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Abstract

Ethylene response factors (ERFs), belonging to the AP2/ERF superfamily, play vital roles in plant growth,
development, and stress responses. The evolutionary and expression features of the members of the ERF gene
family have not yet been extensively analyzed through comprehensive comparative genomics across various
diploid, tetraploid, and hexaploid wheat genomes. In this study, we identified a total of 2,967 ERF genes across one
diploid, two tetraploid, and five hexaploid wheat genomes using the characteristics of conserved domains of ERF
proteins. Phylogenetic analysis revealed that ERF genes clustered into two main groups. Analyses of expansion of
the ERF gene family indicated that the members of llic and IX (sub)groups were observed to show the expansion
in tetraploid and hexaploid wheat compared to diploid wheat. Tandem duplication was identified as a key
mechanism for ERF gene family expansion, with varying proportions across different wheat genomes. Ancient
evolutionary evidence was traced using Amborella trichopoda as a reference, revealing the retention of gene

copies in both tetraploid and hexaploid wheat. Then, we analyzed the expression of ERF genes under salt stress

in Triticum aestivum, identifying 86 consistently up-regulated and 14 down-regulated ERF genes, and reported the
stress tolerant and disease resistant ERF genes in hexaploid wheat. These findings provide valuable insights into
the evolutionary dynamics and functional features of ERF genes in wheat, paving the way for genetic breeding and
molecular improvement of wheat species.
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Background

Wheat (Triticum aestivum L.), a cereal plant belonging
to the Poaceae family and the genus Triticum, has been a
staple food for humanity for millennia. Wheat is also rich
in micronutrients and dietary fiber, containing minerals,
vitamins, and fats [1, 2]. Over the course of long-term
development, wheat has become one of the most widely
distributed, extensively cultivated, second-highest yield-
ing, most traded, and nutritionally valuable cereal crops
worldwide. It is the result of human domestication of its
wild ancestor during the Neolithic period, with a culti-
vation history spanning more than 10,000 years. Wheat
originated in a small region of the Fertile Crescent and
later spread to diverse environments around the world
[3]. Common wheat is an allohexaploid species consist-
ing of the A, B, and D subgenomes. It originated through
two consecutive polyploidization events involving spe-
cies from the Triticum and Aegilops genera, leading to
the formation of tetraploid wheat (AABB) and hexaploid
wheat (AABBDD) [4]. Allopolyploidization has enabled
wheat to adapt to a wide range of growing environments.
Wheat cultivation now spans from 67°N in Northern
Europe to 45°S in southern Argentina, and from 150 m
below sea level in the Turpan Basin to 4,100 m above
sea level on the Qinghai-Tibet Plateau. Since 2013,
the genomes of ancient wheat species T. urartu (AA),
Aegilops tauschii (DD), and candidate species for the B
genome ancestor have been assembled [5, 6]. Compared
to other major cereal crops, the wheat genome is rela-
tively large; the diploid emmer wheat is approximately
5 Gb, the tetraploid wild wheat exceeds 10 Gb, and the
hexaploid common wheat is about 16 Gb. A series of
reference-quality pseudomolecule genome assemblies
have been published, including those for common wheat,
durum wheat, diploid wheat ancestor species (1. urartu)
[7], tetraploid ancestor species (T. turgidum ssp. dicoc-
coides) [8], and other allohexaploid cultivar such as
Aikang58 [9], Alchemy, ArinaLrFor [10], Attraktion [11],
Cadenza, CDC Landmark, CDC Stanley, Chinese Spring,
Chuanmail04 [12], Claire, CS42, Fielder, Jagger, Julius,
Kariega, KN9204, LongReach Lancer, Mace, Norin 61,
Paragon, PI190962 (Spelt), Renan [13], Robigus, Sonmez,
SY Mattis, Weebil and Zang1817 [14]. The genomic data
resources of wheat with different ploidy offer research-
ers a crucial foundation for investigating the evolution-
ary mechanisms of gene families from a whole-genome
perspective.

