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The Ethylene-responsive element binding factor-associatd Amphiphilic Repression
(EAR) motifs, which were initially identied in members ofhe Arabidopsis ethylene

response factor (ERF) family, are transcriptional repress motifs in plants and are

de ned by the consensus sequence patterns of either LxLxL orDLNxxP. EAR

motif-containing proteins can function as transcriptionepressors, thus interacting with

co-repressors, such as TOPLESS and AtSAP18, affecting thetgicture of chromatin by

histone modi cations and thereby repressing gene transcgtion. EAR motif-containing

proteins are highly conserved across diverse plant specieand play important roles in

hormone signal transduction, stress responses and develapent, but they have not been

identi ed in most plants. In this study, we identi ed 20,542 EAR motif-containing proteins
from 71 plant species based on a Hidden Markov Model and orthimgous gene search,

and then we constructed a functional analysis platform for jant EAR motif-containing

proteins (PlantEAR, http://structuralbiology.cau.edwn/plantEAR) by integrating a variety
of functional annotations and processed data. Several toslwere provided as functional

support for EAR motif-containing proteins, such as browsesearch, co-expression and

protein-protein interaction (PPI) network analysis as wls cis-element analysis and gene
set enrichment analysis (GSEA). In addition, basing on thednti ed EAR motif-containing

proteins, we also explored their distribution in various sgries and found that the numbers

of EAR motif-containing proteins showed an increasing trethin evolution from algae to
angiosperms.

Keywords: EAR motif, transcription repression, functional an
analysis

notations, network analysis, functional enrichment

INTRODUCTION

EAR motifs, which were initially identi ed in members of tgabidopsi®thylene response factor
(ERF) family, are emerging as transcriptional repression faati plants Ohta et al., 2001 EAR
motif-mediated transcriptional repression is the main forfrti@nscriptional repression identi ed

in plants thus far Kagale and Rozwadowski, 2011; Causier et al., 2012; Ma €0al; Wu
and Citovsky, 2017; Choi et al., 2018 here are two separate ways for EAR motif-containing
proteins to regulate gene transcriptionKggale and Rozwadowski, 20)11First, EAR
motif-containing proteins can serve as transcription fast¢fFs), thus binding to the promoter
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region of genes, aecting chromatin structure by histoneGmERF4{Zhang etal., 20)0TaERF4Dong etal., 2012 SIERF3
modi cations, and thereby repressing gene transcription.REA (Pan et al., 2070
motif-containing proteins can recruit a histone deacetylase A rapidly accumulating sequence of plant species are available
(HDAC) complex to perform transcriptional repression from many public platforms, such as Phytozom@aopdstein
functions by interacting with co-suppressors, suclsa$18&nd etal., 201pand PlantGDB Duvick et al., 2008 Several platforms
TOPLESSIn Arabidopsis thaliangdSong et al., 2005; Song andhave been established to store and analyse specic factors,
Galbraith, 2006; Hill et al., 2008; Causier et al., 2082veral such as the plant transcription factor database (PlantTFDB;
members of the ERF family contain the DLNxxP type EAR motifet al., 201y and leaf senescence database (LSRf al., 201%
and play important roles in active repression. Obvious exampleshich can e ectively advance the study of plant transcriptional
are AtERF3and AtERF4 which can be bound bAtSAP18and regulation and leaf senescence processes. The EAR motif-
recruit AtHDA19 to form the HDAC complex to repress gene containing proteins are a class of proteins that are speci cally
expressioniujimoto et al., 2000; McGrath et al., 2005; Yang et alinvolved in plant developmental and physiological processes
2005. AtERF7can also interact withtSIN3to recruitAtHDA19 by transcriptional repressiork@gale and Rozwadowski, 2011
to form the HDAC complex and repress gene transcriptionso we constructed a platform for plant EAR motif-containing
(Song et al.,, 2005 Second, EAR motif-containing proteins proteins named PlantEAR based on the predicted EAR motif-
can function as transcription regulators (TRs) regulatingcontaining proteins in di erent species. We also provide several
the functional status of the transcriptional activators byanalysis tools, such as function search, browse, networksisal
directly or indirectly binding to them. Obvious examples arecis-element analysis, and gene set enrichment analysisAJGSE
JASMONATE ZIM domain (JAZ) proteins with EAR motifs In addition, we performed a preliminary phylogenetic analysis
in Arabidopsis thaliana which can negatively regulate the of the EAR motif-containing proteins across species. We hope
key transcriptional activators of jasmonate responses, ssch our PlantEAR platform will promote research on the relationshi
MYC2, MYC3, MYC4, MYCEChini et al., 2007; Kagale et al., between transcriptional repression and epigenetic modi@ati
2010; Goossens et al., 2015; Thireault et al., 2015; Sorg etia the plant community.
2017.

