shown inTable S7 32 SNPs in the cDNA sequences ofsynonymous were screened in a BIL population of 180 lines
12 GPAT genes were identied from the CRI 36 and Hai derived from a backcross between CRI 36 and Hai 7124, and
7124 data compared with the TM-1 genome. Among themgorrelation analysis was conducted in the BIL population of 180
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FIGURE 6 | A co-localization analysis ofShGPAT genes with cotton oil and protein quantitative trait loci (QLs). GhGPAT genes are shown in red, and underlining
indicates the GhGPAT genes colocalized with oil or protein content QTLs.

lines in 2015 AY, 2016AY, and 2016XJ. An SNRGOIGPAT16 species originated from an interspeci c hybridization event
namedGhGPAT161624 (T/C), which changes amino acid 542between the progenitor§&. raimondii (D5) and G. arboreum
from phenylalanine to leucine, was found to be signi cantly(A2) (Cronn et al., 1999; Wendel et al., 200&ach of the
associated with oil content in the BIL population in 2015AY,GPAT genes in the diploid cotton species corresponds to two
and an SNP o6hGPAT26namedGhGPAT26172 (T/C), which  orthologous genes in their allotetraploid derivatives loese the
changes amino acid 58 from serine to proline, was foundheory of evolution. However, the numbers GPAT genes in

to be associated with oil content in 2016AYable S§. In  each ofG. hirsutumand G. barbadenswere slightly less than
the BIL population, the correlation ofShGPAT161624 and the sum of those fron®. raimondiiand G. arboreumsuggesting

oil content in 2015AY was signi cantly negative Q.262, that whole-genome duplication was the major impetus and
P < 0.01), and the correlation ofshGPAT26172 with oil was followed by dierent degrees of gene loss during the
content in 2016AY was signi cantly positive (0.183< 0.05). evolution of allotetraploid cottons, and this was consistent
However,GhGPAT161624 andGhGPAT26172 did not exhibit  with previous reported that gene loss was accompanied by the
any association with oil content from the same BIL populationrapid arrangement of genomic sequences after hybridizagiuh

in 2016AY, 2016XJ and 2015AY, 2016XJ, respectively. Therefachromosome doubling during polyploidizatiorPaterson et al.,
the association between the SNP markersGiiGPAT16and 2009. This inconsistency has also been detected in a certain
GhGPAT2&enes and oil content remains to be elucidated. Thesgenus among di erent cotton specie®¢ng et al., 2017; Li
results suggest that the sequence variations in n@&sEPAT et al., 2017; Pant et al., 2018he number of GPAT genes
genes are not associated with natural variations in cottoin G. arboreumis slightly greater than that irG. raimondij

oil content. although the genome o& arboreumwas approximately twice
larger than that ofG. raimondii and the long terminal repeat
DISCUSSION (LTR) retrotransposon insertion irG. arboreummay explain
. . . . the phenomenon Raterson et al., 2012; Li et al., 2R1Fhe
Identi cation, Phylogenetic Analysis and GPAT family genes from the subgenomes Gf hirsutum or
Evolution of GPAT Genes in Cotton G. barbadensevere more closely phylogenetically related to

In this study, a total of 14, 16, 28, and ZZPAT genes were those fromG. raimondiiand G. arboreumre ecting that the
identi ed from G. raimondij G. arboreum G. hirsutum and GPATgene family evolved before the formation of allotetraploid

G. barbadenseespectively Table 1). The allotetraploid cotton cotton species.

Frontiers in Genetics | www.frontiersin.org 14 February 2019 | Volume 10 | Article 116



Cui et al. Genome-Wide, Glycerol-3-Phosphate Acyltransferase, GenFamily

Phylogenetic analysis revealed ttGPATgenes were more cotton and Arabidopsis which might enable these two plants
closely related td cGPATshan to AtGPATYFigure 1), thisresult  to rapidly adapt to new environments. Previous studies also
was consistent with the evolutionary relationships among threported that some duplicated gene pairs in other gene families
four cotton speciesgacaoand Arabidopsis The GPAT genes such as th&vVOX and YABBY gene families, displayed di erent
from cotton, Arabidopsisand cacao were distinctly classi ed expression patternsYéng et al., 2017, 20)L8These results
into three groups: Group I, Group Il, and Group IlIFigure 1),  indicated that divergence of duplicated gene pairs is a per@asiv
and no additional groups were identi ed in the tree, which wasevolutionary process after duplication.
similar to those inArabidopsigNishida et al., 1993; Gidda et al.,

