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Heat shock transcription factors (Hsfs) are important trascription factors (TFs) in
protecting plants from damages caused by various stressesTlhe released whole genome
sequences of wild peanuts make it possible for genome-wide malysis of Hsfs in peanut.
In this study, a total of 16 and 17Hsf genes were identi ed from Arachis duranensis
and A. ipaensis respectively. We identi ed 16 orthologous Hsf gene pairsi both peanut

species; howeverHsfXswas only identi ed from A. ipaensis Orthologous pairs between
two wild peanut species were highly syntenic. Based on phylgenetic relationship, peanut
Hsfs were divided into groups A, B, and C. Selection pressur@nalysis showed that
group B Hsf genes mainly underwent positive selection and gup A Hsfs were affected
by purifying selection. Small scale segmental and tandem dplication may play important
roles in the evolution of these genes. Cis-elements, such a#BRE, DRE, and HSE,
were found in the promoters of mostArachis Hsf genes. FiveAdHsfs and two AiHsfs

contained fungal elicitor responsive elements suggestintheir involvement in response
to fungi infection. These genes were differentially expresd in cultivated peanut under
abiotic stress and Aspergillus avus infection. AhHsf2 and AhHsf14 were signi cantly

up-regulated after inoculation withA. avus suggesting their possible role in fungal
resistance.

Keywords: heat shock transcription factor, peanut, abiotic stress, selective pressure, purifying selection

INTRODUCTION

Abiotic stresses, including heat, cold, drought, and $@glira ect plant growth and development
and cause serious loss of crop productidfigng et al., 2004; Al-Whaibi, 2011; Qiao et al., 015
As sessile organisms, plants could not change their locatidmen facing such stress conditions
(Guo et al., 2026 However, plants have evolved adaptation strategies te ttesssesScharf et al.,
2012; Guo et al., 20).6Transcription factors play a crucial role in stress toleraby regulating the
expression of thousands of genes under unfavorable comgi{fechwechheimer and Bevan, 1998;
Kreps et al., 2002; Shinozaki and Yamaguchi-Shinozaki, 20@ig et al., 200)4Plant heat shock
transcription factors (Hsfs) are important transcription facs (TFs) in protecting plants from heat
stress and other stresses, including cold, salinity, andgit (Kotak et al., 2007a; Swindell et al.,
2007; Hu et al., 20)5Hsfs were found in eukaryotes from yeast to humaRgdqssa, 1962; Tanabe
etal., 1997; Akerfelt et al., 2Q1Bisfs could protect cells from extreme proteotoxic damagetive

Frontiers in Plant Science | www.frontiersin.org 1 February 2017 | Volume 8 | Article 106


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
https://doi.org/10.3389/fpls.2017.00106
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2017.00106&domain=pdf&date_stamp=2017-02-06
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:houlei9042@163.com
mailto:xingjunw@hotmail.com
https://doi.org/10.3389/fpls.2017.00106
http://journal.frontiersin.org/article/10.3389/fpls.2017.00106/abstract
http://loop.frontiersin.org/people/314708/overview
http://loop.frontiersin.org/people/283284/overview
http://loop.frontiersin.org/people/49133/overview