ERF (Ethylene Response Factor) is a specific type of
transcription factor in plants, belonging to the AP2/ERF
superfamily [15]. Members of the ERF family are widely
involved in regulating plant growth and development,
stress responses, and various signaling processes, espe-
cially in plant responses to biotic and abiotic stresses,
such as drought, salinity, low temperature, and pathogen
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infections [16]. ERF family members possess a highly
conserved AP2/ERF domain, consisting of approximately
60-70 amino acids, responsible for specific binding to
DNA [17]. Based on the cis-acting elements to which
ERF transcription factors bind, they can be classified into
two major categories [18]. The first category binds to the
GCC box, previously known as the AGC box or PR box,
with a conserved sequence of AGCCGCC, mainly found
in the promoters of many basic PR genes, acting as an
ethylene response element. The second category binds to
DRE/CRT (DRE: dehydration-responsive element; CRT:
C repeat), with a conserved sequence of CCGAC, present
in many cold-responsive or drought-induced genes. The
ERF family was first associated with the ethylene signal-
ing pathway and is involved in regulating plant develop-
mental processes and stress responses [19]. Ethylene is an
important plant hormone, and ERF regulates the expres-
sion of ethylene-responsive genes by binding to specific
cis-acting elements such as the GCC box [20]. During the
plant response to environmental stresses such as drought,
high salinity, and low temperature, ERF transcription fac-
tors activate or inhibit the expression of stress-responsive
genes, thereby enhancing plant stress tolerance [16]. The
wheat ERF transcription factor, TaERF3, was reported
to promote significantly enhanced tolerance to salt and
drought stresses in wheat [21]. In addition to participat-
ing in stress responses, ERF transcription factors are also
related to plant growth and developmental processes,
such as regulating flowering, fruit ripening, and leaf
senescence. ERF transcription factors play a broad role in
plant growth, development, and stress responses, making
them of significant research and practical value [22].

Here, we conducted a comprehensive genome-wide
comparative genomics analysis of the ERF gene family
across eight wheat genomes. Through evolutionary anal-
ysis, we elucidated the formation of the ERF gene family
and traced the evolutionary trajectories of ERF genes in
the A (sub)genome of wheat. Additionally, we examined
the impact of tandem duplication (TD) events on the
generation of ERF genes by analyzing TD events genome-
wide. Furthermore, we explored the functional diver-
gence of ERF genes under different salt stress conditions
using transcriptomic profiling in T. aestivum (AABBDD,
Chinese Spring). These findings offer novel insights into
the evolutionary history and expression characteristics of
the ERF gene family, thereby laying the groundwork for
genetic breeding and molecular improvement of diploid,
tetraploid, and hexaploid wheat species.

Methods

Data resources

Wheat diploid (AA), tetraploid (AABB), and hexaploidy
(AABBDD) genomes including T. urartu (AA, G1812,
GCA_003073215.2), T. turgidum ssp. Durum (durum
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wheat) (AABB, Svevo, GCA_900231445.1), T. turgidum
ssp. dicoccoides (wild emmer wheat) (AABB, Zavitan,
GCF_002162155.2), T. aestivum (AABBDD, Chinese
Spring, GCA_002220415.3), T aestivum (AABBDD,
Fielder, GCA_907166925.1), T. aestivum (AABBDD,
Kariega, GCA_910594105.1), and T. aestivum (AABBDD,
Renan, GCA_937894285.1) were retrieved from NCBI
Genomes (https://www.ncbi.nlm.nih.gov/datasets/geno
me/. The T. aestivum (AABBDD, KN9204) genome was
retrieved from the Genome Warehouse (https://ngdc.
cncb.ac.cn/gwh/) with the accession number: GWHB-
JWI00000000 [23]. Arabidopsis genome was retrieved
from TAIR (Araportll_blastsets) (https://www.arabidop
sis.org/) [24]. A. trichopoda genome (AMTR1.0.57) was
retrieved from Ensembl Plants (https://plants.ensembl.o
rg) [25]. The profile Hidden Markov Models (HMMs) of
AP2 domain (PF00847.25) and B3 DNA binding domain
(PF02362.26) were retrieved Pfam 37.1 (23,794 entries,
751 clans) (http://pfam-legacy.xfam.org/) [26]. The RNA
-seq expression data of T. aestivum (AABBDD, Chinese
Spring) was retrieved from the Sequence Read Archive
(SRA) database with accession numbers: PRJINA293629
[27].

Identification of ERF transcription factors

All the wheat genes with evidence of alternative splic-
ing were identified and the longest proteins served as the
representatives in eight wheat diploid, tetraploid, and
hexaploidy genomes. ERF candidate proteins in eight
wheat genomes were classified using HMMER (v3.2.1-
foss-2018b) program with “trusted cutoft” as threshold
[28]. The MAFFT v7.520 performed multiple sequence
alignments (MSA) with the highly conserved ERF candi-
date proteins [29]. Then, the MSA of ERF proteins were
used to construct species-specific profile HMM of ERF
transcription factors using the “hmmbuild” module in
HMMER (v3.2.1-foss-2018b). With species-specific pro-
file HMM of ERF transcription factors, the ERF proteins
were classified within eight wheat diploid, tetraploid, and
hexaploid genomes using HMMER (v3.2.1-foss-2018b).
To ensure the accuracy of the identified ERF transcrip-
tion factors, InterProScan was employed to confirm the
conserved domains of ERF within eight wheat diploid,
tetraploid, and hexaploidy genomes [30].