2009 and other plants (vaschburger et al., 20).8The gene Fynctional Divergence of Cotton GPAT
structure anglyss qArapldopS|sand cotton GPAT genes also Genes Under Salt Stress and Cold Stress
supported this classi cationHigure 2B). GPAT genes within the . .

Salt and cold stresses are the serious environmental esress

same groups showed S|m_||ar exon numbers, indicating thaegenthat limit the productivity and geographical distribution of
within the same group diverged from a common ancestor. In _. . . .
o . various crops worldwide. Previous studies revealed that the
addition, previous study reported that at least one GfRATgene . . .
. ) - . overexpression oGPAT genes in plants could enhance their
was clusted witt\rabidopsis GPAgene from a phylogenetic tree ) .
: ; ) . salt or cold tolerance Murata and Tasaka, 1992; Sui et al.,
constructed with 8Arabidopsisand 16 riceGPAT genes ldoran . :
. 2007a, 2017; Sun et al., 2D1Gene expression patterns can
et al., 200Q Take those results together, it suggested that the _ . . L
. ) . . . provide useful clues for understanding gene functiGuiet al.,
functional di erences of variou§&PAT groups fromArabidopsis . S
. ~.2017. Figure 5A showed that a majority c6hGPATgenes were
rice and cotton have been conserved over 100 million .
cars (Mya) upregulated in roots under moderate salt stress. In contasdty
y ya). a few upregulate@PAT genes were found in leaves compared

S : with roots. This result was consistent with the fact that roots
DUpllcatlon of GPAT Genes in Cotton were the rst tissues directly responding to salt stre§siq

Previous studles_, reported that gene dup_hca_tlon was the Majol al., 200}, and root and leaf tissues were distinctly di erent in
reason for ampli cation of the gene family, including tandem

L e o i m l., 20)¢
duplication, segmental duplication, transposition eventsd an structure and function¢ampo etal,, 2094SomeGhGPATgenes

whole-genome duplication(anc and Wolfe, 2004; Flagel and showed similar expression patterns in the same tissue undter sa

Wendel, 200p Segmental duplication and translocation have cold stress, being either induced or suppresiagt{re 5. For
; . example,GhGPAT8and GhGPAT11were induced in roots by
enabled plants to rapidly adapt to new environmenisaser

et al., 2005 In this study, we analyzed gene duplication event salt stress, an@GhGPAT2and GhGPAT22vere also upregulated

to further understand the expansion mechanismGRAT genes %efore 24 h under cold stress. These results indicated testet

. - - . . genes were co-expressed under salt or cold stress. However,
in cotton. Forty-four duplicated gene pairs were identi edtime - . .

o - . someGhGPATgenes in the same tissue also presented di erent
four cotton species, including 5, 6, and 19 segmental duglétat

. : . s : expression patterns under salt stress and under cold stress. F
pairs detected irG. raimondii G. arboreumand G. hirsutum . - . :
: . instance,GhGPAT18was induced in roots under di erent salt
respectively, and 1 and 13 pairs of tandem and segment

duplication detected inG. barbadenséFigure 3 Table 2. The Sress con_dltlo_ns, wh|le_ I was suppressed before 24 h undiir co
) stress. This di erence indicated that these genes may perform
results suggested that the expansion of cott8RAT genes

. L diverse functions under salt or cold stress. Together ghesults
was mainly due to segmental duplication events. The result|§n lied that the signaling network responding to abiotic sse
from Table 2 showed that purifying selection predominated . P 9 g P g

. 2 . ~in plants was complicatedZpang L. et al., 20)5In addition,
across the duplicated gene pairs in cotton. Purifying selacti - . k
I ) . . someGhGPATgene pairs presented a high degree of functional
could eliminate deleterious loss-of-function mutatioesihance

. . . divergence under salGhGPAT5was downregulated in roots
xation and preserve the function of a new duplicated gene

at both duplicated loci Tanaka et al., 2009After duplication, 2! Severe salt stress, while its duplicated g@RGPAT1E

the coding regions can obtain new regulatory context b)}/vas upregulated. This evidence supported the assertion tleat th

. : - . . expression divergence between duplicated gene pairs was the rs
insertion or deletion of tissue-speci ¢ enhancers or repoess : . . ) . .