Wang et al. Hsf Family Genes inArachis

activation of related gene®églton et al., 2000; Akerfelt et al., the functional divergence and evolution AfachisHsfs. We also
2010; Yang et al., 2014; Jaeger et al., )2(8tudies showed applied the knowledge gained from wild species to cultivated
that Hsfs are also involved in plant growth and developmenbne to understand their possible functions on peanut response
(Almoguera et al., 2002; Diaz-Martin et al., 2005; Kotak et alto abiotic and biotic stress.
20071.
Hsfs regulate heat shock response via activating the expressi ATERIALS AND METHODS
of heat shock protein (HSP) genes by binding to the heat ) ) )
shock elements (HSEspP¢lham, 1982; Akerfelt et al., 2910 Data Collection and Identi cation of ~ Hsf
The sequences and geometrys of HSEAGAANNTTCT-3%are  Genes
variable Guertin et al., 2012; Mendillo et al., 2012; Vihervaararhe genome sequence data of two wild peanut species (AA
et al., 201p Hsfs could also bind to Satlll repeat element,and BB genomes) were obtained from the peanut genome
50cgGAAtgGAALg-8 (Grady et al., 1992 Like many other database (http://peanutbase.org/). The conserved domains of
transcription factors, Hsfs have an N-terminal DNA binding Hsfs are Hsf-type DBD domain. The HMM ID of this domain
domain (DBD) and followed by an oligomerization domain is PF00447 in the pfam database (http://pfam.xfam.org/). The
(OD). OD is composed of two hydrophobic heptad repeatsamino acid sequences of HMMs were used as queries to identify
(HR-A/B) which allows homo- and hetero-multimerization all possible Hsf protein sequences in AA and BB genome
(Peteranderl et al., 1999; Nover et al., 2001; Baniwal 08l).  database using BLASTE & 0.001). SMART software (http:/
Certain Hsfs contained nuclear location signal (NLS) damai smart.embl-heidelberg.de/) was used to identify integr&aei
nuclear export signal (NES), and C-terminal activation (AHA domain and (HR-A/B) domain in the putative peanut Hsfs.
domain (D6ring et al., 2000; Hsu et al., 2003; Maere et al., R005Candidate proteins without integrated DBD domain and HR-
Based on the structural characteristics of HR-A/B domaid e A/B domain were removed. NLS domains in peanut Hsfs were
phylogenetic relationship, plant Hsfs are divided into A, Bd&h  predicted using cNLS Mapper software (http://nls-mapper.iab.
groups {/on Koskull-Doring et al., 2007; Wang et al., 2014; Yankeio.ac.jp/cgi-bin/NLS_Mapper_form.cgi ). NES domains were
etal., 201} Additional sequences were found in HR-A/B domain predicted using NetNES 1.1 server software (http://wwwdtbs.
of group A and C, but not in group B Hsfd\over et al., 2001; dk/services/NetNES/). AHA domains were predicted based on
Schmidt et al., 2012; Wang et al., 2014; Yang et al.)2014 the conserved-type AHA motif sequence FWxxFI/L, F/llofak
Only the active Hsfs are capable of recognizing and bindingt al., 200}t Protein isoelectric point (pl) and molecular weight
to the promoters of target genes. The inactive monomer coeld b(Mw) were analyzed using Expasy software (http://web.expasy.
converted into active oligomer under variety of stress @gbads  org/compute_pi/).
(Hartl and Hayer-Hartl, 2002; Wang et al., 2012; Lietal. 4401 The genome, protein, and cDNA sequences were collected
There are only a few Hsf genes in yeast and animals, while 2Grom the related genome databases for the following adattio
50 Hsf genes were found in plantScharf et al., 2012; Lin et al., plant speciesArabidopsis thaliana(http://www.plantgdb.org/
2014; Qiao et al., 20).5Hsf genes were identi ed in many plants AtGDB/), Glycine max (http://www.plantgdb.org/GmGDB/),
and expressed in various tissues at di erent developmentgesta Lotus japonicus(http://www.plantgdb.org/LiGDB/), Medicago
during di erent stress conditions Giorno et al., 2012; Chung truncatula (http://www.plantgdb.org/MtGDB/),Cajanus cajan
etal., 2013; Xue et al., 2014 (http://gigadb.org/dataset/100028) ai@icer arietinum(http:/
Peanut Arachis hypogaela) is an important oil crop in the nipgr.res.in/lCGAP/home.php).
world. In developing countries, peanuts were rain-fed, st i

important to study the drought stress tolerance of peaiiiu ~ Orthologous Gene Identi cation and
et al., 201p Aspergillus avusproduces potent mycotoxins Structure Analysis

known as a atoxins that could cause serious health concerngrthologous gene pairs were identi ed according to (1) thetbe
(Zhang et al., 20951t is unknown on the role of Hsf genes in hijt betweenA.duranensisand A. ipaensis(2) the position in
peanut response to abiotic stresses Andavus infection. the phylogenetic tree (bootstrap valaes0), and (3) identity
Cultivated peanut is an allotetraploid (AABBNn4D 4x  petween ortholougs gene pairsg0%). Circos software was used
D 40) originated from a single hybridization and genometo plot the chromosomal locatiori(rzywinski et al., 2009 Gene

duplication event between two wild type diploid peanutsStructure Display Server 2.0 (http://gsds.cbi.pku.edu.oves
(AA and BB genomes)Kochert et al., 1996; Freitas et al.,ysed to plot the gene structure.

2007; Moretzsohn et al.,, 2013; Wang et al., 20R&cently,

the whole genome sequencing of the two ancestral specidgnalysis of Synteny

(A. duranensisand A. ipaensis have been completedértioli  Intraspecies synteny analysis of AA or BB genome and
et al., 2016 http://peanutbase.org/). Here, we genome-widelyinterspecies synteny analysis between AA and BB genomes were
identi ed and analyzed theHsf genes from two wild peanuts based on comparison of 100 kb blocks of chromosome containing
speciesA. duranensi$AA genome) andh\. ipaensi¢BB genome), Hsf genes according to previous repor&s(o et al., 2008; Zhang
respectively. We analyzed the gene duplication events inilde wet al., 2011; Lin et al., 201L4Hsf genes were set as anchor
peanut species, the di erence of selection pressure in A, B, argbints according to their chromosome locations. Blocks were
C group of ArachisHsfs, and the structures of these proteins.identi ed by local all-vs-all BLASTNE< 10 29). In intraspecies

Our results provide basic information for further understling  analysis, when four or more homology genes were detected,
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these two blocks were considered to be originated from alarg Analysis of Cis-Acting Regulatory
scale duplication evenZfiang et al., 2011; Lin et al., 2014 Elements in Promoter

interspecies analysis, when three or more conserved homolog|antcare software (http:/bioinformatics.psb.ugentipestools/

genes were detected, these two blocks were consideredigyntgyjantcare/html/) was used to predict cis-acting regulatory
blocks Gato et al., 2008; Lin et al., 2014; Wang et al., 2016 elements.