EAR motif-containing proteins have many important MATERIALS AND METHODS
functions in di erent plant species. (1) EAR motif-containing
proteins are responsible for the regulation of the phytohormon Data Sources
signaling pathway. InArabidopsis thalianajasmonate ZIM The data source of this study is presented in
domain (JAZ), and indole-3-acetic acid (auxin, IAA) protein Supplementary Table 1 The basic data for the EAR motif-
are important signaling molecules of the jasmonic acid (39 a containing proteins in plants was collected from the Phytorom
indole-3-acetic acid (auxin, IAA) pathway, respectively, andGoodstein et al., 20)2The Plant Genome Integrative Explorer
many of them are EAR motif-containing protein€iini et al., Resource (PlantGenlEundell et al., 20)5 The Arabidopsis
2007; Guilfoyle and Hagen, 2007; Kagale et al., XDMWARF 53 thaliana Information Resource (TAIRSwarbreck et al., 208
(D53 can work as a suppressor of strigolactone (SL) signaling iSol Genomics Network (SGN:ernandez-Pozo et al., 2015
rice (Jiang et al., 20);3and its orthologous proteiSMAX1-LIKE GIGAdb (Guan et al., 2006 ccNET (You et al., 201)/ and
7 (SMXL7 in Arabidopsis thalianacan also function in the DRYAD database, including gene annotation informatiomee
response process of SLigng et al., 2016 (2) Several EAR location, transcript sequences, CDS sequences, and protein
motif-containing proteins have been described in the regofa  sequences. KEGG and GO annotation were obtained from
of plant growth and development. The EAR motif-containingthe KEGG {Vixon and Kell, 200p and amiGO database
protein  BRASSINAZOLE-RESISTANT @BES]1 BZR3J is (Carbon et al., 2009respectively. FoArabidopsis thalianathe
involved in the regulation of organ boundary formation inegh phenotypes of EAR motif-containing protein coding genes were
shoot apical meristem and cell division in the root quiescentollected from ArabidopsisHormone Database 2.0 (AHB2.0;
center (QC;Espinosa-Ruiz et al., 20l #or leaf development, Jiang et al., 20),l and microarray expression pro ling of
the EAR motif-containing proteinKIX8 and KIX9 can work abiotic stress, biotic stress, hormone response, growtl, an
as adaptor proteins for the corepressbOPLESSo repress development $upplementary Table 2 were collected from
leaf growth Gonzalez et al., 20).5For ower development, the Gene Expression Omnibus (GE@Jough and Barrett,
TOEL and TOE2have been reported to repress expression 02016 in NCBI. The gene co-expression networkAfabidopsis
FLOWERING LOCUS TFT) by interacting with TOPLESS thaliana, Sorghum bicolor, Oryza sativa, Triticum aestyu
thereby repressing owering irabidopsis thaliang§Zhai et al., Glycine max, Zea maysd Solanum lycopersicuwere obtained
2015. (3) EAR motif-containing proteins have an important from ATTED-II (Aoki et al., 201} SorghumFDB Tian et al.,
e ect on the stress response. Several ERFs containing an EAR19, RiceNET [ee et al., 20)5wheatNET [ee et al., 2007
motif function as transcriptional repressors in many specia$ a soyNET Kim E. et al., 201)f MCENet (Tian et al., 2018
are known to play roles in wounding, cold, salt and droughtand TomatoNET Kim H. et al., 201), respectively. The co-
stress responses, such A&ERF4(Ohta et al., 2001; McGrath expression network ofGossypium arboreum and Gossypium
et al., 2005 AtERF7(Song et al., 200pNtERF3(Ohta et al., hirsutumwas obtained from ccNETY(ou et al., 201)7 Protein-
2009, SodERFJTrujillo et al., 2003, GhERF4(Jin and Liu, protein interaction (PPI) networks oArabidopsis thalianavere
2009, OseERF3Lu et al., 201}, OsBIERFZCao et al., 2006 obtained from the BioGRID Chatr-Aryamontri et al., 2017
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TAIR (Swarbreck et al., 20p8BAR (Vaese and Provart, 2017 We obtained co-expression networks of 9 species from public
and CCSB databasesr@bidopsis Interactome Mapping, 2011 platforms Supplementary Table L The co-expression network
Epigenetic modi cations forArabidopsis thalianaOryza sativa of Oryza sativa(Lee et al., 20)5 Triticum aestivum (Lee
and Zea maysvere collected from the PCSi( et al., 2018 et al., 201), Glycine max(Kim E. et al., 201)7and Solanum
Cis-elements (motifs) in gene promoters were collected frontycopersicunfKim H. et al., 201ywas determined by calculating
ccNET, which collected cis-elements from the PLACE datbashe Pearson correlation coe cient (PCC) between genes. The ¢
(Higo et al., 1998 PlantCARE databas&(mbauts et al., 1999 expression networks ddrabidopsis thaliangAoki et al., 201}
AthaMap web (Hehl and Bulow, 201)4 and reported literature Zea maygTian et al., 2018 Sorghum bicolofTian et al., 2015
(Chen et al., 2002; Teakle et al., 2002; Bao et al., 2004; ZhaBgssypium arboretumand Gossypium hirsutun{You et al.,
etal., 201p 2017 were determined by calculating the Pearson correlation
Coe cient (PCC) and mutual rank (MR) between genes.

Identi cation of EAR Motif-Containing

Proteins

A total of 398 EAR motif-containing proteins were collected
in Arabidopsis thalianaincluding 219 high-con dence EAR
motif-containing proteins and another 179 candidaté&@ale
et al.,, 201) For the identication of putative EAR motif-
containing proteins in plants, HMMEREddy, 1998 and the
inparanoid tool Sonnhammer and Ostlund, 20)Lwere used
to predict the EAR motif-containing proteins in plants. First,
six hidden Markov model (HMM) pro les were constructed Microarray Analysis

using the EAR motif and its adjoining 12-amino-acid sequenc The A ymetrix microarray series matrix les were collectatin

of 219 EAR mOtif-Containing prOteinS based on the EAR mOtlfGEO’ which is preprocessed by Aymetrix Microarray Suite
locations (C-terminal, Middle, N-terminal) and patterns IxL, 5.0 (MAS5), including background correction, normalizatjo
DLNXx[1,2]P; Figure 1]. Second, Each HMM pro le was used and calculation of expression values. For microarray exjmess
to evaluate the appearance of novel EAR motif-containingyo les of abiotic stress and hormonal responseArabidopsis
proteins in the proteome of di erent plants via the hmmsearch(sypplementary Table 2. di erential expressed EAR motif-
command with an e-valug 0.01. Th|rd, we used the hmmsearch Containing protein_coding genes at each time point were
results [containing LxLxL or DLNX[1,2]P] and 219 EAR motif- cajculated using studentstest ( < 0.05) and fold change
containing proteins to re-construct the HMM pro les as above. [|log2(foldchange)b 1].

Subsequent iterations of hmmsearch and HMM prole re-

construction were performed until no more novel EAR motif- Gene Family Classi cation

containing proteins were presented. Third, based on the pnoteiThe iTAK software Zheng et al., 20)6was used to identify
sequences iMrabidopsis thalianaorthologous genes of other transcription factors, transcription regulators and protein
plants were predicted by the inparanoid to&d{nnhammer and kinases, which can be downloaded from the iTAK website
Ostlund, 201% Then, the orthologous genes of 398 EAR motif-(http://itak.feilab.net/cgi-bin/itak/index.cgiZheng et al., 2006
containing proteins inArabidopsis thalianavere added to the and installed locally. We used locally installed iTAK sofeva
EAR motif-containing protein candidates. Finally, comliigithe  (Zheng et al., 20J)do identify the gene families of plant proteins.
hmmsearch with the inparanoid results [containing LXLxL or Then, we mapped the predicted classi cation of gene families to
DLNx[1,2]P] led to the EAR motif-containing protein candids  the identi ed EAR motif-containing proteins. To determineeh

Functional Module Prediction

CFinder (version 2.0.6jiklas et al., 201Awvas used to nd group
nodes connected more densely than nodes outside the group in
gene networks, and these nodes connected densely constitute t
functional modules. The parameter k indicated that each node
had co-expression interactions with k-1 nodes in a modulegile
we used CFinder results whenlk 4 as functional modules for
the Arabidopsiso-expression network.

in di erent plants (Figure 1). functional domains, locally installed Pfamscan softwdntsp(//
pfam.xfam.org/Finn et al., 201pwas used to predict domains of
Prediction of Orthologous Proteins the plant EAR motif-containing proteins.

Inparanoid Sonnhammer and Ostlund, 20)Lis a wide used Gene Set Enrichment Analvsi
program for predicting orthologous proteins. This program ene >e ich IC el : ags | 2013 i
requires BLAST software during its operation. We chose a cutoGene set enrichment analysis (GS. etal, B!S an oniine
of over 60% bootstrap to produce orthologs betwaeabidopsis web-sever for gene sets annotation by calculating the apserl

thaliana and other species, which facilitated the acquisition 01W'th various well-de ned gene sets. Additionally, statlai_iy
orthologous EAR motif-containing proteins pairs. enriched gene sets were de ned by the hypergeometric test,
Fisher's exact test &2 test. Gene set enrichment analysis tool for

multiple species with default parameters (Fisher's exactRest,

Protein-Protein Interaction and 0.05) is provided for functional enrichment analysis in pBAR.

