o
0
Sd
S
<
=
19
S
(]
(<))
)
()
e

‘ https://doi.org/10.1093/plphys/kiac286 PLANT PHYSIOLOGY 2022: 190: 421-440

Plant Physiology*

Evolution of the DEHYDRATION-RESPONSIVE
ELEMENT-BINDING PROTEIN subfamily in
green plants

Jiapeng Han ©® ,! Xiaoxue Xie ® ' Yang Zhang (®® 1 Xiaofen Yu ® Guangyuan He ©® S Yin Li™®
and Guangxiao Yang'®

1 The Genetic Engineering International Cooperation Base of Chinese Ministry of Science and Technology, Key Laboratory of Molecular Biophysics
of Chinese Ministry of Education, College of Life Science and Technology, Huazhong University of Science and Technology, Wuhan 430074, China

*Author for correspondence: hegy@hust.edu.cn

"Present address: School of Life Science and Technology, Henan Institute of Science and Technology, Xinxiang 453003, China.

*Present address: Wuhan Botanical Garden, Chinese Academy of Science, Wuhan 430074, China.

SSenior authors

GH, Y.L, and G.. conceived the project and the original research plans, supervised the experiments, and revised and finalized the manuscript. J.H.
and XX. performed the analyses of the AP2/EREBP superfamily in this research work. JH, Y.Z, and X.Y. performed the functional experiments on
BdERFO14 and analyzed the data. J.H. and Y.L. conceived and performed the comparative transcriptomic analyses. JH., GH, Y.L, and G.Y. wrote the ar-
ticle with contributions of all the authors. G.H. agrees to serve as the author responsible for contact and ensures communication.

The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the
Instructions for Authors (https://academic.oup.com/plphys/pages/general-instructions) is: Guangyuan He (hegy@hust.edu.cn).

Abstract

Adapting to unfavorable environments is a necessary step in plant terrestrialization and radiation. The dehydration-
responsive element-binding (DREB) protein subfamily plays a pivotal role in plant abiotic stress regulation. However, rela-
tionships between the origin and expansion of the DREB subfamily and adaptive evolution of land plants are still being elu-
cidated. Here, we constructed the evolutionary history of the DREB subfamily by compiling APETALA2/ethylene-responsive
element-binding protein superfamily genes from 169 representative species of green plants. Through extensive phylogenetic
analyses and comparative genomic analysis, our results revealed that the DREB subfamily diverged from the ethylene-re-
sponsive factor (ERF) subfamily in the common ancestor of Zygnemophyceae and Embryophyta during the colonization of
land by plants, followed by expansions to form three different ancient archetypal genes in Zygnemophyceae species, desig-
nated as groups archetype-I, archetype-II/lll, and archetype-IV. Four large-scale expansions paralleling the evolution of land
plants led to the nine-subgroup divergence of group archetype-ll/lll in angiosperms, and five whole-genome duplications
during Brassicaceae and Poaceae radiation shaped the diversity of subgroup IIb-1. We identified a Poaceae-specific gene in
subgroup 1Ib-1, ERFO74, remaining in a Poaceae-specific microsynteny block and co-evolving with a small heat shock pro-
tein cluster. Expression analyses demonstrated that heat acclimation may have driven the neofunctionalization of ERFO74s
in Pooideae by engaging in the conserved heat-responsive module in Poaceae. This study provides insights into lineage-
specific expansion and neofunctionalization in the DREB subfamily, together with evolutionary information valuable for fu-
ture functional studies of plant stress biology.
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Introduction

Cereal crops play pivotal roles in the survival and develop-
ment of human society. However, environmental fluctua-
tions driven by harsh climatic conditions, such as high
temperatures, freezing, drought, and flooding, deleteriously
affect crop growth and development (Fatima et al, 2020;
Rehman et al, 2021). To deal with increasing food demands
from the growing global population and combat the nega-
tive impacts of fluctuating ambient conditions on crop pro-
duction, enormous efforts have been made in crop breeding
over the past decades, such as the improvement of breeding
strategies and the development of new techniques (Yu and
Tian, 2018; Gong et al, 2020; Liu et al, 2021; Xiong et al,
2021). Accompanying the evolution of terrestrial plants, a
large number of stress-responsive genes have appeared and
been retained in diverse plant species and germplasm, pro-
viding invaluable natural genetic resources for crop improve-
ment (Gross and Olsen, 2010; Baillo et al, 2019; Yolcu et al,
2020). Thus, it is critical to identify major stress-responsive
genes, assess their evolutionary innovation and explore their
regulation co-opted for stress responses and potential appli-
cation values in crop breeding.

After two decades of accumulation, genomic data provide
ways to more accurately and efficiently identify stress-
responsive genes (Marks et al, 2021; Sun et al, 2022).
Whole-genome duplication (WGD, or polyploidy) has been
considered to play a pivotal role in the speciation and diver-
sification of plants, improving the adaptability of plants to
unfavorable environments (Tank et al, 2015 Stull et al,
2021). One important approach for plant diversification and
environmental adaptability is lineage-specific gene-family ex-
pansion primarily driven by WGDs, followed by sub- and/or
neo-functionalization (Panchy et al, 2016; Braasch et al,
2018). To date, many lineage-specific transcription factor
(TF) families linked to plant growth, development, and envi-
ronmental adaptability have been identified through geno-
mic and transcriptomic data mining (Campbell et al, 2007;
Jourda et al, 2014; Catarino et al, 2016; Cheng et al,, 2019).