Phylogeny of ERF transcription factors

MAFFT v7.520 was employed to perform multiple
sequence alignments (MSA) with ERF protein sequences
within eight wheat genomes [29]. Then, IQ-Tree v2.3.1
with the parameters: -bb 1000 -redo -alrt 1000 -m MFP
-nt AUTO was used to perform a phylogenetic analysis
[31].
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The identification of tandemly duplicated ERF genes

To identify tandemly duplicated ERF genes, the diamond
v0.9.24.125 were employed to perform all-against-all
BLAST of protein sequences with the parameters: -e le-5
--outfmt 6 --more-sensitive --threads 62—quiet, and then
the paralogous gene pairs were identified within single
wheat genome [32]. Combined with the information of
gene location on chromosomes or assembled scaffolds in
wheat genomes, the paralogous gene pairs anchored on
closer location in the same genomic regions, tandemly
duplicated genes were identified in eight wheat genomes,
and one unrelated gene was allowed within a tandem
array.

The identification of orthologous ERF gene pairs
Orthologous gene pairs between eight wheat genomes
and A. trichopoda were detected using MCScanX soft-
ware with the parameters (MATCH_SIZE=5 and E_
VALUE =1e-10). And the parameter “MATCH_SIZE”
meant that five continuous orthologous gene pairs
were detected from MCScanX analysis [33]. Then, the
orthologous gene pairs that contained two ERF genes
were obtained between A. trichopoda and single wheat
genome. Further, the whole-genome duplicated ERF
genes were identified in eight wheat diploid, tetraploid,
and hexaploidy genomes.

Expression analysis of ERF genes in Triticum aestivum
(AABBDD, Chinese spring)

Using the available RNA-seq data downloaded from
SRA, the raw data of different samples were trimmed and
cleaned using Trimmomatic v0.39 [34], and the cleaned
short-reads were mapped to the hexaploid wheat Chi-
nese Spring reference genome through HISAT (version
2.2.1) [35]. StringTie version 2.0.6 was used to calculate
the fragments per kilobase of exon model per killion
mapped fragments (FPKM) of mapped short reads to
target genes or transcripts in different cotton genomes
and FPKM values were normalized by log2 [36]. The sig-
nificant expression differences of ERF genes under differ-
ent conditions with the same time points were classified
using the DESeq2 package with the parameters:|log(FC)|
>1 and P-value = <0.05 [37]. The expression profile of the
ERF genes was implemented using the heatmap module
from the R package.

Results

Identification of ERF genes in wheat genomes

The identification of diverse wheat genome ploidy has
significantly advanced the analysis of gene families asso-
ciated with key traits or phenotypes. While over 40 wheat
genomes, encompassing various species, subspecies, and
cultivars, have been released with assembled sequences,
only a few possess complete genomic data suitable for
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Fig. 1 Distribution and Phylogenetic tree of ERF genes in Arabidopsis and eight wheat genomes. (A) The distribution of AP2, ERF, and RAV genes in vari-
ous wheat genomes; (B) phylogenetic tree with Maximum Likelihood was constructed by IQTree with 1000 replications

Table 1 Statistics of ERF genes in various wheat genomes

Organism Name Sample Karyotype Genome Size  Total AP2 ERF RAV Publication
(bp) Genes genes genes genes
Triticum urartu G1812 AA 4,849,000,000 35,768 19 130 4 LingHQetal, 2018
Triticum turgidum ssp. Durum Svevo AABB 9,964,000,000 63,993 16 217 5 Maccaferri M et al., 2019
Triticum turgidum ssp. Dicoccoides Zavitan ~ AABB 10,677,000,000 66,764 37 282 8 ZhuTetal, 2019
Triticum aestivum Chinese  AABBDD 14,566,502,436 103,785 45 466 14 Shimizu K. K et al,, 2021
Spring
Triticum aestivum Fielder AABBDD 14,702,880414 120,708 48 487 15 Sato K. et al,, 2021
Triticum aestivum Kariega AABBDD 14,677,204,660 116,576 46 528 14 Athiyannan N. et al,,
2022
Triticum aestivum KN9204 AABBDD 14,467,938,304 147,600 30 425 13 ShiX. etal, 2022
Triticum aestivum Renan AABBDD 14,195,643,615 109,549 42 432 12 Aury JM et al, 2022