Co-expression Network

The PPI networks ofGossypium arboreunand Gossypium Cis-Element Enrichment Analysis

hirsutum were obtained from ccNET, which is predicted by Cis-element (motifs), which are a series of short conserved
using orthologous relationships. By using the same metha&d, wsequences, can be recognized by several transcriptionrdacto
predicted the PPI network in many other species. and then involved in the regulation of downstream genes.
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EAR motif-containing
Proteins

C+12(AA) M=*12(AA) N=+12(AA) C+12(AA) M= 12(AA) N=+12(AA)

Plant Proteins Six HMM Profiles

Orthologous
Proteins

FIGURE 1 | Description of the identi cation of EAR motif-containing poteins. A total of 219 high-con dence EAR motif-containing poteins in Arabidopsis were
divided into six subgroups according to the EAR motif patter (LxLxL, DLNxxP) and the location of the EAR motif (C-termah Middle, N-terminal). Iterated HMM was
used to identify the EAR motif-containing proteins that woldl later be Itered with the EAR pattern in each iteration. Inpanoid software was also used to identify the
orthologous proteins of 398 Arabidopsis EAR motif-containing proteins. Then, we took both HMM and iparanoid tool results with the EAR pattern into consideratin
and de ned the EAR motif-containing protein candidates in @nts.

HMM Results

Motifs were collected from ccNET (http://structuralbiologgu.  Phylogenetic Analysis

edu.cn/gossypium/) in regular expression format. For “n” @&n In plantEAR, we performed a phylogenetic analysis for the same
submitted by users, the Z score aRdvalue of each motif is gene family of EAR motif-containing proteins between a model
calculated using the following method. Firstly, we scanrfesl t plant Arabidopsisand one other plant. In this process, we used
3-kb promoter region of these “n” genes and de ned the numbemMuscle softwareEdgar, 200yto perform the multiple sequence
(X of matches to each motif, which represented the number oélignments, and the R language ape packagergdis et al.,
this motif presented in the 3-kb promoter region of these “n”2004 was used to construct and visualize the phylogenetic trees.
genes. Secondly, 1,000 random lists with exact “n” genes &er the phylogenetic analysis of the multi-species EAR motif-
obtained, and the 3-kb promoter region of each random list areeontaining proteins gene family, Mega&a(mura et al., 2013
scanned, and the average numbe} 6f each motif are counted. was used for multiple sequence alignments and phylogenetic
Finally, the Z score andP-value for each motif are calculated tree construction. Phylogenetic trees were constructedgusia

by the following equations. Those motifs withPa< 0.05 were maximum likelihood method with 1,000 bootstrap replicates.
signi cantly enriched for the “n” genes users submittétliiet al., EvolView (He et al., 201)pvas then used to show the phylogenetic

2014; You et al., 2015 trees.
zp 2o CONSTRUCTION
= n
valueD pnorm(X ) Functional Annotations
P P ’ Fkﬁ Using HMMER and inparanoid tools, we identi ed 17,567 EAR

genes from 20,542 EAR motif-containing proteins across #itpla
X number of matches to a motif in the 3-kb promoter region species from algae to angiospernf&g(rre 2A, Table I). We
of a list of genes; , average number of matches to the samecompared the predicted results @ryza sativaSorghum bicolor
motif in the 3-kb promoter region of 1,000 random lists of gene Vitis vinifera and Populus trichocarpavith those predicted
, standard deviation of numbers of the motif to 1,000 randomin previous literature Kagale et al., 20)0and found that
selection; n, number of genes. Pnorm is the distributiondiimn  our predicted results had a higher overlap with these species
for the normal distribution in the R package. (Supplementary Figure 1. In addition, we also collected 25
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FIGURE 2 | Summary of the statistics for EAR motif-containing protemin plantEAR.(A) Number of EAR motif-containing proteins and the ratio of EAR
motif-containing proteins to plant total proteins at diffeent stages of evolution.(B) Number of transcription factors (TFs), transcriptional gailators (TRs) and other
proteins with EAR motifs in plantEAR(C) Number of EAR motif-containing proteins with different EARatterns. (D) Number of genes encoding EAR motif-containing
proteins involved in phytohormone responses irabidopsis (E) Number of genes encoding EAR motif-containing proteins iralved in the stress response in
Arabidopsis thaliana (F) Number of genes encoding EAR motif-containing proteins assciated with epigenetic modi cations inArabidopsis thaliana

reported EAR motif-containing proteins from the literature, were used to predict the stress or phytohormone response that
and all of these reported EAR motif-containing proteinsEAR motif-containing proteins may involve in the model plant
were included in our predictionsSupplementary Table R In  Arabidopsis thaliana For analysis microarray with dierent
addition, 771 GO and 132 KEGG terms were collected, whictime points for stress and hormonal responses, we called
covered 13,839 and 1,479 EAR genes, respectively. We alserentially expressed EAR motif-containing protein-codjn
collected 19,781 CDS, 16,360 transcript sequences and220,f5énes at each time point, which may be involved in stress
protein sequencesTéble 2 Supplementary Table # With the and hormones responses. As shown Rigures 2D, E many
increasing availability of sequence data from non-modetigse EAR motif-containing proteins were signi cantly a ected
protein function in non-model plants can also be annotatedby phytohormones %$upplementary TableY and stress
by orthologous proteins in model plants based on sequencesponsesSupplementary Table 8 In addition, 22 genes with
similarity. Here, we identi ed 21,920 pairs of orthologouBEE  morphological phenotypes controlled by plant hormones in
motif-containing proteins betweerArabidopsis thalianaand  Arabidopsis thalianare also stored in plantEAR.
other plants Table 2 Supplementary Tables 45). Epigenetic markers, such as DNA methylation, histone
Following the iTAK ¢heng et al., 20)Gules, we carried out modi cations and variants, can regulate gene expression by
a gene family classi cation of EAR motif-containing protsin controlling chromatin structure. EAR motif-containing prein-
in each plant, and we identied 13,994 TFs and 3,073 TRsoding genes that associated with epigenetic modi cations,
(Figure 2B Supplementary Table s The 3,475 EAR motif- which were identied when epigenetic mark peaks located
containing proteins were neither TFs nor TRs based on the iTAKn the upstream of the transcription start site (TSS; 1kb
software Zheng et al., 203 Figure 2B Supplementary Tableh  in Arabidopsis 2kb in rice and maize) or gene region
In addition, EAR motif-containing proteins with unigue EAR of these genes were collected from 31 epigenomic data
patterns were counted in all species, and we found thah the plant chromatin state database (PCSDp et al.,
EAR motif-containing proteins with LxLxL, DNLx[1,2]P, and 2019. We obtained 401, 267, and 291 EAR genes associated
both patterns comprised 15,462, 2,212 and 2,868, respectivelith epigenetic modi cations inArabidopsis thalianaOryza
(Figure 2C Supplementary Table & sativaand Zea maysrespectivelySupplementary Table 9 For
Plant hormones can regulate numerous important biologicaexample, there were 292 EAR genes associated with H3K4me3
processes in developmental and stress response processesl 32 EAR genes associated with H3K9me2Ambidopsis
Several microarray expression pro leSypplementary Table 2  (Figure 2P.
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TABLE 1 | EAR motif-containing proteins distributions in all plant& plantEAR.