The APETALA2/ethylene-responsive element-binding pro-
tein (AP2/EREBP) superfamily, whose members harbor one
or more typical AP2 domains, is one of the most important
plant-specific TF families (Allen et al, 1998; Riechmann and
Meyerowitz, 1998; Magnani et al, 2004 Yamasaki et al,
2013). According to the number of AP2 domains and the
protein sequence similarities, the AP2/EREBP superfamily in
angiosperms includes three families: the AP2 family (two
AP2 domains or one), the RAV (related to ABI3/VP1) family
(one AP2 domain and one B3 domain), and the ethylene-
responsive factor (ERF) family (one AP2 domain)
(Riechmann and Meyerowitz, 1998; Sakuma et al, 2002).
Among the three families, the ERF family has the largest
number of genes, and is crucial for plant development, the
responses and regulation of various stresses, and the signal-
ing transduction of several important phytohormones
(Licausi et al, 2013; Verma et al, 2016; Xie et al, 2019). The
ERF family is divided into two subfamilies based on the 14th
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and 19th amino acid residues of the AP2 domain, that is,
the dehydration-responsive element-binding (DREB) protein
subfamily (14-V and 19-E) and the ERF subfamily (14-A and
19-D) (Sakuma et al, 2002). Depending on the studies, the
ERF family can be further separated into 10 groups (groups
-1V for the DREB subfamily and groups V-X for the ERF
subfamily) or 12 groups (groups A-1 to A-6 for the DREB
subfamily and groups B-1 to B-6 for the ERF subfamily)
(Sakuma et al, 2002; Nakano et al., 2006). In the ERF family,
the DREB subfamily is the most studied in abiotic stress
responses, and many DREB proteins function as major regu-
lators in response to heat, cold, drought, flooding, and salin-
ity stresses, by directly binding to dehydration-responsive
elements (DREs)/C-repeat elements in the promoters of tar-
get genes (Sakuma et al, 2002; Agarwal et al, 2017, Ohama
et al, 2017; Guo et al, 2018). Proteins within each group of
the DREB subfamily exhibit higher sequence similarity and
functional redundancy when compared with the ERF sub-
family (Nakano et al,, 2006). For example, the C-repeat bind-
ing factors (CBFs) in the A-1 group with conserved PKK/
RPAGRXKFXETRHP and DSAWR motifs on both sides of the
AP2 domain are associated with cold acclimation in land
plants (Embryophyta; Jaglo et al, 2001; Guo et al,, 2018; Shi
et al, 2018; Li et al, 2020). The DREB2s (DREB2A/B/C) in
the A-2 group function in mitigating the effects of stresses,
such as heat, cold, drought, water, and salinity (Matsukura
et al, 2010; Ohama et al, 2017). Subgroup lla proteins in
the A-5 group contain the ERF-associated amphiphilic re-
pression (EAR) motif DLNxxP and function as transcriptional
repressors in drought and cold tolerance regulation (Tsutsui
et al, 2009; Kagale et al,, 2010; Amalraj et al., 2016).

In Archaeplastida, including glaucophytes, red algae, and
green plants (Viridiplantae) composed of chlorophytes and
streptophytes, AP2 domain-containing TFs were only identi-
fied in green plants, indicating that the AP2/EREBP super-
family is Viridiplantae specific and originated in the
common ancestor of Viridiplantae (Catarino et al,, 2016). It
has been postulated that the AP2 domain of Viridiplantae is
likely of bacterial or viral origin by lateral gene transfer of
genes encoding HNH-AP2 endonucleases on the basis of fur-
ther analysis (Magnani et al, 2004 Balaji et al, 2005;
Oberstaller et al, 2014). Land plants have radiated into dif-
ferent taxonomies after the colonization of the land by
streptophyte algae (charophytes), including bryophytes, lyco-
phytes, ferns, gymnosperms, and angiosperms (Becker and
Marin, 2009; Cheng et al,, 2019; Jiao et al, 2020). Genomic
studies have found that the gene number of the AP2/EREBP
superfamily increased dramatically in the genome of
Zygnematophyceae species (Cheng et al, 2019; Jiao et al,
2020), ferns (Li et al, 2018; Qi et al, 2018), and angiosperms
(Wu et al, 2020), indicating that this superfamily has under-
gone numerous expansions. As WGDs have been detected
in other terrestrial plants, such as bryophytes (Lang et al,
2018) and gymnosperms (Stull et al, 2021), the AP2/EREBP
superfamily may have experienced different scales of expan-
sions in these plant lineages.