Multiple Sequence Alignment and Plant Materials, Stress Treatments, and

Phylogenetic Analysis RNA Isolation

Protein multiple sequence alignment was performed usin@ultivated peanut cv. Luhua-14 was used in this study. Eleven-
online software Clustal Omega (http://www.ebi.ac.uk/Tbolsday-old peanut seedlings were subjected to drought (removed
msa/clustalo). Neighbor-Joining (NJ) trees were constiictefrom wet medium and kept in air on Iter paper), cold (€) and
using MEGA 6.0 with protein sequences. To support théhigh temperature (42C) treatment. Leaf samples were collected
calculated relationship, 1000 bootstrap samples were gexkratat 0, 1, and 6 h after treatment and immediately frozen in
A total of 21 A. thaliana Hsfs (Scharf et al.,, 20)2 11 liquid nitrogen. Leaf samples without treatment were used as
M. truncatula Hsfs, 10L. japonicusHsfs, 16 C. cajanHsfs control. Peanut seeds inoculated with avus for 3 days were
(Lin et al., 201% 11 C. arietinumHsfs, and 40G. maxHsfs collected and seeds withoét avus inoculation were used as
were included in the phylogenetic analysis (Poisson caoect control according to a previous reporZfiang et al., 2005
pairwise deletion, and bootstralp 1000 replicatesXue et al., RNAs were isolated by CTAB method according to a previous
2019. All Hsfs used in this study was listed in thable S1 method (Wang et al., 2016 For reverse transcription, the rst-
strand cDNA was synthesized with an oligo (dT) primer using a
PrimeScript" rst-strand cDNA synthesis kit (TaKaRa). Three

Gene DUpllcatlon A_na_lySIS . . technical replicates were carried out in this study.
Two standards for duplication gene identi cation were used.

High-stringency standard: coding protein pair with 50% . .

identity and covering 90% protein length. Low-stringency G€NE Expression Analysis

standard: protein pair with 30% identity and covering 70% Quantitative real time PCR (qRT-PCR) was performed using the
protein length Rizzon et al., 2006Tandem duplication of genes FastStart Universal SYBR Green Master (ROX) with’AB1500.
was marked according to the previously described methach ~ The qRT-PCR program was set as the following:®%or 30 s,

et al., 201k Chromosome segmental or large scale duplicatiofiollowed by 40 cycles of 96 for 5 s, 60C for 30 s. Relative gene

of genes was identi ed based on the intraspecies syntéhgi(g ~ €xpression levels were calculated using*h€T method. The
etal., 2011; Lin et al., 2014; Qiao et al., 3015 primers for gRT-PCR were provided in thkable S2 T-test was

used to analyze the signi cance.

Protein Structure Analysis and Homology
Modeling RESULTS

SWISS-MODLE (http://www.swissmodel.expasy.org/intevagti Identi cation of Hsf Genes in Wild Peanut
was used to calculate secondary structure and build threes

dimensional structure of proteins. The templates for building

protein 3D model were selected in PDB database based on thg@€ amino acid sequences of Hsfs were extracted from AA and
best identity. Protein 3D models were selected based oneke b BB Wild peanut genome database using the BLASTP program.

global model quality estimation (GMQE). Homology modeling The amino acid sequences of Hsf DBD domains (Pfam: PFQO447)
templates included 5d5v.1 (monomer of DBD domain), 5d5v.1Ve"® used as queries. From AA and BB genomes, we identi ed 16

(homo-dimer of DBD domain interacted with Sallll), 5d5u.1 @1d 17 Hsf genes, respectively. The polypeptide lengths of Hsfs
(homo-dimer DBD domain interacted with HSE), 4r0r.1.A varied from 209 to 656 aa iA. duranensisind from 282 to 514