Stage of Species NO. of EAR NO. of all proteins with EAR proteins/ proteins NO. of all EAR motif-containing

evolution proteins EAR patterns with EAR patterns proteins protein/all protein

Algae Dunaliella salina 2 4262 0.05% 18801 0.01%

Algae Chlamydomonas 4 7196 0.06% 19526 0.02%
reinhardtii

Algae Micromonas pusilla 11 1931 0.21% 10660 0.04%
CCMP1545

Algae Volvox carteri 4 5642 0.07% 16075 0.02%

Algae Micromonas sp. 7 1899 0.37% 10103 0.07%
RCC299

Algae Ostreococcus 7 1321 0.53% 7796 0.09%
lucimarinus

Algae Coccomyxa 8 2338 0.34% 9629 0.08%
subellipsoidea
C-169

Bryophyta Sphagnum fallax 107 9158 1.17% 32298 0.33%

Bryophyta Physcomitrella 160 22420 0.71% 87533 0.18%
patens

Bryophyta Marchantia 28 6370 0.44% 24674 0.11%
polymorpha

Pteridophyta Selaginella 31 5799 0.53% 22285 0.14%
moellendorf i

Gymnospermae Pinus taeda 239 11707 2.04% 64809 0.37%

Gymnospermae Ginkgo biloba 76 11347 0.66% 41840 0.18%

Gymnospermae Gnetum montanum 99 6544 1.51% 27491 0.36%
Markgr

Gymnospermae Pinus abies 294 10817 2.72% 66632 0.44%

Basal Amborella 99 6152 1.61% 26846 0.37%

Magnoliophyta  trichopoda

Angiosperms Glycyrrhiza uralensis 328 10004 3.3% 38135 0.86%

Angiosperms Camellia sinensis 204 8544 2.4% 36951 0.55%

Angiosperms Zostera marina 115 5058 2.27% 20450 0.56%

Angiosperms Spirodela polyrhiza 115 5023 2.29% 19623 0.59%

Angiosperms Panicum hallii 195 13599 1.43% 49852 0.39%

Angiosperms Sorghum bicolor 239 13477 1.77% 47205 0.51%

Angiosperms Setaria viridis 240 13800 1.74% 48594 0.49%

Angiosperms Brachypodium 247 15022 1.64% 52872 0.47%
distachyon

Angiosperms Zea mays 333 18460 1.80% 88760 0.38%

Angiosperms Musa acuminata 393 9934 3.96% 36528 1.08%

Angiosperms Triticum aestivum 394 59898 0.66% 293053 0.13%

Angiosperms Panicum virgatum 474 28539 1.66% 125439 0.38%

Angiosperms Oryza sativa 308 12595 5.92% 49061 1.52%

Angiosperms Amaranthus 134 5859 2.29% 23054 0.58%
hypochondriacus

Angiosperms Chenopodium 148 12125 1.22% 44776 0.33%
quinoa

Angiosperms Carica papaya 151 5758 2.62% 27775 0.54%

Angiosperms Vitis vinifera 163 6954 2.34% 26346 0.62%

Angiosperms Trifolium pratense 174 9817 1.77% 41297 0.42%

Angiosperms Fragaria vesca 175 9022 1.94% 32831 0.53%

Angiosperms Ricinus communis 175 7218 2.42% 31221 0.56%

Angiosperms Daucus carota 192 7885 2.44% 32118 0.60%

Angiosperms Prunus persica 198 14161 1.40% 47089 0.42%

Angiosperms Mimulus guttatus 202 8617 2.34% 33573 0.60%

(Continued)
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TABLE 1 | Continued

Stage of Species NO. of EAR NO. of all proteins with EAR proteins/ proteins NO. of all EAR motif-containing
evolution proteins EAR patterns with EAR patterns proteins protein/all protein
Angiosperms Aquilegia coerulea 203 11712 1.73% 41063 0.49%
Angiosperms Brachypodium 210 10318 2.04% 36357 0.58%
stacei
Angiosperms Citrus clementina 219 9591 2.28% 33929 0.65%
Angiosperms Solanum 226 7860 2.88% 34727 0.65%
lycopersicum
Angiosperms Cucumis sativus 229 8290 2.76% 30364 0.75%
Angiosperms Citrus sinensis 231 12780 1.81% 46147 0.50%
Angiosperms Eucalyptus grandis 238 13328 1.79% 46280 0.51%
Angiosperms Solanum tuberosum 238 10192 2.34% 51472 0.46%
Angiosperms Phaseolus vulgaris 285 9542 2.99% 31638 0.90%
Angiosperms Arabidopsis halleri 301 7057 4.27% 26911 1.12%
Angiosperms Linum usitatissimum 310 11747 2.64% 43484 0.71%
Angiosperms Eutrema 326 8046 4.05% 29284 1.11%
salsugineum
Angiosperms Arabidopsis lyrata 348 8229 4.23% 32670 1.07%
Angiosperms Boechera stricta 356 8194 4.34% 29812 1.19%
Angiosperms Malus domestica 358 16829 2.13% 63517 0.56%
Angiosperms Capsella rubella 362 8077 4.48% 28447 1.27%
Angiosperms Manihot esculenta 371 11617 3.19% 41381 0.90%
Angiosperms Capsella grandi ora 372 7263 5.12% 26561 1.40%
Angiosperms Medicago truncatula 408 15156 2.69% 62319 0.65%
Angiosperms Brassica rapa FPsc 428 10746 3.98% 41019 1.04%
Angiosperms Salix purpurea 500 16889 2.96% 61520 0.81%
Angiosperms Populus trichocarpa 518 19789 2.62% 73013 0.71%
Angiosperms Kalanchoe 521 19557 2.66% 69177 0.75%
marnieriana
Angiosperms Arabidopsis thaliana 556 9681 5.74% 35386 1.57%
Angiosperms Glycine max Wm82 564 21038 2.67% 73320 0.77%
Angiosperms Gossypium 568 21418 2.65% 77267 0.74%
raimondii
Angiosperms Gossypium 500 10082 4.96% 40134 1.25%
arboreum
Angiosperms Gossypium hirsutum 982 18968 5.18% 70478 1.39%
Angiosperms Theobroma cacao 241 13000 1.85% 44404 0.54%
Angiosperms Nicotiana tabacum 791 21247 3.72% 86008 0.92%
Basma Xanthi
Angiosperms Nicotiana tabacum 728 21289 3.42% 85994 0.85%
K326
Angiosperms Nicotiana tabacum 767 21924 3.50% 85439 0.90%
TN9O
Angiosperms Nicotiana 522 14567 3.58% 76739 0.68%
benthamiana
Angiosperms Kalanchoe laxi ora 292 12018 2.43% 45190 0.65%
Network Analysis Co-expression Network

The EAR motif-containing protein-coding genes perform theirGene co-expression networks are usually constructed using
functions mainly by regulating downstream genes, so it waganscriptome data. Through integrating the co-expression
necessary to integrate or construct networks (co-exprassicnetwork of 9 plant species, we produced an EAR gene co-
or PPI network) to analyse downstream genes that might bexpression network of 51,516 nodes and 247,274 edgbte(2
regulated by the EAR motif-containing proteins. Supplementary Table % Co-expression network analysis is
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TABLE 2 | Data collection in PlantEAR.