Evolution of the DREB subfamily in green plants

Although the AP2/EREBP superfamily has expanded
broadly throughout the evolution of green plants, little is
known about the influence of lineage-specific gene expan-
sions on the divergence and the evolution of the AP2/EREBP
superfamily in a Viridiplantae-wide manner. Previous studies
on large-scale genome-wide identification of the AP2/EREBP
superfamily genes have focused on different sets of angio-
sperm species and emphasized that gene duplications occur-
ring in vascular plants have shaped the diversity of this
superfamily, especially that of the AP2 and ERF families
(Song et al, 2016, Zumajo-Cardona and Pabon-Mora, 2016;
Qi et al, 2018, Wang et al, 2019; Kerstens et al, 2020;
Zumajo-Cardona et al, 2021). Particularly, important ques-
tions related to the DREB subfamily remain less addressed
from an evolutionary viewpoint. From where did the DREB
subfamily originate? How did this large subfamily expand
during the evolution of green plants? How did lineage-
specific gene expansions shape the DREB subfamily, and
how did the lineage-specific genes within the subfamily neo-
functionalize? In this study, we sought to address these
questions through identifying and compiling the AP2/EREBP
superfamily genes from 169 plant species, analyzing the
lineage-specific expansions of the DREB subfamily in angio-
sperms, and portraying in detail the evolutionary path of
the DREB subfamily from plant terrestrialization to the radia-
tion of Poaceae, a plant taxonomic family that is critical to
global agriculture. Such analyses were not possible until re-
cently because important genomic resources of Poaceae spe-
cies have only recently become available to the public, such
as the high-quality reference genomes of several Triticeae
species  (International Wheat Genome  Sequencing
Consortium [IWGSC], 2014; Luo et al, 2017 Alaux et al,
2018; Appels et al, 2018; Ling et al, 2018; Marks et al., 2021;
Sun et al, 2022).

Results

The DREB subfamily in embryophytes originated
from three different ancient archetypal genes in the
common ancestor of Zygnemophyceae

We performed a series of analyses to explore the evolution-
ary origin of the angiosperm DREB subfamily. First, we iden-
tified 30,404 genes belonging to the AP2/EREBP superfamily
from 169 representative species covering most of the major
taxonomic lineages of Viridiplantae, from land plants to
streptophyte algae (Zygnemophyceae and Charophyceae)
and chlorophyte algae (Supplemental Figures S1-S3 and
Supplemental Tables S1-S3). In this study, the AP2/EREBP
superfamily genes were identified and reported in 72 species
in which these genes had not been previously identified,
while this superfamily was also re-identified in the remaining
97 species (Supplemental Table S2). The AP2/EREBP super-
family was classified into the AP2 family (4,162), ERF family
(24,933), RAV family (1,037), and soloist (272) (Supplemental
Figure S3 and Supplemental Table S3). Both the AP2 and
ERF family genes were detected in all analyzed Viridiplantae
lineages, while the RAV genes were detected only in
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Zygnemophyceae and embryophytes. Second, the ERF family
members from six representative angiosperm species were
used to estimate the phylogenetic clades of the ERF family,
including Amborella trichopoda (Amborellales, a sister lineage
of monocots and dicots), Arabidopsis (Arabidopsis thaliana,
dicot), Brachypodium (Brachypodium distachyon, monocot),
rice (Oryza sativa, monocot), potato (Solanum tuberosum, di-
cot), and greater duckweed (Spirodela polyrhiza, monocot).
Our results showed that the ERF family can be well separated
into two distinct branches, corresponding to the DREB sub-
family and the ERF subfamily (Supplemental Figure S4). Both
the DREB and ERF subfamilies contain genes from Amborella,
meaning that the DREB and ERF subfamilies already existed
in the common ancestor of angiosperms and evolved inde-
pendently during angiosperm radiation. A previous phyloge-
netic analysis of the AP2/EREBP superfamily in land plants
demonstrated that the ERF family is separated into the DREB
and ERF subfamilies (Sakuma et al, 2002; Mizoi et al, 2012),
indicative of their common origin and independent evolu-
tion during land plant radiation. The DREB subfamily genes
(10,015) identified here are mainly from Zygnemophyceae
and embryophytes. No homologs of the DREB subfamily
were detected in Charophyceae and chlorophytes, while all
of the green plant lineages contain the ERF subfamily genes,
denoting that the divergence of the DREB subfamily from
the ERF subfamily occurred in the common ancestor of
Zygnemophyceae after the Charophyceae-Zygnemophyceae
divergence (Supplemental Tables S3 and S4).