comprehensive genome-wide analysis of the ERF gene
family. For this study, eight wheat genomes were selected
from NCBI Genomes, comprising one wild diploid (AA),
two tetraploid (AABB), and five hexaploid (AABBDD)
genomes, to classify the ERF genes within these genomes.
The AP2/ERF superfamily in plants, characterized by
the presence of AP2/ERF domains, is divided into three
families: AP2, ERF, and RAV [19]. AP2 family proteins
feature two repeated AP2/ERF domains, ERF family pro-
teins contain a single AP2/ERF domain, and RAV family
proteins include both a B3 domain and a single AP2/ERF
domain [38]. Leveraging the conserved nature of ERF
proteins in plants, a profile HMM of the AP2 domain was
employed to identify members of the AP2/ERF super-
family across the eight wheat genomes. Subsequently,
members of the AP2 and RAV families were excluded,
and the ERF family members were classified (Fig. 1A).
After meticulous manual curation, we identified a total
of 2,967 ERF genes across the eight wheat genomes: 130
in T urartu (AA, G1812), 217 in T. turgidum ssp. durum
(durum wheat) (AABB, Svevo), 282 in T. turgidum ssp.

dicoccoides (wild emmer wheat) (AABB, Zavitan), 466 in
T. aestivum (AABBDD, Chinese Spring), 487 in T. aesti-
vum (AABBDD, Fielder), 528 in T. aestivum (AABBDD,
Kariega), 425 in T aestivumn (AABBDD, KN9204), and
432 in T. aestivum (AABBDD, Renan), which showed
expansion of ERF gene family (122) in the Arabidopsis
genome [15](Supplemental table S1, Table 1).

Phylogeny of ERF genes among various wheat genomes

The availability of Arabidopsis genomic data for over
two decades has significantly enhanced its status as a
key model plant, thereby facilitating in-depth research
into ERF genes [39]. Toshitsugu N. et al. summarized the
characteristics of the ERF gene family and identified 122
ERF genes in the previous Arabidopsis genome [15]. They
further classified the entire ERF gene family in the Arabi-
dopsis genome into 12 subgroups based on the character-
istics of conserved domains of ERF proteins, ultimately
distributing them into ‘Groups I to IV, ‘Groups V to X;
and ‘Groups VI-L and Xb-L! With the updated Arabi-
dopsis TAIR11 genome, a total of 124 ERF genes were
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identified, which is more than the previous study [24].
However, the classification of the newly identified Arabi-
dopsis ERF genes followed the previous criteria. Using a
dataset of 3,091 ERF protein sequences (2,967 from eight
wheat species and 124 from Arabidopsis), we constructed
a phylogenetic tree to investigate the phylogeny of all ERF
genes in eight diploid, tetraploid, and hexaploid wheat
genomes. All ERF genes were clustered into two main
groups: ‘Groups I to IV’ and ‘Groups V to X; with ‘Groups
VI-L and Xb-L’ including in the ‘Groups V to X’ (Fig. 1B).

Based on the classification criteria for ERF genes in
Arabidopsis, the ‘Groups I to IV’ group contains 1,282
ERF genes, representing 43.17% of the total ERF genes
in the eight wheat genomes. Specifically, there are 133
in Group I (a and b), 164 in Group II (a, b, and c), 762
in Group III (a, b, ¢, d, and e), and 223 in Group IV (a,
b, and unclassified ERF genes clustered with subgroups
a and b, designated as subgroup c). The III group of
the ERF gene family in tetraploid and hexaploid wheat
genomes shows the expansion compared to diploid wheat
genomes, particularly in the IIlc subgroup. Previous
studies have shown that members of the Illc subgroup

Table 2 The groups of the members of the ERF gene family
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exhibit stress-responsive gene expression, such as under
low-temperature, salt, and/or drought conditions [40],
indicating enhanced stress response functions in tetra-
ploid and hexaploid wheat species. The ‘Groups V to X’
contains 1,507 ERF genes, representing 50.79% of the
total ERF genes in the eight wheat genomes. Specifi-
cally, there are 202 in Group V (a and b), 77 in Group VI,
245 in Group VII (a), 237 in Group VIII (a and b), 503
in Group IX (a, b, and c), and 243 in Group X (a, b, and
c). The IX group of the ERF gene family in tetraploid and
hexaploid wheat genomes also shows the expansion com-
pared to diploid wheat genomes. Members of Group IX
are often linked to defensive gene expressions in response
to pathogen infection, and their expressions are differen-
tially induced by defense-related phytohormones such as
ethylene, jasmonate, and salicylic acid [41]. The remain-
ing ERF genes are classified as unclassified ERF genes
(Table 2).