(monomer of HR-A/B domain) and 4r0r.1 (homo-trimer of HR- 22 inA. ipaensis. A thalianhllsf'family were often employed as
A/B). referenqe to classify Hsf family in other plant s_pec&st(arf etal.,
2012; Li et al., 2014; Wang et al., 2014; Qiao et al.,)201&
employed Hsfs fromA. thalianaand other species to construct
Analysis of Selective Pressure phylogenetic tree together with Hsfs in two wild peanut species.
Codeml program under PAML (phylogenetic analysis maximumin this study, 21A. thaliana Hsfs, 11M. truncatula Hsfs, 10
likelihood) version 4.7 software/éng, 200ywas used to detect L. japonicusHsfs, 16C. cajanHsfs, 11C. arietinumHsfs, and
whether the Hsf genes underwent positive selection. In PAML40 G. max Hsfs were used for phylogenetic tree construction
six site models, MO (one ratio), Mla (neutral), M2a (positive(Figure 1). These Hsfs were divided into A, B, and C groups
selection), M3 (discrete), M7 (beta) and M8 (beta &jdcould that was consistent with previous studiescharf et al., 2012;
be applied to selection pressure analysis. Positive selesitesn  Li et al., 2014, Lin et al., 2014; Wang et al., 2014; Qiao et al.
could be identi ed by the comparison of MO-M3, M1a-M2a, and 2015. Group A was divided into 10 clusters, group B was
M7-M8 (Yang et al., 2000 divided into ve clusters, and group C contained only one ¢érs
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FIGURE 1 | Neighbor-joining phylogenic analysis of Hsfs.

Clusters in the group A were named as A1-A5, A6a, A6b, A7erthologous genes in AA genome AiHsf1-16 and AiHsfX. The

A9. Clusters in the group B were named as B1-B5. B5 cluster waghologous gene of AiHsfX (Araip. A5SC77) was not found in AA

not presented inMArabidopsishowever, B5 cluster was identi ed genome. The gene IDs and physical locations information af wil

in many leguminous species including wild peanut species. Ipeanut Hsf genes were showedlable 1, Figure 3

wild peanut species, A3, A6a, A7, B3, and B4 clusters weretabsen

(Figure 1). Orthologous of all 16 AA genome Hsfs were found inDuplication of Hsf Genes in Peanut

the BB genome witlr 90% identity Table S3. Duplicated gene-pairs were found in both AA and BB
Interspecies synteny analysis showed that high level syntegenomes, including high-stringency standard duplicatedegen

was maintained between AA and BB genomgre 2). This  pairs AdHsf5-AdHsf14, AdHsf6-AdHsfli@ AA genome and

synteny analysis supported the identi cation of orthologeus AiHsf5-AiHsf14, AiHsf6-AiHsf16, AiHsf7-AiHsi8 BB genome,

pairs of Hsfs between AA and BB genomes. The nomenclatuiew-stringency standard duplicated gene-pakdHsf7-AdHsf8

of AA genome Hsfs was based on their chromosome locatioih AA genome andAiHsf15-AiHsfXin BB genome. Intraspecies

order, AdHsf1-16. BB genome Hsfs were named based on thaiynteny analysis showed that the duplicated gene-pair blocks
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FIGURE 2 | Syntenic chromosomal segments between genes anking AA genome Hsfs and their orthologous genes in BB genome.  Red arrows

representHsf, black arrows represent anking genes.

were not collinear. No chromosome segmental or large scafructures of BDB domain of peanut orthologous were highly
duplication gene pairs were identi edAiHsf7-AiHsf8 and  conserved.
AdHsf7-AdHsf8vere identi ed as tandem duplicated gene-pairs. When adjacent DBD molecules bound to HSE element, two
DBD molecules formed symmetrical protein-protein interacti
Features of Hsfs in Wild Peanut Species involving the helix a2. The closest intermolecular contact
Most members of Hsf gene families in both AA and BB genomesccurred between the Gly50 residues located at the N-teamin
contained one intron and two exons. Howev&dHsf7contained end of thea2 helices in chordate Hsfs. Gly50 is conserved
three exons andAdHsfl14 contained four exons in the AA and is surrounded by GIn49 and GIn51 in chordate Hsfs
genome,AiHsf15 contained three exonsAiHsf14,and AiHsfX  (Neudegger et al., 20).8n peanut, we predicted that the closest
contained four exons in the BB genomAdHsfl4contained intermolecular contact residues by homologous comparison and
four exons, while its duplicated genkdHsf5 contained only 3D model comparison. The results showed that the closest
two exons. Intronless Hsfs were also found in both AA and BBontact residues were not conserved between chordate Hdfs an
genomeskigure SJ. peanut Hsfs. For example, in AdHsf1 and AdHsf5, the predicted
HR-A/B domain is critical for one Hsf interacting with other closest intermolecular contact occurred between the tesid
Hsfs to form trimer through a helical coiled-coil structug®charf  His143 EFigure 5A). We also built models that DBD domain
etal., 2012; Jaeger et al., 2016; Neudegger et al), Sirhilarto  of AA and BB wild peanut Hsfs bound to Satlll element. The
other plant Hsfs, group A Hsfs have an insertion between HRresult showed that the predicted dimer structures of DBD-DBD
A and HR-B regions in peanut. However, this insertion was nointeraction for binding to Satlll element and HSE elementrave
found in the group B Hsfs. Inrachis the sequence of group distinct (Figure 5B).
B Hsf HR-A/B was not conserved compare with that in group
A (Figure 4. The DBD domains were conserved in two wild Selective Pressure Analysis of Hsfs in Wild
peanut species. The most conserved motif of DBD domains weagnut SpeCIGS