Furthermore, to trace the evolutionary origins of different
phylogenetic groups within the DREB subfamily, we con-
structed maximum-likelihood (ML) trees for another 21 an-
giosperm species representative of different taxonomic
lineages (Figure 1A). Our analysis separated the DREB sub-
family into four groups in angiosperms, that is, groups |
(group A-6), Il (most of group A-5), lll (groups A-4, A-1, and
part of group A-5), and IV (groups A-2 and A-3), congruent
with a previous study (Nakano et al, 2006; Figure 1A). In
particular, the genes from A. trichopoda are present in all of
the four groups, demonstrating that the progenitor genes
representing the four DREB groups, |, Il, 1ll, and IV emerged
in the most recent common ancestors of the extant angio-
sperms. Subsequently, to identify the evolutionary path of
the four DREB groups, we extended our analyses to several
pivotal taxa of nonangiospermous land plants, including
three gymnosperms (ginkgo, Ginkgo biloba; Norway spruce,
Picea abies; loblolly pine, Pinus taeda), two ferns (Azolla fili-
culoides and Salvinia cucullata), one lycophyte (Selaginella
moellendorffii), and three bryophytes (Marchantia polymor-
pha, Physcomitrium  patens, and Sphagnum fallax)
(Supplemental Tables S3 and S4). All four groups of the
DREB subfamily were also found in these lineages (Figure 1,
B and C), suggesting that the most recent common ances-
tors of land plants possessed four DREB genes. Notably,
groups Il and Il clustered in a monophyletic branch in all
the phylogenetic trees of land plants, well distinguishing the
group I/l phylogenetic branch from groups | and IV
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Figure 1 The DREB subfamily of extant angiosperms originated from three ancient archetypal genes. A, Phylogenetic analysis of the DREB subfam-
ily members in 21 representative angiosperm genomes. B, Phylogenetic analysis of the DREB subfamily members in two angiosperm genomes (A.
thaliana and B. distachyon) and three representative gymnosperm genomes (G. biloba, P. abies, and P. taeda). C, Phylogenetic analysis of the DREB
subfamily members in two angiosperm genomes (A. thaliana and B. distachyon), two monilophyte genomes (A. filiculoides and S. cucullata), one
lycophyte genome (S. moellendorffii), and three bryophyte genomes (M. polymorpha, P. patens, and S. fallax). D, Phylogenetic analysis of the ERF
family in green plants with protein sequences from OneKP database. All ML trees were built using the AP2 domains (A) or the full-length protein
sequences (B, C, and D) by FastTree with the JTT + CAT + G20 model. The RAV (related to ABI3/VP1) proteins were selected as outgroup for root-
ing the phylogenetic trees. The angiosperm proteins were used as control for grouping in (B) and (C). The solid dots on the internal nodes indicate
bootstrap value >0.7 and the hollow dots indicate bootstrap value <0.7. Scale bars indicate substitutions per site. The colors of external nodes
and background in (A) indicate different groups or subgroups of the DREB subfamily. The colors of external nodes in (B), (C), and (D) correspond

to the taxonomy listed at the upper right corner of each figure. The b

ackground color of each clade in (B), (C), and (D) indicate different groups

of the DREB subfamily (B, C) or the ERF subfamily (D). The symbolic points near clade labels in (D) correspond to the taxonomy at the upper right

corner.

(Figure 1, A-C). In addition, we identified a set of moss-
specific genes in the phylogenetic analysis, which resides on
the same branch with both groups Il and llI, implying that
group II/Ill and this moss-specific gene group have a com-
mon origin (Figure 1C). These results showed that the DREB
subfamily originated from three different ancient archetypal
genes in the common ancestor of land plants. The first ar-
chetypal gene was the progenitor of group |, while the sec-
ond archetypal gene was the progenitor of groups Il and Il
and the moss-specific DREB gene group, and the third arche-
typal gene was the progenitor of group IV.

The findings of the DREB subfamily’s evolution from three
ancient archetypal genes were based on extensive phyloge-
netic analyses for 35 representative land plant species and
10 algal species. The one thousand plant (OneKP) transcrip-
tomes project has released numerous vegetative

transcriptome  data  of  evolutionarily  important
Archaeplastida species from green plants to glaucophytes
and red algae, providing the possibility to infer the origin,
duplications, and expansions of gene families (One
Thousand Plant Transcriptomes Initiative, 2019). We asked
whether the evolutionary landscapes of the DREB subfamily
could be further portrayed in more detail using the OneKP
transcriptome datasets. To this end, we obtained 11,604
DREB genes from land plants (covering 917 species) and 89
from Zygnemophyceae (64 from Desmidiales and 25 from
Zygnematales, covering 34 species) (Supplemental Tables S5
and S6). We also obtained 20 ERF subfamily genes from
Zygnemophyceae (covering 15 species) and 53 from chloro-
phytes (covering 40 species) except for 2,651 genes from 776
land plant species. In our phylogenetic analyses with genes
from the OneKP transcriptome datasets, all ERF genes from
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chlorophytes and Zygnemophyceae were clustered together
and positioned as a sister clade of all DREB genes from
streptophytes (Figure 1D). The DREB genes from land plants
were distributed on five different branches, consistent with
groups |, 11, 1l and IV and the moss-specific group, respec-
tively (Figure 1D). Except for the moss-specific branch, each
of the remaining four branches contains genes from differ-
ent land plant lineages (bryophytes, lycophytes, ferns, gym-
nosperms, and angiosperms). The 89 Zygnemophyceae
DREB genes formed three independent clades in the phylo-
genetic tree (Figure 1D), each matching one of the three ar-
chetypal DREB groups identified in Figure 1C. The
Zygnemophyceae species experienced different evolution
from the Embryophyta species and hence had diverged con-
tractions/expansions of gene families (Cheng et al, 2019).
Therefore, we reckoned that the three independent DREB
phylogenetic clades from Zygnemophyceae were ancestral
representatives of the three archetypal groups of the DREB
subfamily. Here, we designated the three DREB clades of
Zygnemophyceae as archetype-l, archetype-ll/lll, and
archetype-1V groups, corresponding to the ancestral progeni-
tors of angiosperm DREB group |, group II/Ill, and group IV,
respectively (Figure 1D). The existence of three archetypal
groups of the DREB subfamily was further confirmed in the
two representative Zygnemophyceae species, Mesotaenium
endlicherianum and Spirogloea muscicola (Supplemental
Tables S3 and S4). The large-scale phylogenetic analysis
based on OneKP datasets and the confirmation in specific
Zygnemophyceae species demonstrate that the groups II/Ill
and the moss-specific group from land plants and the
archetype-ll/Ill group from Zygnemophyceae are monophy-
letic (Figure 1D and Supplemental Tables S4 and S6).
Therefore, these results prompted us to conclude that the
DREB subfamily of extant land plant lineages appeared first
in the common ancestor of Zygnemophyceae before land
colonization of plants and then diverged into three different
ancient archetypal DREB genes (Figure 1).