Content Numbers Source

Species 71 _

EAR genes 17,567 Phytozome v12.0,
PlantGenlE.org,
SGN

EAR motif-containing proteins 20,542 Phytozome v12.0,
PlantGenlE.org,
SGN

CDS sequence 19,781 Phytozome v12.0,
PlantGenlE.org,
SGN

Transcript sequence 16,360 Phytozome v12.0,
PlantGenlE.org,
SGN

Protein sequence 20,542 Phytozome v12.0,
PlantGenlE.org,
SGN

Orthologous pairs 21,920 -

GO terms (genes)

KEGG terms (genes)
Related publications
Gene with mutant phenotype
Co-expression nodes/edges

Cis-element (motifs)
Co-expression network modules
Protein-Protein nodes/edges

Epigenetic modi cations associated
proteins

Microarray Experiment-abiotic stress
Microarray Experiment-biotic stress
Microarray experiment-hormone
Microarray experiment-development

771(13,839)

132(1,479)
1650
22
51,516/247,274

930
260
35,160/147,233

956

248
30
48

237

Phytozome v12.0,
AmiGO 2

KEGG
PubMed, Tair
AHB2.0

ATTED-II, soyNET,
RiceNet v2,
TomotoNet,
WheatNet, ccNET,
SorghumFDB

CccNET
CccNET

BioGrid, TAIR,
BAR, CCSB

PCSD

GEO
GEO
GEO
GEO

and cotton orthologous EAR genes is highly conserved, we
can use the well annotateflirabidopsisgenes or co-expressed
genes to predict the function of poorly annotated cotton genes
Here, co-expression networks of orthologous EAR gene pairs
betweerArabidopsis thalianand two types of cotton, including
Gossypium hirsuturand Gossypium arboreuymas used to make
comparisons, and the results are easily accessible fromgaéht
Functional modules are genes that are closely related in a
co-expression network. The functional similarity of thesmes
is higher than that of co-expression networks. In a module,
the function of unknown genes can also be re ected by genes
with known function. Functional modules may also contribute
to the mining of function of EAR motif-containing protein-
coding genes. By using C nder software, 27 co-expression
functional modules inArabidopsisvere predicted. In addition,
233 functional modules of EAR motif-containing protein-codi
genes and corresponding GSEA annotations @ossypium
hirsutum and Gossypium arboreurwere also collected from
ccNET (Table 2 Supplementary Table 4You et al., 201)/

Predicted PPl Network

Protein-protein interactions (PPIs) are an essential part of
plant signal transduction or transcriptional regulation. &h
identi cation of potential PPIs in non-model plants may
provide better research capabilities for the identication
of conserved functions of EAR motif-containing proteins.
Basing on the putative orthologous relationship predicted
by inparanoid software betweerrabidopsis thalianaand
other species, we obtained an EAR motif-containing protein
special PPl network of 35,160 nodes and 147,233 edges
(Table 2 Supplementary Table % In addition, PPl networks
with expression view and expression heatmapAo&bidopsis
thaliana Gossypium hirsutunand Gossypium arboreuare also

o ered in plantEAR.

Functional Enrichment Analysis Tools

In addition to the co-expression and PPl network that can be
used to predict the function of EAR motif-containing proteins,
two functional enrichment analysis tools have been develdpe
gene annotation, including gene set enrichment analysis3&)

powerful for predicting gene functions. Genes in the same coand cis-element enrichment analysis. GSEA for 15 plant specie
expression network have similar expression patterns and magnd cis-element enrichment analysis for 4 species are o ared i
be involved in the same biological processes. The function déhis platform.

an EAR motif-containing protein can be predicted by its well

annotated co-expressed genes, so the integration of co-ssipre Implementation

networks will bene t the study of the function of EAR motif- Based on our data collection and functional annotations,
containing coding genes. In addition, co-expression nelworthe EAR motif-containing protein functional analysis platio
with an expression view and expression heatmapmabidopsis (PlantEAR) was constructed under the classical LAMP (LiGux
thaliana is also o ered, as well a§ossypium hirsutunand

Gossypium arboreum
Co-expression

ApacheC MysqlC PHP) environment. There are six sections in
plantEAR, including Search, Tools, Download, Browse, Netywor

network comparison analysis betweeand Help figure 3. The Search tool contains the keyword

species is a way to illustrate the conservation and di erencesearch, search for EAR motif—containing proteins related to
of orthologous gene co-expression networksabidopsisis
currently the most studied model plant, and its functionaltools include BLAST search, gene set enrichment analysis
annotations are more comprehensive. Cotton is an importan{GSEA), and cis-element (motif) analysis. The download page
dicotyledonous plant, and its functional annotation islstjliite
lacking. If the co-expression network 8fabidopsisEAR genes sequence information, gene family, EAR pattern, and aninmat

di erent hormones, stress, and epigenetic modi cations. The

can allow the download of EAR motif-containing protein-rise
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FIGURE 3 | The structure of plantEAR, including six sections: searchestion, browse section, tools section, download section, etwork section, and help section.

information for various species. The EAR motif-containingresults, and relevant literature information are also pr@eddn
proteins can be browsed by species and family classi catimth, a plantEAR. In addition, expression pro les are easily accesgibl
we also provide help information for users using the funcibn plantEAR. Based on the expression pro les, we found RGL3
analysis platform. The network section contains co-expogssi was signi cantly upregulated under abiotic stressArabidopsis
networks, protein-protein interaction networks and funati@  thaliana roots (Figure 5A), such as drought stress, salt stress,
modules for EAR motif-containing proteing-{gure 3). osmotic, and wounding conditions. Similarly, the gene isoal
upregulated in response to the relevant hormone treatmertt) su
as jasmonic acid, abscisic acid, and gibbereHig\re 5B).

APPLICATION There are 19 co-expressed genSaspgplementary Table 1D

. . and 26 interacting proteinsSupplementary Table 1lof RGL3
The_FunCtlo_n"f‘l Analys!s of the EAR SeveralRGL3co-expressed genes were upregulated under 3h
Motif-Containing Protein  RGL3 of salt stress and hormone treatmerftigures 5C,D), as well
RGA-LIKE PROTEIN 3RGLJ is a protein of the GRAS as genes in its PPl networkSgpplementary Figures 2A,B
family. It has been reported that RGL3 is involved in theHeatmap analysis of genes in tHRGL3 co-expression and
response of abscisic acid (ABA) and gibberellins (GA). RGLBP| network suggested th&GL3is involved in hormone and
was upregulated under ABA treatment and downregulated undestress responseSiipplementary Figures 2B—p Co-expressed
PCA, an inhibitor of GA synthesis, treatmerftitkurewicz and genes ofRGL3were then selected for GSEA analysis using
Lopez-Molina, 200p RGL3 is the target gene of MYC2 and default parameters (Fisher's exact teBt, 0.05), and gene
participates in the jasmonate (JA) response in a CORONATINEets related to jasmonic acid and auxin were enriched
INSENSITIVEL (COI1) and JASMONATE INSENSITIVEL (Supplementary Table 12 Cis-element signi cant enrichment
(MYC2)-dependent manner\{ild et al., 201). In addition, analysis was performed to analyse the co-expressed genes
RGL3 is also involved in salt stress resistarigiel ¢t al., 2017 of RGL3, and the results suggested that motifs related to
Here we usedRGL3in Arabidopsis thalianaas an example gibberellin, ABA and jasmonate were also signi cantly engidh
to illustrate the function o ered in plantEARKigure 4. The (Supplementary Table 13 In addition, GSEA analysis of 26
annotation information in the gene detail page indicatestthainteracting proteins oRGL3showed signi cantly enriched gene
the protein belongs to the GRAS family, which has two EARsets related to hormones (abscisic acid, gibberellin, asrdgaic
motifs, DLNYYP and LLLAL, located in the DELLA and GRASacid) and the stress response (dehydration stress, drotigsiss
domains, respectively. The functional description suggésts  salt stress and oxidative streSsipplementary Table 13 These
RGL3is involved in the signaling pathway of GA. The local co-results indicate thaRGL3 may be involved in the response
expression network link, PPl network link, external link,can of abscisic acid, jasmonic acid, gibberellin and salt, dhau
phenotype are also available. GO and KEGG annotation are als@idative and osmotic stress, etc.
available, which suggest tHrRGL3is involved in phytohormone We searched the functional modules &GL3 through
response processes, such as GA, SA, and ethylene. OrthologplatEAR. We found thatRGL3is contained in a module
proteins of RGL3 in many species also have similar motif of four genes (RGL3, CYP94B1, MAPKKK17, and GCL1),
patterns, suggesting that EAR motifs of RGL3 may be conservadhile CYP94B1 is involved in the response of jasmonic
in di erent species Figure 4). Expression pro les, BLAST search acid and wounding Roudel et al., 2036 Hormone-related
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Species: ‘Arabidopsis thaliana TAIR10
Gene locus: ATSG17490