“FSSFI/VRQLNT/I" in peanutfigure S3. Site models were used to detect whether dierent groups of

. . Hsfswere under di erent selective pressure in peanuts. Group
The 3D Structure of Hsfs in Wild Peanut C Hsfscontained only one gene, it could not be analyzed. MO
Species showed that bothAdHsfsand AiHsfs in group A underwent
The predicted 3D structures of BDB domain of all AA andstrong purifying selection& D 0.31723 in AA genome an&
BB Hsfs were similar to that of human Hsf BDBigure 5A). D 0.40488 in BB genomd&able S4. Interestingly, in group B,
The predicted 3D structures of HR-A/B domain of AA and BB both AdHsfsand AiHsfswere underwent positive selectio& D
Hsfs were also similar to the human Hstsigure 5C). The 3D  1.69713 in AA genome an& D 1.95226 in BB genome). MO
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TABLE 1 | Hsfs identi ed in wild type peanuts. induction). RNA-seq data showed that twh. duranensigHsf
, genes (Aradu.X3DNX, AdHsf3, and Aradu.5S8J3, AdHsfl1) were

Gene name Chromosome location Gene ID P

up-regulated signi cantly under drought stress (JodgC >
AdHsf12 Aradu.A05:106,432,571..106,434,237 Aaduhsres 20 FDR < 0.05) Guimardes et al., 2012; Brasileiro et al,
AdHsfo Aradu.A05:7,998,864..8,000,946 aradusapey  2019. Phytohormone-induced elements, such as ERE element
AdHSf10 Aradu.A05:14,375,242..14.377.500 Aradu.NTQ7W (ethylene-responsive element), AuxRR-core or TGA-element
AdHsf1 Aradu.A01:90,085,291..90,088,131 Aradu.558J3 (auxin responsive), GARE-motif, or P-box element (gibberell
AdHsf2 Aradu.A03:8,559,905..8,562,946 Aradu.N3N49 feSPO”_S'Ve); ABRE e_Iement (ABA responglve), TCA-eIem(_ant
AdHSIL6 Aradu.AL0:-L,011,079..1,014,302 Aradu.HBZEN (salicylic acid responswg), and TGACG-_motlf or CGTCA-motif
AdHsf15 Aradu.A09:110,970,626..110,972,271 Aradu.MASWH e[ement (MeJA-responsive) were found in some Hsf promoters.
AdHsf6 Aradu.A03:134,564,420..134,565,759 Aradu.RVF1V Five AdHSfS(AdHSfZ’ AdHsf4, AdHST16, AstfSnd AdH_Sf.Q
AdHS7 Aradu.AQS:1 337 984..1 342,330 Aradu GLINHG and twoA|Hsfs(AstfllandAstfl() contained fungal elicitor

responsive elements. Promoters of orthologous genes betwee
AdHsf4 Aradu.A03:127,573,853..127,576,100 Aradu.N1DAK o