Lineage-specific expansions shaped the diversity of
the DREB subfamily in land plants

The derivatives of the archetype-ll/Ill group have expanded
greatly, with the largest number of genes detected among
the five main DREB lineages in land plants (Figure 1). For ex-
ample, 69.09% of DREB genes (6,895) from the 159 land
plant species analyzed here belong to groups Il and Il and
the moss-specific group (Supplemental Table S3), while
60.88% of land plant DREB genes (7,065) identified from the
OneKP database are classified into the three DREB groups
(Supplemental Table S5). Therefore, we chose the derivatives
of the archetype-ll/lll group as an example to explore the
roles of lineage-specific expansions in driving DREB subfamily
diversification in land plants. A total of 11 species, including
two angiosperms (A. thaliana and B. distachyon), three gym-
nosperms (G. biloba, P. abies, and P. taeda), two ferns (A. fili-
culoides and S. cucullata), one lycophyte (S. moellendorffii),
and three bryophytes (M. polymorpha, P. patens, and S.
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fallax), were chosen to characterize the evolution of the
archetype-ll/Ill group in detail (Figure 2 and Supplemental
Figures S6 and S7).

In Arabidopsis, genes from groups Il and Il of the DREB
subfamily together were divided into eight subgroups,
namely, three subgroups for group Il (lla/b/c) and five for
group Il (llla/b/c/d/e) (Nakano et al, 2006). In this study,
the DREB subgroup Ilb members in angiosperms formed
two distinct phylogenetic branches corresponding to two
orthogroups, respectively, in which the protein sequences
displayed differences within and outside their AP2 domains
(Figure 1; Supplemental Figure S5; and Supplemental Table
S6). Thus, we designated them as two subgroups: IIb-1 and
lIb-2. In the DREB subfamily, our phylogenetic results well re-
solved the archetype-ll/lll-derived clade (group II/lll) into
nine subgroups in angiosperms, namely, four in group Il (a/
b-1/b-2/c) and five in group Ill (a/b/c/d/e) (Figures 1A and
2 and Supplemental Figures S6 and S7).

According to the orthologous gene inference, subgroup lic
genes were not identified in any of the land plants outside
the angiosperms analyzed in this study (Supplemental
Tables S4 and S7). No subgroup lllc proteins harboring the
conserved motif PKK/RPAGRXKFXETRHP were detected in
the nonangiospermous green plants analyzed here, coincid-
ing with the result of the previous study (Li et al, 2020).
Similarly, subgroups Illd and llle could not be separated be-
fore angiosperm radiation (Figure 2B; Supplemental Figure
S7; and Supplemental Table S4). These results suggest that
the four DREB subgroups, that is, subgroups lic, llic, llid, and
llle, are angiosperm innovations. Furthermore, our phyloge-
netic analyses revealed four large-scale subgroup divergence
events during the evolution of the archetype-ll/Ill group
(Figure 2; Supplemental Figures S6-S8; and Supplemental
Table S4). First, the archetype-ll/lll group diverged into
groups Il and Il and the ancestral genes of the moss-specific
gene group in the common ancestor of bryophytes. The
ancestors of the moss gene clade remained and expanded
from the two rounds of WGDs specifically occurring in
mosses, resulting in the moss-specific gene group (Lang
et al, 2018; Figure 1, C and D). Second, the three major sub-
groups of DREB group Il (a/b-1/b-2) appeared after the lyco-
phyte—fern divergence. Third, the subdivision of group lIl
genes (a/b/d-e) occurred after the fern—-gymnosperm diver-
gence. Finally, the four angiosperm-specific subgroups, sub-
groups llc, llic, 1lld, and llle, diverged from subgroups Ila and
lllb and the common ancestor of llld/e, respectively, after
the angiosperm—gymnosperm divergence. Moreover, among
the different taxonomic lineages of gymnosperms and ferns
analyzed here, we found that the gene numbers of sub-
groups lla and Illb in Ginkgoaceae, subgroups IIb-2 and llla
in Pinaceae, and subgroup lla in Pteridaceae have increased
dramatically (Figure 2; Supplemental Figures S6 and S7; and
Supplemental Table S4). These results indicate that massive
lineage-specific gains and expansions of the DREB genes
have occurred, coinciding well with the occurrence of
WGDs during the evolution of land plants (Jiao et al, 2017;
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Figure 2 Groups Il and Ill in the DREB subfamily have undergone the most numerous expansions during plant evolution. The full-length protein
sequences from eleven representative land plants, including angiosperms (A. thaliana and B. distachyon), ggmnosperms (G. biloba, P. abies, and P.
taeda), ferns (A. filiculoides and S. cucullata), lycophyte (S. moellendorffii), and bryophytes (M. polymorpha, P. patens, and S. fallax), were used for
the phylogenetic analyses of group Il (A) and group Ill (B). The phylogenetic analyses were conducted using RAXML with the JTT + | + G4 model
for 1,000 bootstrap replications. The group IIl proteins (A) and group Il proteins (B) were selected as outgroup for rooting the phylogenetic trees,
respectively. The solid dots on the internal nodes indicate bootstrap value =70 and the hollow dots indicate bootstrap value < 70. Scale bars in-
dicate substitutions per site. The branch colors and symbolic points near clade labels correspond to the taxonomy listed at the upper right corner
of each figure. Support trees with other methods are displayed in Supplemental Figures S7 and S8 (for groups Il and IlI, respectively).