‘Gene Model: AT5G17490.1

Goromosome:

nce | Transcript sequence | CDS sequence

JGene Structure
DNA: 2015(bp)
cos: 1572(bp)
Gene orientation: -
Protein:
Gene start 5764063
Gene end: 5766077
cos: 5764316.5765887
Modef? {1053 5765077
Gene:
mMRNA:
Exon:
cos:
SUTR: —
3 UTR: eumm—

Protein Sequecne Feature Details
EAR Molif: DLNYYP LLLAL

Position: N-terminal C-terminal
Location: 96482
Size: 524(A8)
Domain: PF12041(DELLA) PFO3514(GRAS)
Protein Model: } 2
EARMOTIF: _ _ _ .. W o e e ---
BPOBS IR v i -
PPI2040s oo v B e e
L - oUNxP @ e @

‘gene_model_type: protein_coding

short_description: RGAlike protein 3

Curafor_summary: DELLA subfamily member involved in GA signal transduction

Description:  RGA-like protein 3 (RGL3); CONTAINS InterPro DOMAIN/s: Transcriptional factor DELLA, N-terminal
(InterPro:IPRO21914), Transcription factor GRAS (InterPro:PR005202); BEST Arabidopsis thaliana protein match is:
RGAlike 2 (TAIR:ATIG03450.1); Has 1807 Blast hits 10 1807 proteins in 277 species: Archae - 0; Bacteria - 0;
Metazoa - 736; Fungi - 347; Plants - 385; Viruses - 0; Other Eukaryotes - 339 (source: NCBI BLink).

Local Co-expression Network: Co-expression Network Gene
Local Protein-Protein Interaction Network(PPI): PPI Network Gene

Protein-Protein interaction Network: A(PID BioGrid BAR IntAct

[External Link
Related links: NCBI(protein) NCBi(gene) MIPS TAIR UniProt eFP-browser

Mutant PMID Attribute  No Treatment Auxin Ethylene  Abscisicacid  Salicylic acid

11118137 Plant height _increased plant height

source Discription
biological_process ethylene biosynthetic process

biological_process benzene-containing compound metabolic process

biological_process germination

biological_process gibberellin metabolic process

biological_process membrane invagination

biological_process systemic acquired resistance, salicylic acid mediated signaling pathway

biological_process i

biological_process red light signaling pathway

cellular_component ascus lipid particle

biological_process detection of cytokinin stimulus

biological_process stamen development

biological_process cytokinin-activated signaling pathway

0 biological_process response to gibberellin
00003700 molecular_function single-stranded DNA binding

KO Enzyme Enzyme_ID Pathway_ID Pathway
Ki14494 DELLAprotein - k004075 Plant hormone signal transduction
— .
Species in Pattern Family
Alyrate LLLAL GRAS
Bstricta LLLAL GRAS
Esalsugineum LLLAL GRAS
Stallax LSt GRAS
Sallax LLLSL GRAS
Brapa LUAC GRAS
Blast Search
Aits identity e-value Discription
NP_19; 100 RGAike protein 3 [Arabidopsis thalianal

1
83 hypothetical protein ARALYDRAFT_488615 [Arabidopsis lyrata subsp. lyrata)
UB.

Putative uncharacterized protein
Uncharacterized protein
BnaC09g40420D protein

8
by
coococoo

[Expression Pr
Abotic stress:  (Drough c) (Sall

Hormone treatment:
Development Stages:
Biotic stress: (ol

[Related Publication
e

o) [Half

it Journal Year Link
Expression d in vitro refolding of the factor  PROTEIN 2007 17317218
Avabidopsis thaliana RGL3. AND PURIFICATION

Pathways in Arabid 2008
Elucidating the germination transcriptional program using small molecules. PLANT PHYSIOLOGY 2008
GSGASAT por ldstressis  JOURNAL OF PLANT 2011
marked by the accumulation of DELLAS PHYSIOLOGY
Vitis CBF1 and Vitis CBF4 differ i their effect on Arabidopsis abiotic stress. PLANT CELL AND 2011
tolerance, development and gene expression ENVIRONMENT
A DELLA in Disguise: SPATULA Restrains the Growth of the Developing THE PLANT CELL 2011 21478445
Arabidopsis Seediing
The Arabidopsis DELLA RGA-LIKES Is a Direct Target of MYC2 and Modulates  THE PLANT CELL. 2012 22892320
Jasmonate Signaling Responses
Phytosphingosine-phosphate is a signal for AMPKS activation and Arabidopsis  THE NEW PHYTOLOGIST2012 22236066
response o chiling
PIF3 Is Involved in the Primary Root Growth Inhibition of Arabidopsis Induced by ~ MOLECULAR PLANT 2013 24157606

Nitric Oxide in the Light

DELLAinteracting SWI3C core subunit of SWI/SNF chromatin remodeling complex PLANT PHYSIOLOGY 2013
modulat in Arabidopsis.

primary y bythe THE 2013
transcription factor SPATULA NATIONAL ACADEMY OF

SCIENCES OF THE

UNITED STATES OF

AMERICA
DELLA Proteins and Their Interacting RING Finger Proteins Repress Gibberellin  THE PLANT CELL 2013 23482857
R by Binding aSubset R
Genes in Arabidopsis
The DELLA protein RGL3 posilively PLANTSIGNALING & 2013 23425858
responses BEHAVIOR
Melatonin mediates the stabilization of DELLA proteins to repress the floral transition JOURNAL OF PINEAL 2016 26887824
in Arabidopsis RESEARCH

FIGURE 4 | Individual gene detail page. Here, we use a protein RGL3 fronmé¢
GRAS family as an example. This gure shows separate web pagewhere
users can nd detailed information, such as gene structure, potein sequence
features, functional description, internal and externaktated links, reported
phenotype, GO annotation, KO annotation, orthologs, expresion pro les, and
related publications.

heatmap analysis also indicated that the module might be
involved in the response process of jasmonic acid and ABA
(Supplementary Figure 2[E  Stress-related heatmap analysis
indicated that the module might be involved in processes such
as wounding and drought stresSpplementary Figure 2l
Therefore, these results indicate tHRGL3may have multiple
functions.