Tandem duplication events in various wheat genomes
Tandem duplication is a significant mechanism in plants
that leads to an increase in the number of gene family

Group Arabidopsis AA AABB AABBDD
G1812 Svevo Zavitan ChineseSpring Fielder Kariega KN9204 Renan
Groups I to IV | la 2 2 0 4 0 0 0 6 0
b 8 8 8 1 17 16 24 15 22
] lla 6 1 2 4 7 6 6 6 5
b 7 5 9 7 9 15 15 13 14
llc 2 0 2 3 6 12 6 5 6
[} llla 3 2 4 4 6 6 6 5 5
lilb 3 4 9 10 15 15 14 13 15
llic 6 14 22 42 82 80 88 56 68
lid 4 7 13 13 21 20 20 18 19
llle 6 3 2 4 6 1 10 5 5
v IVa 5 5 4 5 0 0 1 1 0
IVb 5 1 4 7 20 6 6 5 13
IVc 4 5 16 5 16 14 20 33 16
Groups V to X Vv Va 4 5 6 10 17 18 19 15 14
Vb 1 4 7 8 12 15 18 21 13
Vi Vi 8 5 9 12 14 19 8 4 [§
Vil Vlila 5 12 21 31 25 45 42 37 32
Vil Villa 8 4 13 19 35 30 28 27 29
Villb 7 6 5 5 6 7 6 7 10
IX IXa 3 3 6 6 6 6 18 9 0
IXb 6 4 6 8 3 15 3 12 1
IXc 8 19 24 35 63 64 84 50 48
X Xa 6 1 9 8 13 17 23 10 14
Xb 1 8 8 15 23 21 27 25 21
Xc 1 0 0 0 0 0 0 0 0
Groups VI-Land Xb-L  VI-L 3 1 3 3 5 0 3 16
Xb-L 2 0 1 0 0 0 0 0
Unclassified 0 1 4 2 41 24 26 14 30
Total 124 130 217 282 466 487 528 425 432
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Table 3 Tandem duplication events of the members of ERF
gene family

Karyotype  Cultivar ERF No.TD Percentage No.
genes genes (TDgenes tan-
%) dem
array
Diploid G1812 130 23 17.69 1N
Tetraploid Svevo 217 25 11.52 12
Zavitan 282 71 25.18 29
Hexaploid Chinese 466 117 25.11 45
Spring
Fielder 487 137 28.13 59
Kariega 528 145 2746 54
KN9204 425 80 18.82 35
Renan 432 112 2593 50

members, thereby expanding the gene family; this expan-
sion is often accompanied by an enhancement of the
functions associated with the gene family. Here, we iden-
tified tandemly duplicated ERF genes to provide evidence
for the expansion of the ERF gene family across eight
wheat genomes. By combining paralogous gene pairs and
their genomic locations, we identified a total of 23, 25,
71, 117, 137, 145, 80, and 112 tandemly duplicated genes
in wild diploid wheat G1812, tetraploid wheat Svevo and
Zavitan, and hexaploid wheat Chinese Spring, Fielder,
Kariega, KN9204, and Renan, respectively. These rep-
resent 17.69%, 11.52%, 25.18%, 25.11%, 28.13%, 27.46%,
18.82%, and 25.93% of the total protein-coding genes
in the corresponding wheat genomes (Table 3). Among
the eight wheat genomes, tetraploid wheat Svevo had

Aegilops speltoides (BB)

Around 800,000 YA - —— =~~~

A. tauschii (DD) T. turgidum ssp. dicoccoides (AABB) —— ‘

Around 8,500 to 9,000 YA

T. aestivum (AABBDD) ——
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the lowest proportion, indicating the weakest influence
of tandem duplication on the ERF gene family. Among
the cultivated hexaploid wheat genomes, wheat culti-
var Fielder had the highest proportion, while cultivar
KN9204 had the lowest, suggesting that Fielder may have
experienced the strongest influence of tandem duplica-
tion events on the ERF gene family. The 137 tandemly
duplicated ERF genes in wheat cultivar Fielder were dis-
tributed into 59 tandem arrays ranging from 2 to 6 genes,
while the 80 tandemly duplicated ERF genes in cultivar
KN9204 were distributed into 35 tandem arrays ranging
from 2 to 4 genes (Supplemental Table S2). Interestingly,
both wheat cultivars Kariega and Renan had one eight-
gene tandem array, despite having lower proportions
than wheat cultivar Fielder.

Evolution of ERF genes in wheat genomes

Hexaploid wheat, commonly known as bread wheat
(T. aestivum), originated through two major allopoly-
ploidization events. The first event occurred around
800,000 years ago, leading to the formation of tetraploid
wild emmer wheat (T, turgidum ssp. dicoccoides), which
involved the hybridization of T. urartu (providing the A
subgenome) and a species related to Aegilops speltoides
(providing the B subgenome). The second event, which
resulted in hexaploid wheat, involved the hybridization of
tetraploid wild emmer wheat with A. tauschii (providing
the D subgenome) around 8,500 to 9,000 years ago [42]
(Fig. 2). In the first event, the wild emmer wheat (Zavi-
tan) genome received 142 of its 282 ERF genes from the

Triticum urartu (AA) — G1812 (A: 130)