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac286#supplementary-data

Evolution of the DREB subfamily in green plants PLANT PHYSIOLOGY 2022: 190; 421-440 427
A B Dicots C Monocots
Group IV V\
< o -
- S bolrhi \\\ oSPgSP D\
T M aufiatis e, - polyrhiza bseudoloy Pgeudo20y
Gymnosperms Sc3 \M; utiatus (25114 i () I\ \
N M. esculenta (2) ‘\\ — ///’ M. acuminata \“l/ﬂ/“\\\r\
Monocots C. citriodora g‘% cr..—oz\ chets h \%}Léﬁﬂ’ﬁsum Q] @) Lhes &
‘ \ - 4& ; ) :
N\ I 7// \ s —
C. clementina (1)\\ JI/-"./}rir;hBuEanaQ‘) S. lycopersicum (1) A °°’"°5”5&2"” %
Sc5 ‘ iChrClZ ChrDS‘ i Chi1 \ P //,
/N A N o=/

Dicots

O
156 ﬂ-s Chr3z
} AN \\ \\

B _—
;1 _F cagao
1 /ﬁ

~

G. raimondii (3

Background B

[Imalvaceae
\ \Fabaceae
|Rosaceae

[ =
M. trunicatula (2) / F. veséa({)
4 ChrS‘\‘ Fvbz\ﬁ‘

V. unguic @ta 2 .peré)‘ca )
vy Chrozi ichr09 ‘ihrw Vu08y Vu09: BpoL X
kb4 N |

O.sativa cpn

(1:2:(1:1))
= (3)

v

B. distachyon
(©)]

T. aestivum

©)

v ¥y

\ Rosaceae

\Q:(Z:(mm

[Isolanaceae 13 E’\£14

I:lPoaceae
Linetype Fabaceae \

i 1:(2:(2:2)) %
“~— Syntenic genes
- Polyploidy events ooy \ S hireai s (5)
i \ 3 N

Duplication type 64 Y y \ Do YD05YD06 a01\ \aos \ Ace

w Segmental duplication J L b 4 L_

or Wb ERFo14 Malvaceae ERF012/013 [poaceacl  ERF014

V Dispersed

(1:(1:(1:3)))

1:(2:(3:3))

Figure 3 Gene expansions shape the evolutionary diversification of subgroup Ilb-1 in angiosperms. A, Phylogenetic analysis of subgroup Ilb-1 in
vascular plants. The ML tree was built by FastTree with the JTT + CAT + G20 model. The group IV proteins were selected as outgroup for rooting
the phylogenetic tree. Bootstrap support values are shown. Scale bars indicate substitutions per site. The clades are labeled and collapsed into tri-
angles according to the taxonomic information. Support trees with other methods are displayed in Supplemental Figure S9. B and C, The cascaded
profile of syntenic gene pairs composed of subgroup IIb-1 genes in representative dicot (B) and monocot (C) genomes. The bracketed number af-
ter the species names indicates the gene number of subgroup I1b-1 identified in the corresponding species. The bracketed number below the taxo-
nomic family names indicates the expansion patterns of subgroup Ilb-1 genes in the corresponding family. The colored backgrounds indicate
different taxonomic families. The two duplication types of the subgroup lIb-1 genes, “Segmental duplication or WGD” and “Dispersed duplication,”
are represented by the red solid inverted triangles and the red hollow inverted triangles, respectively. The colored solid connected lines between
different chromosomes across species indicate the syntenic gene pairs. The red dotted lines between different chromosomes within species indi-
cate the WGDs from (D’Hont et al., 2012; Vanneste et al,, 2014; Wang et al., 2014; Ming et al,, 2015; Clark and Donoghue, 2018).

Clark and Donoghue, 2018; Thousand  Plant
Transcriptomes Initiative, 2019).

Subsequently, to better substantiate the gains and expan-
sions of the DREB subfamily in angiosperms, we focused on
subgroup Ilb-1 and performed phylogenetic analyses with
their orthologous genes in ferns and gymnosperms as con-
trols. All subgroup llb-1 genes from ferns and gymnosperms
formed an outgroup relative to the angiosperm genes
(Figure 3A and Supplemental Figure S9). Interestingly, sub-
group lIb-1 genes in angiosperms constitute two clades
based on species phylogeny: the monocot clade and the di-
cot clade (Figure 3A and Supplemental Figure S9). The
results suggest that all DREB subgroup lIb-1 genes in angio-
sperms arose from a single common ancestral gene, and
duplicates of the ancestral gene have undergone indepen-
dent expansions after the monocot—dicot divergence.