Through functional annotations and functional enrichment
analysis, we found th&®GL3responded to several hormones and
stresses irabidopsigFigure 5. RGL3responses to gibberellin,
ABA, JA and salt stress have been veri ddiskurewicz and
Lopez-Molina, 2009; Wild et al., 2012; Shi et al., 2041t several
inferred functions are still unknown, such as drought, cadide
and osmotic stress responses. These predicted but unknown
functions of RGL3 can provide reference or direction for retht
research in the future.

The Functional Analysis of EAR

Motif-Containing Protein ERFs in

Arabidopsis

In the ERF family,ERF3 ERF4 and ERF7 are EAR motif-
containing proteins.ERF3has been reported to be involved
in plant salt stress responsesSofig and Galbraith, 2006
ERF4is involved in the response process of ethylene and
ABA (Yang et al., 2005 and ERF7 is involved in the
response of ABA and drought stresSong et al., 2005We
found that ERF3 was upregulated under salt stress in roots
(Supplementary Figure 34, and the three genes in the co-
expression network were also upregulated under 6h of salt
stress Supplementary Figure 3B. The expression dERF4was
upregulated by ABA treatmenSupplementary Figure 3¢, and

two genes in its co-expression network were also upregulated
by ABA treatment at 0.5h Supplementary Figure 3D. In
addition, GSEA analysis of co-expressed genes of ERF4 showed
signi cantly enriched gene sets related to ethylene response
cell communication, the defense response, and carbohydrate
stimulus Supplementary Table 1k Under conditions of ABA
treatment for 3 h Supplementary Figure 3Eand drought stress
(Supplementary Figure 3l; the expression oERF7was also
upregulated. The functions of these ERFs analyzed by the mietho
provided by plantEAR are consistent with previously reported
functions Song et al., 2005; Yang et al., 2005; Song and Galbraith,
2009. These results show that the PlantEAR is bene cial
for exploring the functions of plant EAR maotif-containing
proteins.

The Network Comparison Analysis of the
EAR Motif-Containing Protein  JAZ5

The conserved co-expression network between di erent species
may reveal conserved functions of orthologous genes. Co-
expression networks typically use Pearson correlation canti
(PCC) or mutual rank (MR) to the de ne thresholds. We
obtained the co-expressed genes of the PCC top 360 s$ypium
arboreumand Gossypium hirsutunEAR genes from ccNET
and the top 300 MR co-expressed genesAddbidopsisEAR
genes from ATTED-II. Here, we take the EAR geBaJAZ5
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FIGURE 5 | Example of the application of plantEAR(A) The expression patterns ofRGL3 under drought, osmotic, salt and wounding stress inArabidopsisroot. (B)
The expression patterns ofRGL3 treated with jasmonic acid, abscisic acid, gibberellin, &t (C) Co-expression network expression view analysis dRGL3 under 3 h of
salt stress. (D) Co-expression heatmap analysis oRGL3 under hormone treatment.

(Cotton_A_18896) ofcossypium arboreums an example and the proportion of EAR motif-containing proteinsF{gure 2A).
compare its top 300 PCC co-expression network with the to@he number of gene families containing EAR genes is also
300 MR co-expression network of its orthologous géiwd&AZ5 increased in di erent evolutionary stageBigure 7). There are

in Arabidopsis thaliangFigure 6). There are 27 orthologous 13 gene families in algae, 34 gene families in Pteridophyda an
gene pairs, including 24 genes Arabidopsisand 24 genes in Bryophyta, 39 gene families in gymnosperms, 49 gene families i
Gossypium arboreynas shown irFigure 6. Twenty-four genes monocotyledonous plants and 71 gene families in dicotyledisno
in Arabidopsiswere selected for GSEA analysis, and gene sgttants Figure 7). For gene families with EAR motif-containing
related water deprivation, salt, wounding, jasmonic acidggd a proteins, once the EAR motif-containing proteins begins to
salicylic acid responses were signi cantly enriched. Dtdwmnd  appear in a certain family, then the later advanced evolutipna
salt can lead to water deprivation, whiBaJAZSoverexpression stages will not disappear. For example, from bryophytes to
in Arabidopsis thalianaan improve drought toleranceZflao  angiosperms, the AUX/IAA family always contains EAR motif-
et al., 201) HoweverGaJAZSunctions in salt stress, jasmonate containing protein members. From algae to angiosperms, the
acid, and salicylic acid responses remain to be explored. Th®meobox (HB) family always contains EAR motif-containing
function of GaJAZEcan be predicted by thArabidopsis AtJAZS5 proteins Figure 7). The Tify family always has EAR motif-
co-expression network, suggesting that the comparison of ca@ontaining proteins from gymnospermgigure 7).

expression networks between species is bene cial for gene We found that the EAR motif-containing proteins in

function prediction in non-model plants. the AUX/IAA family originally appeared in bryophytes
(Figure 8). Therefore, we chose conserved regions of the protein
Phylogenetic Analysis sequences in two bryophyteSghagnum fallaand Marchantia

In plant evolutionary processes, statistical analysis stgjffest  polymorphg, two gymnosperms Ginkgo bilobaand Gnetum
the average number of EAR motif-containing proteins shows anontanum Markg), two monocotyledonsZea maysind Oryza
tendency to increase in di erent evolutionary stages, as a®l sativd, and two dicotyledonous Arabidopsis thalianaand
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FIGURE 6 | Network comparison betweenAtJAZ5 and GaJAZ5. The rectangle and hexagon represent the genes oArabidopsis thalianaand Gossypium arboreum
respectively. Red represents the genes that respond to jasonic acid, green represents genes that respond to salt stres, blue represents genes that respond to
salicylic acid, yellow represents genes that respond to watr deprivation, and purple represents genes that respond tevounding. The rectangle with multiple colors
represents genes annotated by multiple functions. The sdliline connects two co-expressed genes, and the dotted line onnects two orthologous genes.

Medicago truncatulato construct the phylogenetic tree. The protein structure features indicate that the structures bé t
EAR motif-containing proteins of the AUX/IAA family can EAR motif-containing proteins in the same class are similar
be classied into ve classes, among which the EAR motif{Supplementary Figure 4. Therefore, the EAR motif-containing
containing proteins of bryophytes are contained in the third,proteins in the HB family may be conservative in evolution.
fourth, and fth class, while no bryophyte EAR motif-contaiy We also found that Tify EAR motif-containing proteins may
proteins are contained in the rst and second cla$g(re 8.  have initially appeared in gymnosperms. Thus, one gymnosperm
For branches with bryophyte EAR motif-containing proteins, (Pinus abi€s two monocotyledons§orghum bicoloand Oryza
most of the EAR motifs are located in the N-terminus of thesativgd, and two dicotyledonous Arabidopsis thalianaand
proteins. For branches without bryophyte EAR motif-contaigi  Gossypium hirsutujrwere selected to construct the phylogenetic
proteins, the EAR motif is contained in the IAA domain in the tree Supplementary Figure . We found that EAR motif-
rst branch. These results may indicate that the AUX/IAA fdyni  containing proteins in Tify family were conserved in brancheon
EAR motif-containing proteins have been ampli ed after theand seven, so the EAR motif-containing proteins of the Tify
bryophytes stagd-(gure 8). family are conserved to some extent.