Svevo (A:109; B:108)
Zavitan (A:142; B:140)

Chinese Spring (A:147; B:153; D:164)
Fielder (A:159; B160; D:168)

Kariega (A:170; B:181; D:177)
KN9204 (A:139; B:143; D:139)
Renan (A:150; B:130; D:152)

Fig. 2 Two major allopolyploidization events in genus Triticum and the distribution of ERF genes in the subgenomes in various wheat genomes
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Table 4 Summary of tandemly duplicated genes in different
wheat subgenomes

Samples Total No. ERF genes in subgenomes
ERF  AA BB DD Unknown
genes
G1812 130 130(TD:24, / / /
18.46%)
Svevo 217 109(TD:14, 108(TD:12, / /
12.84%) 11.11%)
Zavitan 282 142(TD:32, 140(TD:39, / /
22.54%) 27.86%)
Chinese 466 147(TD:31, 153(TD:38, 164(TD49, 2
Spring 21.09%) 24.84%) 29.88%)
Fielder 487 159(TD:38, 160(TD:51, 168(TD:51, /
23.9%) 31.88%) 30.36%)
Kariega 528 170(TD:44, 181(TD:59, 177(TD:49, /
25.88%) 32.6%) 27.68%)
KN9204 425 139(TD:55, 143(TD:60, 139(TD:54, 4
39.57%) 41.96%) 38.85%)
Renan 432 150(TD:47, 130(TD:31, 152(TD:37, /
31.33%) 23.85%) 24.34%)

A subgenome, indicating an expansion of the ERF gene
family compared to the 130 ERF genes found in wild dip-
loid wheat G1812 (Table 4). In contrast, the durum wheat
(Svevo) genome, which contains 217 ERF genes, received
109 from the A subgenome, showing a contraction of the
ERF gene family compared to the total number of ERF
genes in wild diploid wheat (AA) G1812. In the second
event, the numbers of ERF genes donated from the A and
B subgenomes in three hexaploid wheat genomes (Chi-
nese Spring, Fielder, and Kariega) increased compared to
those in the A and B subgenomes of the two tetraploid
wheat genomes and the A genome of wild diploid wheat
(Fig. 2). However, the number of ERF genes in the A sub-
genome of hexaploid wheat KN9204 and the B subge-
nome of hexaploid wheat Renan was lower than that in
wild emmer wheat. Further, we detected the tandemly
duplicated ERF genes in all kinds of subgenomes among
various wheat ploidy and found that more than 20% of
ERF genes in A, B, and D subgenomes were generated
via tandem duplication events. Interestingly, although
the numbers of ERF genes in A and B subgenomes of
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hexaploid wheat Chinese Spring showed higher but had
a lower proportion than those in tetraploid wild emmer
wheat.

Ancient evolutionary evidence in various wheat species
To trace the ancient evolutionary evidence of ERF genes
in wheat genomes, A. trichopoda, recognized as the
most basal extant flowering plant, was used to identify
orthologous ERF pairs between A. trichopoda and eight
wheat genomes separately [43]. The results showed that
a total of 0, 2, 8, 15, 16, 6, 19, and 11 ERF genes were
identified in wild diploid wheat G1812, tetraploid wheat
Svevo and Zavitan, and hexaploid wheat Chinese Spring,
Fielder, Kariega, KN9204, and Renan, respectively. These
represent 0%, 0.92%, 2.84%, 3.22%, 3.29%, 1.14%, 4.47%,
and 2.55% of the total ERF genes in the respective wheat
genomes, with 0, 1, 5, 9, 8, 3, 9, and 6 orthologous ERF
genes identified in the A. trichopoda genome (Table 5).
These findings suggest that ancient ERF genes in the
A. trichopoda genome are retained as two- or three-
gene copies in tetraploid and hexaploid wheat genomes.
Regrettably, no orthologous ERF pairs were detected
between A. trichopoda and wild diploid wheat G1812.
However, this does not imply a loss of ancient evolu-
tionary evidence; rather, it may be due to the stringent
parameters used during the collinear analysis with MCS-
canX [33]. Except, the analyses of Ka/Ks ratios between
orthologous gene pairs revealed that the four ortholo-
gous gene pairs were under purifying selection. but there
are no significant differences between the two of them.
Furthermore, the retention of ERF genes from wild dip-
loid wheat G1812 (AA) in tetraploid and hexaploid wheat
species was assessed through collinear analyses between
G1812 and the A subgenomes of polyploid wheat species.
In tetraploid genomes, a total of 69 and 116 orthologous
ERF genes were detected in tetraploid wheat Svevo and
Zavitan, respectively, representing 48.46% and 71.54% of
the total ERF genes in the diploid wheat G1812 genome
(Table 5). This indicates that the A subgenome in tetra-
ploid wheat Zavitan retained more collinear ERF genes
from the diploid wheat genome, suggesting a closer