We observed that the gene number of subgroup Ilb-1 var-
ied greatly among different taxonomic families, ranging from
one to five in each basic chromosome group, indicative of
evolutionary diversification of subgroup Ilb-1 during

One

monocot and dicot radiation (Supplemental Table S8).
Then, we sought to characterize the expansion of DREB sub-
group lIb-1 by implementing syntenic analyses among the
extant angiosperm species, including Cucurbitaceae (Rosid
1), Fabaceae (Rosid ), Rosaceae (Rosid 1), Brassicaceae (Rosid
II), Malvaceae (Rosid II), Solanaceae (Asterids), Poaceae
(Monocots), and other representative species. The cascaded
profile of subgroup lIb-1 genes’ synteny intuitionally pre-
sented the origin and evolutionary history of IIb-1 genes in
these plant lineages, matching well with the WGDs during
the evolution of these species (D’'Hont et al., 2012; Vanneste
et al, 2014 Wang et al, 2014, Ming et al, 2015; Clark and
Donoghue, 2018; Figure 3, B and C). Some lineage-specific
expansions of subgroup llb-1 during angiosperm radiation,
such as those in Brassicaceae and Poaceae species, were
caused by WGDs (shaded in light red in Figure 3B and light
purple in Figure 3C, respectively).

We observed three paralogous genes in Brassicaceae line-
age | species and five in four tribes of lineage Il species
(Brassiceae, lsatideae, Schizopetaleae, and Thelypodieae),
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while only one was present in Aquilegia coerulea
(Ranunculales, sister lineage of rosids and asterids) and clem-
entine (Citrus clementine, Sapindales, sister order of
Brassicales), and two were present in Cleome violacea
(Cleomaceae, sister family of Brassicaceae) (Figure 3B and
Supplemental Figure S10). The 1:2:3:5 patterns of syntenic
depth in the basic chromosome group reveals that subgroup
IIb-1 has already undergone two expansions before the ini-
tial radiation of Brassicaceae and one lineage-specific expan-
sion during Brassicaceae radiation, resulting in the most
abundant subgroup Ilb-1 genes in extant Brassicaceae.
Similarly, three paralogous genes were observed in the dip-
loid Poaceae species and the basic chromosome groups of
the polyploid species (Figure 3C), meaning that they were
stable during Poaceae radiation. We found 1:2:3 patterns of
syntenic depth among Poaceae species and other monocot
species  (Alismatales, Zingiberales, and Bromeliaceae
(Poales)), indicating that two expansions occurred before
Poaceae radiation (Figure 3C and Supplemental Figure S11).
Other expansions were present in Cucurbitaceae, Fabaceae,
Malvaceae (Gossypium), and Rosaceae (apple), while no ex-
pansion was observed in Solanaceae (Figure 3B and
Supplemental Table S8).

Overall, these results imply that the subgroup lIb-1 of an-
giosperm DREB subfamily has been mostly shaped by
lineage-specific expansions, suggestive of evolutionary diver-
sification. Additionally, it is noteworthy that these expansion
events in subgroup IIb-1 coincided well with the polyploidy
trajectory of the angiosperm genomes, typically Brassicaceae
and Poaceae (Vanneste et al, 2014; Clark and Donoghue,
2018). However, whether there is a clear association between
them needs further study.

DREB subgroup llb-1 genes in Brassicaceae and
Poaceae were retained from multiple WGD events
Collinearity analyses revealed the existence of three arche-
typal subgroup IlIb-1 genes in the common ancestors of
Brassicaceae and Poaceae, respectively (Figure 3, B and C). In
Arabidopsis, the three subgroup IIb-1 genes were designated
as AtERFO12 (AT1G21910), AtERFO13 (AT1G77940), and
AtERFO14 (AT1G44830) (Nakano et al, 2006). Polyploidy
events within Brassicaceae and Poaceae often lead to expan-
sions and functional divergence of gene families, with neo-
functionalization of some family members (Throude et al.,
2009; Liu and Adams, 2010; Wu et al., 2020). Likewise, the
derivatives of the three archetypal proteins of subgroup Ilb-
1 from the extant Brassicaceae and Poaceae species showed
considerable diversity when compared with those from
other taxonomic families in angiosperms. Therefore, we
combined phylogenetic analyses of DREB subgroup IlIb-1 in
Brassicaceae and Poaceae species, respectively, with synony-
mous substitution (Ks) analysis of each gene pair located in
the duplicated blocks to pinpoint the associations between
gene expansion and WGDs (Lynch and Conery, 2000; Yang
and Nielsen, 2000).
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Within the dicot gene trees, subgroup llb-1 genes from
Brassicaceae were distributed in two clades (Figure 4A and
Supplemental Figure S12). Clade A contained all AtERFO14
homologs in Brassicaceae, while clade B was further divided
into two branches, each containing all homologs of
AtERF012 and AtERFO13, respectively (Figure 4A and
Supplemental Figures S12 and S13). ERF012s and ERF013s
were syntenic paralogs in all analyzed Brassicaceae species;
however, neither was syntenic with ERFO74s (Figure 3B and
Supplemental Table S8). Moreover, the homologs from
Cleomaceae (C. violacea) were present in both the A and B
clades, while the homolog from Caricaceae (papaya, Carica
papaya) existed as an outgroup (Figure 4A). This well dem-
onstrates that the separation of Brassicaceae clade A and
clade B occurred in the common ancestor of Cleomaceae
and Brassicaceae after the divergence of Caricaceae and
Cleomaceae—Brassicaceae. For the three sister families of
Brassicales (Brassicaceae, Caricaceae, and Cleomaceae), all
shared 7y whole-genome triplication (y-WGT), and
Caricaceae was absent in B-WGD, while Brassicaceae and
Cleomaceae shared the common B-WGD and had indepen-
dent a-WGD events (Barker et al, 2009; Kagale et al, 2014;
Bayat et al, 2018). This suggests that clades A and B of
Brassicaceae subgroup Ilb-1 are duplicates of B-WGD. In
clade B, the Cleomaceae gene was positioned as a sister to
Brassicaceae ERF012s and ERF013s, demonstrating that the
Brassicaceae ERFO12s and ERFO13s emerged after the split of
Cleomaceae and Brassicaceae and diverged during a-WGD.
However, after two rounds of duplication, only one gene
was retained in each Brassicaceae species of clade A, imply-
ing the possibility that rapid gene loss following the o-WGD
occurred before Brassicaceae radiation (Jiao et al, 2017; Li
et al, 2016). Furthermore, we identified two Ks distribution
types in Brassicaceae ERFO12s/ERFO13s duplicated blocks
(Supplemental Figure S14A and Supplemental Table S9).
The first type contained a single Ks peak with the peak
value close to that of At-a (Ks = 0.80), while the second
type contained two major Ks peaks corresponding to o-
WGD (Ks=0.92) and the most recent multiplication
(Ks = 0.38) in pakchoi (Brassica rapa) (Kagale et al, 2014).
These results clearly evidence that Brassicaceae ERF012s and
ERF013s are duplicates of o-WGD and that the three ERF012
paralogs in the four tribes of Brassicaceae lineage Il species
emerged as a result of the most recent WGT in the corre-
sponding species.