. . o . . step in functional divergence, which could increase thdiliked
causing spatial and temporal variations in expression patterngf their retention in the genomezhang, 2008
of duplicated genesy@ng et al., 2007 The expression patterns '
of GhGPAT genes in dierent tissues of TM-1, showed that
most of GhGPAT duplicated gene pairs displayed similar CONCLUSIONS
expression patterns, indicating that their biological funos
might not be diverged during cotton development and growth,In this study, a total of 885PAT genes based on the genome
but determining whether these genes had similar functiams i information of G. raimondij G. arboreum G. hirsutum and
di erent tested tissues would require further studies. Heee G. barbadenseere identi ed. The family could be divided into
someGhGPATduplicated gene pairs also displayed di erentialthree groups based on the phylogenetic tree and gene striscture
expression patterns, and this case also presented in the eigpressSegmental duplication events were the main contributors to
pattern of Arabidopsis GPATenes [Figure S3, indicating that GPAT gene family expansion i®. raimondij G. arboreumG.
the biological functions of the duplicated genes might havédnirsutum and G. barbadenseéMoreover, duplicated gene pairs
experienced divergence during the development and growth aff GhGPATSn upland cotton might be experienced functional
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divergence, since their expression patterns were dierent iISUPPLEMENTARY MATERIAL
di erent tissues. som&hGPATgenes are likely to be involved _ _ _
in salt or cold response. EiglBhGPATgenes were co-localized The Supplementary Material for this article can be found
with oil and protein content QTLS, and two SNP markerson“ne at: https://www.frontlersm.or_g/artlcles/lO.iﬂ')'Egene.
were genetically associated with cottonseed oil conteraria  2019.00116/full#supplementary-material
interspeci ¢ BIL population (in one of three eld tests). Our Figure S1| Phylogenetic relationships of5PAT genes from Gossypium,
results provide a solid foundation for further understangin Arabidopsis, and cacao. The phylogenetic analysis was performed by Minimum
: . ot likelihood method with 1,000 replicates. The GPAT genes fra G. raimondij G.

about involvement of cottoGPAT genes in the natural variation ) o

f cotton d oil content. and also could provide the canigida arboreum, G. hirsutum, G. barbadense Arabidopsis, and cacao were marked
or cotionsee - o uld p with the red, yellow, black, blue, green, and magenta dots,aspectively. And the
genes for function studies. branches of each group were indicated in a speci ¢ color.

Figure S2 | Expression pro les of Arabidopsis GPATgenes in different tissues.
AUTH OR CO NTR | B UTlONS The Arabidopsis transcriptome of GPAT genes were conductedsing the BioArray

Resource (BAR) Expression BrowseiTpu ghi et al., 2005). The color bar
JZ and JY conceived and designed the study. YC and Jigbresents the relative signal intensity values.
performed the experiments and analyzed the data. NW and GIlhble S1 | GPAT genes of Arabidopsis, and cacao used to construct phylogenetic
prepared the gures. WP, MW, and XL analyzed and interpretedrees in this study.
j[he data. Y,C’ JZ, and JY pr.epared the manuscript. JZ par“c'p?tﬁgﬂe S2 | Primers for qRT-PCR and single nucleotide polymorphisms ithis
in the design of the experiments, wrote part of the manuscripty,q,,
and performed a critical review for intellectual content.l Al .
. . Table S3 | Orthologous and paralogousGPAT genes in and between the four
authors have read, edited, and approved the current version gi

- tton species.
the manuscript. ) ) )
Table S4 | The cis-elements in the promoter regions oflGhGPATs

FUNDING Table S5 | The cis-elements involved in salt and cold stresses response in the
promoter regions of GhGPATSs _indicated no corresponding cis-element.
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