AA and BB genomes were similarable S5.
AdHsf5 Aradu.A03:133,622,480..133,625,670 Aradu.ROU9B
AdHsf11 Aradu.A05:91,450,473..91,451,748 Aradu.43KOP
AdHsf14 Aradu.A09:108,105,828..108,110,202 Aradu.RFN6Q Expression of Hsfs in Various Tissues in
AdHsf8 Aradu.A05:1,343,331..1,346,309 Aradu.95F2Q Cultivated Peanut
AdHsf3 Aradu.A03:119,139,289..119,141,972 AraduX3DNX  \nio | sadHsfsof wild peanut species as queries to identifsfs
AdHsf13 Aradu.A06:108,820,015.108,822,104 AraduRYS08 iy cultivated peanut species from transcriptome and genomic
Alksf7 Araip.B05:1,259,505..1,263,848 Araip. TOBBR sequences (unpublished data). Totally, H3fswere identi ed
AiHsf12 Araip.B05:146,768,456..146,770,030 Araip.8V58J in cultivated peanut species and named AtsHsf1- AhHsf16
AlHsf9 Araip.B05:8,412,092..8,414,222 Araip.90YM8 and AhHsfX The sequences of these genes were similar to their
AlRsf10 Araip.B05:15,070,998..15,073,228 Aralp.KBOUC — orthologous genes in wild peanut speci@alfle S§. To predict
Aibisfl Araip.B01:137,050,298.137,053,902 AraipDEDSQ  the possible function of these genes in cultivated peanut, the
AiHsf2 Araip.B03:11,777,014..11,780,056 Araip.U7I8R expression of these genes was investigated by gRT-PCR. Results
AiHsf16 Araip.B10:2,967,059..2,969,380 Araip.4A18K showed thatAhHsf1, 3, 7, 8, 11, 12, 14, 15, Bd X were
AiHsf15 Araip.B09:145,996,176..145,998,569 Araip.24AKS expressed predominantly in seeds, while the expressiahld§fo
AiHsfX Araip.B06:1,771,852..1,780,911 Araip.ASC77 and 10was not detected in seedshHsf2, 4, 5, 6, 3nd 10were
AiHsf6 Araip.B03:135,626,726..135,628,064 Araip.2D8LN high|y expressed in ower. The expression/kﬁHsf]_, 7,12, 15,
AiHsf4 Araip.B03:128,239,020..128,240,481 Araip.3POPJ and 16 was higher in ower than that in root, shoot or leaf. The
AiHsf5 Araip.B03:889,869..893,296 Araip.Z1XB6 expression oAhHsf11, 13and X was higher in leaf than that in
AiHsf11 Araip.B05:137,352,977..137,354,281 Araip.FU4AGL root, shoot or ower. The expression éthHsf4and AhHsféwas
AiHsf3 Araip.B03:120,142,696..120,145,308 Araip.UGV6F higher in root than that in shoot or seed. The expression level
AiHsf8 Araip.B05:1,265,312..1,268,368 Araip.SMI4l AhHsf9was higher in shoot than that in leaf or sedddure 6).
AiHsf14 Araip.B09:130,155,536..130,159,602 Araip.G2FC5
AiHsf13 Araip.B06:133,072,149..133,074,221 Araip.BORQS

Hsf Expression in Response to Various

Stresses in Cultivated Peanut
The expression oAhHsf was analyzed under high temperature,

vs. M3, M1a vs. M2a and M7 vs. M8 comparisons detected 3égought and low temperature by gRT-PCR. The expression levels
positive selection sites in group BdHsfs(P < 0.05) and 3g2 ©Of MOStHsfS(AhHsTL, 3, 4, 5, 6, 7, 9, 10, 11, 13, 14,4t X)
positive selection sites in group/ABHsfs(P < 0.001:Table S4. were up-regulated under high temperature. The expression of
The identi cation of these positive selection sites in gra@@iplsfs AhHsf1, 3, 9 1@ndX was up-regulated up to 9-folds after 6 h
indicated extensive functional diversity and structuratiation ~ reatmentwith 42C. AhHsf4, 5, 6, 10, 1and13could response
(Wang et al., 2006 rapidly to hlgr_l temperature, and up-regulated after 1 h treatine
The expression oAhHsf4, 5, 6, 10and 11 was continuously

. ) ) increased during 1-6 h of 42 treatment. The expression of
Cis-Acting Regulatory Element Analysis of AhHsfl3was decreased at 6 h after €2reatment Figure 7).
Peanut Hsf Promoter The expression of mosAhHsfs was up-regulated under
In silico survey of the putative cis-acting regulatory elementslrought stress. The expression levelAbHsf2, 4, 5, 7, 12, 14,
in the 1500 kb promoter region ofisfswas performed. The 15, and 16 werécreased after 1 h of drought treatment. The
majority of Hsf promoters contained HSE elements. HSE wagxpression ofAhHsf2, 5, 12, 14, 1&nd 16 was continuously
not found in AdHsf3, AdHsf12, AdHsf14, AiHsfér AdHsf11 increased during the rst 6 h of drought treatment. The
promoters. ManyHsf promoters excephiHsf2contained abiotic  expression oAhHsf1, 3, 9, 10and 11 was up-regulated after 6
stress responsive element such as MBS (drought inducibl®), LTh of drought stress (15-folds).AhHsfXdidn't respond much to
(low temperature responsive), and ARE elements (anaerobdrought stressKigure 8).

These gene ID could be searched on web (http://peanutbase.org/keyword_seah).
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FIGURE 3 | Genome location of Hsfs in AA and BB genome peanuts. AA and BB wild peanutHsfs were marked with red short lines on their genome location.
Duplicated gene-pairs linked with green long curves and olblogous gene-pairs linked with blue curves.