Table 5 The orthologous genes of the members of ERF gene family

Karyotype Cultivar ERF genes No.orthologs1 Percentage (orthologs1) No.orthologs2 Percentage (orthologs2)
Diploid (AA) G1812 130 0 0 / /
Tetraploid (AABB) Svevo 217 2 0.92 63 4846
Zavitan 282 8 2.84 93 71.54
Hexaploid (AABBDD)  Chinese Spring 466 15 322 88 67.69
Fielder 487 16 329 93 7154
Kariega 528 6 1.14 39 30
KN9204 425 19 447 85 65.38
Renan 432 1 2.55 80 61.54

Note: orthologs 1 represents the orthologous gene pairs between A. trichopoda and wheat genomes; orthologs 2 represents the orthologous gene pairs between

G1812 and A subgenome in wheat genomes



Wang et al. BMC Genomics (2025) 26:503

evolutionary relationship between the A subgenome of
the tetraploid wheat Zavitan genome and diploid wild
wheat. In hexaploid genomes, a total of 88, 93, 39, 85, and
80 orthologous ERF genes were detected in hexaploid
wheat Chinese Spring, Fielder, Kariega, KN9204, and
Renan, respectively, representing 67.69%, 71.54%, 30%,
65.38%, and 61.54% of the total ERF genes in the dip-
loid wheat G1812 genome. The analyses of Ka/Ks ratios
between orthologous gene pairs revealed that all ortholo-
gous gene pairs were under purifying selection. However,
no significant differences were detected among the five
types of orthologous gene pairs.

Expression analysis of ERF genes in Triticum aestivum
(AABBDD, Chinese Spring)

To investigate the expression profile of wheat ERF genes
under salt stress, we analyzed the expression of ERF
genes in leaves of hexaploid wheat Chinese Spring (Triti-
cum aestivum, AABBDD) under different treatments
using an in-house pipeline. The treatments included
control and salt stress conditions, each sampled at 6, 12,
24, and 48 h, resulting in a total of eight samples. Utiliz-
ing RNA-seq data from these samples, we conducted an
expression analysis of protein-coding genes and iden-
tified 418 expressed ERF genes in the Chinese Spring
genome (Supplemental Table S3). Among these, 319
ERF genes showed significant expression changes under
salt stress compared to control conditions across the four
time points, comprising 217 up-regulated and 102 down-
regulated genes (Fig. 3A). Further analysis revealed that
86 and 14 ERF genes were consistently up-regulated and
down-regulated, respectively, across all four-time points
under salt stress (Fig. 3B, C). The 86 up-regulated genes
were distributed across the A, B, and D subgenomes
(Supplemental Figure S1), while the 14 down-regulated
genes were confined to chromosomes 4 and 5 of the A, B,
and D subgenomes.

Phylogenetic analysis indicated that the Illc subgroup
of the ERF family in hexaploid wheat Chinese Spring
has expanded through tandem duplication events. These
genes are responsive to various stresses, including low
temperature, salt, and drought (Fig. 3D). Among the 82
ERF genes in the Illc subgroup, 13 were expressed at dif-
ferent time points, with seven showing up-regulation
under salt stress compared to control conditions, while
six exhibited the opposite expression pattern (Fig. 4A).
Additionally, the IX subgroup, often associated with
defense gene expression in response to pathogen infec-
tion and influenced by phytohormones such as ethyl-
ene and jasmonate, showed significant expression under
salt stress. Out of 72 ERF genes in the IX subgroup, 19
were highly expressed under salt stress at each time
point, which might indicate that salt stress can induce
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the expression of ERF genes in wheat Chinese Spring
(Fig. 4B).

Discussion

Novel sequencing technology facilities the release of
complete genomes and functional genes with key traits
or phenotypes. According to the characteristics of con-
served domains of ERF gene family, the previous Arabi-
dopsis genome identified 122 ERF genes, but 124 ERF
genes in the available TAIR11 genome. Out of 122 ERF
genes in previous Arabidopsis genome, three Arabidopsis
genes (AT1G63040, AT1G25470, and AT5G67000) were
removed from ERF gene family; the gene AT1G63040
were lost in TRIR11 genome, and the genes AT1G25470
and AT5G67000 did not contain the conserved domains
of ERF gene family. Five newly identified ERF genes in
TAIR11 genome, including AT2G39250, AT2G41710,
AT3G54990, AT5G10510, and AT5G60120. The clas-
sification of the newly identified Arabidopsis ERF genes
followed the previous criteria of 122 ERF genes in the
previous Arabidopsis genome (Supplemental figure S2).
So, the gene AT2G41710 was clustered into the IVb sub-
group, and the rest four Arabidopsis genes were clustered
with the IVa and IVb subgroups, but separately. In this
analysis, we named IVc subgroup in the ERF gene family
in various wheat genomes.