We also found that the EAR motif-containing proteins of
the HB family originated from algaeStpplementary Figure 4.
Two algae licromonas pusilla CCMP154&8hlamydomonas DISCUSSION
reinhardti), two ferns GSphagnum fallax, Physcomitrella
pateny, two gymnospermsG&inkgo bilobaGnetum montanum Transcriptional repression is a part of transcriptional rediala
Markgr), one basal angiospermértiborella trichopoda two  that plays an important role in plant growth and development
monocots Qryza sativaand Sorghum bicolgr and two dicots as well as environmental adaptation. EAR motif-mediated
(Arabidopsis thalianaand Medicago truncatulawere used to transcriptional repression is the main representative of
construct a phylogenetic treeSgpplementary Figure 3. The transcriptional repression Kagale and Rozwadowski, 2011;
HB phylogenetic tree can be divided into ve classes. ClasSausier et al., 2012; Ma et al., 2017; Wu and Citovsky, 2017
1 and Class 5 are branches containing algae. Therefore, théoi et al., 2018 so prediction and functional annotation
other branches may be newly generated branches of EAfer EAR motif-containing proteins are required for studying
motif-containing proteins in plant evolution. The outermost transcriptional repression. Here, HMMER in combination with
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FIGURE 7 | Analysis of gene families of EAR motif-containing protein3 he vertical axis represents the gene family. Different tmrs on the horizontal axis represent
species at different stages of evolution. Small rectanglesepresent the existence of gene families of EAR motif-contiaing proteins in different species.

inparanoid was used to predict plant EAR motif-containing motif-containing proteins, probably false positive predictians)
proteins. For Arabidopsis, we have tested the sensitivithisf t In addition, the predictions of the four species also covered
work ow preliminary. We randomly selected 70% of 219 high-most of the previous predictionsS(pplementary Figure ],

con dence EAR motif-containing proteins as the initial seddr as well as several reported EAR motif-containing proteins
HMM construction, with E value as 0.01 for 10 repetitions, the(Supplementary Table § Therefore, the method we use are
average predicted result covers 91% of the total 219 protains, acceptable and usable for predicting plant EAR motif-contagni
well as 30 additional proteins (outside the 398 ArabidopsiKREA proteins. We hope we could improve the assessment of our

Frontiers in Genetics | www.frontiersin.org 13 November 2018 | Volume 9 | Article 590


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

Yang et al. PlantEAR Platform

FIGURE 8 | Phylogenetic tree of EAR motif-containing proteins in the BX/IAA family across different species. Protein sequences eight species from four
evolutionary stages were chosen to construct the unrootedree, which was divided into ve classes. The blue rectangle reresents the conserved domain of AUX/IAA,
and the red rectangle represents the location of the EAR mdti
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method with more validated EAR motif-containing proteins selection process. EAR motif-containing proteins appeared in

collected. algae and showed remarkable expansion in the evolutionary
A previous study suggests that EAR motif-containing proteinstage of moss/fernd={gure 2A), which may play roles in plant

in Arabidopsiscan be grouped into transcription factor (TF) evolution from aquatic to terrestrial plants. From mossffeto

and other transcriptional regulator (TR) familiegggale et al., gymnosperms and then to angiosperms, EAR motif-containing

2010. Here, 20,542 EAR motif-containing proteins of 71 plantsproteins also signi cantly increased, as well as gene fanilie

were identi ed, 83% of which are members of TF/TR familieswith EAR motif-containing proteins Kigure 7), which may

This nding indicated that the EAR motif-containing proteqn indicate that EAR motif-containing proteins contribute togpit

perform their functions mainly by transcriptional regulaticas  evolution. The evolutionary analysis of EAR motif-coniain

described Kagale et al.,, 20)0A total of 17% of predicted proteins inthe IAA/AUX, HB, Tify family may indicate that EAR

EAR motif-containing proteins may not be transcription facto motif-containing proteins may be somewhat conserved, whch i

or transcriptional regulators, but they are still involved i consistent with a previous reporK@gale et al., 20).0

the transcriptional regulation processFigure 2B), such as PlantEAR provides a variety of clues to study the functions

KIX8/KIX9, which are involved leaf growth regulation in or evolution of proteins with EAR motifs, but the EAR motif-

Arabidopsis thaliangGonzalez et al., 20).5This phenomenon containing proteins of many species are still unpredicted.

suggests that there may be many undescribed transcription@herefore, predictions and functional annotations of EARtifio

repression factors involved in the transcriptional regwati containing proteins for more species still need to be performed,

process. In addition, transcriptome analysis Arabidopsis which will bene t studies on the function and evolution of EAR

thaliana was used to evaluate the special reactions of EARiotif-containing proteins in more species.

motif-containing proteins to external signals. These dethi

annotations of the family classi cation and specic funaie CONCLUSIONS

of EAR motif-containing proteins may provide directions

for researchers to study EAR motif-mediated transcriptionaPlantEAR is the rst analysis platform for plant EAR motif-

repression. containing proteins, and it contains 20,542 predicted EAR
PlantEAR may promote the functional study of plant EARMotif-containing proteins across 71 plants. PlantEAR provides

motif-containing proteins. The network expression view agesources for the study of EAR motif-mediated transcriptibn

part of the network analysis can optimize de ciencies offepression, including functional annotations, sequence

the common network analysis. An example is shown by thénformation, gene families, and related publications. Imlgidn,

results of the functional analysis d®GL3 many functions Several analytic tools in plantEAR can be used to perform more

of which have been experimentally veri edigkurewicz and in-depth functional mining of EAR motif-containing proteins,

Lopez-Molina, 2009; Wild et al., 2012; Shi et al., )017such as network analysis and gene set enrichment analysis. In

Co-expression network comparative analysis is also a paﬂ[le future, we will continue to adjust our methods to predict

of network analysis. We performed a comparative analysi§AR motif-containing proteins based on new reports. We will

of the GaJAZ5and AtJAZ5 co-expression network, which also perform long-term maintenance and species updating. We

can well demonstrate the advantages of network comparisdfope PlantEAR will facilitate the study of plant transcription

and reect the conservation of co-expression networks ofepression.

GaJAZ5and AtJAZ5 Functional enrichment analysis is very

important for studying the function of a gene list in the AUTHOR CONTRIBUTIONS

network. Therefore, functional annotations, network arsiy

and functional enrichment analysis are special features dfhis study was designed by ZS and WX. The platform

PlantEAR. construction and draft were completed by JY. The epigenetic
Phylogenetic analysis across species shows that EAR motifodi cations data was processed by YL. QY, LZ, and HY

containing proteins may have a positive e ect on the evolutigna provided technical supports. ZS, WX, and TT participated in the

selection of plants. In the process of evolution, plants will notmodi cation of draft.

be naturally eliminated if they constantly change theiriabto

adapt to the environment. There are many adverse factors IFUNDING

the natural environment that can a ect the survival of plants,

such as drought stress and salt stress. Many reported plaiihe work was supported by National Natural Science Foundation

EAR motif-containing proteins are involved in processes sah of China [31771467, 31571360, 31371291].

stress response, growth and hormonal responses, which may hav

e ects on plant adaptation to environmental changes. Therefor SUPPLEMENTARY MATERIAL

to adapt to the environment during the natural selection prege

plants may mutate or produce some new EAR motif-containingrThe Supplementary Material for this article can be found

protein-encoding genes, thereby increasing their ability tonline at: https://www.frontiersin.org/articles/10.388ene.

resist stress and allowing the plants to survive the naturd2018.00590/full#supplementary-material
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