The expression of mogthHsfswas up-regulated after 1 h of A. avusinoculation, while the expression #hHsf2and 14was
4 C treatment, and then down-regulated at 6 h after treatmentup-regulated ( 1.5-fold;Figure 9).
The expression ofAhHsf 12 was continuously up-regulated
during 6 h of cold treatment. The expression AhHsf14 was DISCUSSIONS
decreased at 1 h and then increased at 6 h aft€r #leatment
(Figure S3. Leguminous Contained Different  Hsf
Previous study showed thatsfsmay be involved in disease Clusters
resistance Kick et al., 2012 In this study, we analyzed the B5 cluster was not presented in Arabidopsis Hsfs, while B5 cluster
expression ofAhHsfsin peanut seeds aftek. avus infection. was identi ed in most leguminous species, such@scajan
The expression of mogthHsfswas down-regulated in seed after L. japonicuswild peanuts, ands. max B5 Hsf cluster were not
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FIGURE 4 | HR-A/B domain in peanut Hsfs.

detected inMedicago truncatulaPhylogenetic tree showed that that A. durarensis is the closer relative Af ipaensisompared

the leguminous plants contained di erent Hsf group members.with other Leguminous.

Both in AA and BB wild peanut species, A3, A6a, A7, B3, and B4

cluster members were not found. Only soybean khdruncatula ) .

contained the B3 members. A6a and A7 Hsf cluster was not found/GD may Not the Major Driving Force of

in leguminous. A3 cluster was not found in wild peanuts and ~ Hsfs Large Scale Expansion in  Arachis

truncatula Group C Hsfs were not found ih. japonicusandM.  Our results showed thatsf gene duplication occurred in both
truncatula Soybean contained most clusters but not A6a and A7AA and BB peanut genomes. The majority Ig§f duplication

The number ofHsfsfrom wild peanut species was relative smallevents were similar between AA and BB genomes. For example,
to compare with cotton, soybean and rosaceaec al., 2014; the duplicated gene pair AdHsf7-AdHsf8 was located on
Wang et al., 2014; Qiao et al., 201Bhylogenetic tree showed chromosome 5. The distance between AdHsf7 and AdHsf8 was
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FIGURE 5 | 3D structure of peanut Hsfs. (A) Represents 3D structures of peanut Hsf DBD domains binding ith HSE. (B) Represents 3D structures of peanut Hsf
DBD domains binding with Satlll(C) Represents homo-trimer of Hsf HR-A/B domain.

about 1 kb. The duplicated gene pair AiHsf7-AiHsf8 was locatediversity, and neofunctionalizationBgisswanger and Stephan,
on chromosome 5, and the distance between these two genes wa9§. Study on barley showed that many gene families involved
about 2 kb. HoweveAiHsfXwas located on chromosome 6 of BBin adaptation to environment were under positive selection.
peanut and its duplicated geeéHsf15was on chromosome 9 of Positive selection may lead to the expansion of these gene
BB peanut. Itis possible thaidHsf15didn't undergo duplication  families Zeng et al., 20)5However, group AHsfsunderwent
or the orthologous ofAdHsfX was lost during the evolution purifying selection. Purifying selection may generate gemi¢h
(Figure 3). We only found one tandem duplication gene pairsconserved functions or pseudogenizatiathéng, 2008 These
in A. duranensisnd A. ipaensisrespectively. Both AA and BB results indicated that the function ofrachis group A Hsfs
genomes or their common ancestor were underwent the earlynay be more conserved and the function of group B Hsfs
papilionoid whole-genome duplication (WGD) about 58 million may be more diverged. The sequences of Hsf group B HR-A/B
year ago ks D 0.65) @ertioli et al., 201p Intraspecies synteny were not conserved compare with group A HR-A/B which was
analysis showed th&tsf duplication in wild peanut species was in agreement with the di erential selection they experienced
not originated from a large scale duplication event, becausse (Figure 4). The 3D structure of peanut group B Hsfs was di erent
intraspecies synteny blocks containidgfswas found. However, from group A and C Hsfs. The 3D structure of group Aand C HR-
the recent WGD could be a driving force for the expansion of Hs#A/B was a continuous helix, while group B HR-A/B 3D structure
gene family in Chinese white pear and applg&0 et al., 2015  contained helixes which were linked by a linear p&iglire 5).
That may be the reason why peanut has lds$sthan that in
cotton, soybean and rosaceae €t al., 2014; Wang et al., 2014; . . .
Qiao et al., 2015 The Possible Roles of Arachis Hsfs in
Abiotic and Biotic Stresses

. . . Hsfs play a central role in protecting plants from high
Hsfs Is Different in Group B from That in temperature or other stresseslihizawa-Yokoi et al., 2009;
Group A Scharf et al., 20)2Many Hsfs could regulate a set of heat-shock
Group BHsfsunderwent positive selectionTéble S4. Positive protein genes to enhance the thermo-tolerance in plants. Some
selection could contribute to adaptive evolution, func@dn Hsfs could be regulated by DREB genes as part of drought stress
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FIGURE 6 | Relative expression levels of Hsfs in different tissues in cultivated peanut. T-test was used to perform analysis of signi cance. * represets
signi cantly difference P < 0.05) compared with control (0 h).