The ERF gene family exhibits intricate evolutionary pat-
terns such as wheat transitions from diploid to tetraploid
and hexaploid forms. For instance, the A subgenome of
tetraploid wheat Zavitan retains a substantial number
of collinear ERF genes from diploid wheat G1812, indi-
cating a close evolutionary relationship. In contrast,
hexaploid wheat Fielder’s A subgenome shows an even
closer relationship with diploid wild wheat. These dif-
ferences likely stem from distinct selective pressures,
genetic recombination events, and environmental adap-
tations experienced by each variety. The formation of
hexaploid wheat through two allopolyploidization events
also impac the ERF gene family. The first event led to an
expansion of ERF genes in wild emmer wheat, while the
second event saw an increase in ERF genes in hexaploid
wheat compared to tetraploid wheat. However, some
hexaploid varieties like KN9204 and Renan show a reduc-
tion in ERF genes in certain subgenomes, possibly due
to gene loss or selective retention. Functionally, the Illc
subgroup of the ERF family, which has expanded through
tandem duplication in hexaploid wheat, is responsive to
multiple stresses, suggesting a role in enhancing stress
tolerance. Similarly, the IX subgroup, associated with
defense responses and regulated by phytohormones,
shows significant expression under salt stress, indicat-
ing that both biotic and abiotic stresses can induce ERF
gene expression. Understanding these evolutionary and
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functional dynamics can provide valuable insights for
breeding wheat varieties with improved stress resilience.

This analysis explored that TD events played an impor-
tant role in the expansion of the ERF gene family in
various wheat genomes. The ERF gene family in wheat
Zavitan and Fielder were strongly influenced by the TD
events compared to other wheat species with identi-
cal ploidy in tetraploid and hexaploid wheat genomes
respectively. The impact of TD events on the ERF gene
family in wheat was further investigated, revealing that
the effects of tandem duplication events on the B sub-
genomes of tetraploid (Zavitan) and hexaploid (Fielder)
wheat genomes, as well as the DD subgenome in the

hexaploid wheat Fielder genome, were more pronounced
than those on the AA subgenomes, regardless of whether
the wheat genomes were tetraploid or hexaploid. Fur-
thermore, the retention of ERF genes in the AA subge-
nomes in tetraploid and hexaploidy wheat genomes was
detected via collinear analyses with the diploid wheat
G1812 genome. The ERF genes in the AA subgenomes
in tetraploid wheat Zavitan and hexaploid wheat Fielder
genomes retained the most ancient ERF genes from dip-
loid wheat genome respectively. These results illustrated
the independent evolution of tetraploid and hexaploid
wheat species after species formation in the two major
stages of wheat allopolyploidization events.
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Conclusions

Wheat is one of the most vital food crops, supply-
ing approximately one-fifth of the calories and proteins
needed to nourish the ever-growing global population.
Using profile HMM of the AP2/ERF domain, a total
of 2,967 ERF genes were identified across eight wheat
genomes, including one wild diploid, two tetraploid, and
five hexaploid genomes. Phylogenetic analysis revealed
that ERF genes clustered into two groups, inconsistent
with previous classifications in Arabidopsis. The IIIc and
IX subgroups showed the expansion in tetraploid and
hexaploid wheat compared to diploid wheat, indicat-
ing enhanced stress response and defense mechanisms.
Tandem duplication was identified as a key mechanism
for ERF gene family expansion, with varying propor-
tions across different wheat genomes. Ancient evolution-
ary evidence has been utilized to trace the evolutionary
history of wheat, with A. trichopoda serving as a refer-
ence, revealing retained gene copies in both tetraploid
and hexaploid wheat. The retention of ERF genes from
wild diploid wheat G1812 in tetraploid and hexaploid
wheat species was detected through collinear analysis.
The A subgenome in tetraploid wheat Zavitan and hexa-
ploid wheat Fielder showed closer evolutionary relation-
ships with wild diploid wheat, while the A subgenome in
Kariega exhibited the opposite pattern. The study also
examined the evolution of ERF genes through allopoly-
ploidization events, revealing expansion and contrac-
tion patterns in different subgenomes. The expression

profiles of ERF genes in hexaploid wheat Chinese Spring
were analyzed under salt stress, revealing the consistently
up- and down-regulated across all time points. The IIlc
subgroup responded to multiple stresses, while group IX
ERF genes showed high expression under salt stress, indi-
cating their involvement in both biotic and abiotic stress
responses. These findings provide insights into the evo-
lutionary dynamics and functional roles of ERF genes in
wheat.
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