signaling pathway, and enhance drought tolerariéen@rf et al., tolerance Chen et al.,, 20102 Therefore, Hsfs could play
2012; Ma et al., 2015; Guo et al., 20Bbme Hsfs could regulate important roles for gene regulation in response to di erent
WRKY transcription factors which are involved in response tostresses in peanuts. Somdeachis Hsf promoters contained
abiotic stresses, such as drought and céldr( et al., 2010; Zou salicylic acid responsive, MeJA-responsive or fungal elicitor
etal., 2010; Jiang etal., 2012; Shen et al.)2AfabidopsidHsfA9  responsive elements, suggesting their roles in response to
could be activated by ABI3 to enhance seed desiccation talera pathogen infection.
and longevity {erdier et al., 2013 In cultivated peanut cultivars, the expression leveAbHsf13

In our study, the majority of Hsf promoters contained was approximately 500-folds as high as the control after 1 h
HSE elementsTable S suggesting that peandisfscould be of heat treatment, and then the expression was decreased afte
regulated by other Hsfs. Many peandsf promoters contained 6 h of treatment. Expression levelsAifiHsf1, 3, 9and AhHsfX
MYB binding sites which are involved in drought responsewere up-regulated by about 10-folds after 6 h of heat treatmen
(Table SY. It indicated that peanutHsfs could be regulated to compare with the control. The expression of théssskept
by MYB transcription factors under drought stress. Manyat a high level under continuous heat streggg(re 7). Group
Arachis Hsf promoters contained ABRE and DRE elementsAla Hsfs were master regulators for acquired thermo toleean
which are involved in ABA-dependent or independent stressn tomato and Arabidopsis §charf et al., 20)2However, we
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FIGURE 7 | Relative expression levels of Hsfs under heat stress in cultivated peanut.  T-test was used to perform analysis of signi cance. * represets
signi cantly difference P < 0.05) compared with control (0 h).

found that the expression of AhHsf2 (group Al) did not respondknown as a atoxin which is a key issue of food safety in
to heat and cold, but to drought stress. In cultivated peanutpeanut ¢Zhang et al., 20)5We detected whether peanut Hsf
expression levels dihHsf1, 2, 3, 9, 10, 11, l&ere about 10- genes were involved in the response Ao avus infection.
folds as high to compare with the control after 6 h of droughtThe results showed that the expressionAbiHsf2and AhHsf14
stress Figure 8. The expression of somelsfs was altered were signi cantly up-regulated aftek. avus inoculation. The
after Podosphaera aphanisoculation in woodland strawberry expression of soméhHsfswas down-regulated by. avus
(Hu et al., 201p Aspergillus avugproduces potent mycotoxin infection.
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FIGURE 8 | Relative expression levels of Hsfs under drought stress in cultivated peanut. T-test was used to perform analysis of signi cance. * represets
signi cantly difference P < 0.05) compared with control (0 h).

Hsf Gene Family Were Highly Expressed in 2002; Kotak et al., 200yblIn rice, HsfA7 was expressed
Peanut Seed speci cally in seed under normal conditionChauhan et al.,

Some Hsfs play key roles in plant seed developmeviarg 201). In peanut, expression levels of more than half of the
et al, 201} In sunower and Arabidopsis, HsfA9 was AhHsfswere higher in seeds than that in other tissues. These

expressed specically in seeds and the expressiorHsgs expression patterns may suggest their roles in peanut seed
was changed during seed developmentinfoguera et al., development.
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FIGURE 9 | Relative expression variation of Hsfs in seeds inoculated with  Aspergillus avus in cultivated peanut. T-test was used to perform analysis of
signi cance. * represents signi cantly difference P < 0.05) compared with control (0 h).

CONCLUSIONS found the dierence between group A and B members.
Peanut Hsfs may play important roles in abiotic and biotic

Genome-wide identi cation and comparison of peanut Hsfsstress tolerance based on their expression responses to these

with other plant species revealed that peanut contained gfresses.

small number of Hsfs Phylogenetic tree showed that B5

cluster Hsfs might present only in leguminous. Small scale

segmental and tandem duplication but not WGD playedAUTHOR CONTRIBUTIONS

important roles in Hsfs expansion if\rachis The sequences

of group B Hsf HR-A/B were not conserved compare withXwW designed the study, wrote the manuscript and nalized

group A HR-A/B which was in agreement with the dierent the gures and tables. PW and LH carried out the majority of

selection pressure they experienced. We built the 3D strustur@xperiments, data analysis, and wrote the method sectioneof th

of peanut Hsfs with the newly submitted templates andmanuscript. HS, CL, PL, AL, and HG performed experiments.
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