Similar to the WGD series of a-B-y in Brassicaceae,
Poaceae underwent p-c-t WGDs (Clark and Donoghue,
2018). Consistent with the three rounds of WGDs in
Brassicaceae and Poaceae, respectively, the expansion
process of DREB subgroup llb-1 in Poaceae resembled
that in Brassicaceae (Figure 4B and Supplemental Figures
S15 and S16). Within the monocot gene trees, all dicot
genes and homologous genes from S. polyrhiza (Araceae,
Alismatales) formed an outgroup of other monocot
genes. Subgroup 1lb-1 genes from banana (Musa acumi-
nata, Musaceae, Zingiberales) were present in both the
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Figure 4 The DREB subgroup IIb-1 genes in Brassicaceae and Poaceae are gained and expanded as a result of polyploidy events. Phylogenetic anal-
yses of subgroup IIb-1 members in Brassicaceae (A) and Poaceae (B) were conducted using ML and Bayesian methods with JTT + | + G4 model,
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evolution.

A and B clades of Poaceae and the homologous genes
from Arecaceae (date palm [Phoenix dactylifera] and oil
palm [Elaeis guineensis], Arecales) and Dioscoreaceae
(purple yam [Dioscorea alata), Dioscoreales) grouped
with Poaceae clade A. This means that the separation of
clades A and B occurred in the common ancestor of
Arecaceae (Arecales), Dioscoreaceae (Dioscoreales),
Musaceae (Zingiberales), and Poaceae (Poales) after the
emergence of Alismatales. They were duplicates of 1t-
WGD (D’Hont et al.,, 2012; Jiao et al., 2014; Wang et al.,
2014). In addition, the genes from pineapple (Ananas
comosus, Bromeliaceae, Poales), which lacks the grass p-
WGD (Ming et al, 2015), were positioned as a sister to

Poaceae clade B, and only one major Ks peak was ob-
served in Poaceae ERF012s/ERF013s duplicated blocks
with the peak value close to that of rice-p (Figure 4B;
Supplemental Figure S14B; and Supplemental Table S9).
These results demonstrated that ERFO12s and ERF013s in
Poaceae emerged after the split of Bromeliaceae and
Poaceae and diverged during p-WGD. Likewise, we in-
ferred that Poaceae ERF014s were retained after rapid
gene loss following p-WGD (Jiao et al, 20171; Li et al,
2016). In general, the gene expansions and retention ac-
companying paleopolyploidy events played an important
role in shaping the gene diversity of subgroup IlIb-1 in
the extant Brassicaceae and Poaceae species.
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ERFO014s retained evolutionarily conserved
microsynteny in Poaceae

Poaceae is a family critical to global agriculture, because it
includes the top five cereal crops in the world, that is, maize
(Zea mays), wheat (Triticum aestivum), rice, barley
(Hordeum vulgare), and sorghum (Sorghum bicolor). Close
analysis of the DREB subgroup llb-1 genes identified that
ERFO14s were highly conserved in Poaceae in terms of both
sequences and microsynteny. First, no introns were observed
in most Poaceae ERF014 genes, and the ERF014 protein
sequences were extremely conserved across all extant
Poaceae species (Supplemental Figures S16C and S17). The
motif S[TP]RSIQ at domain A region (Tsutsui et al, 2009)
and the highly conserved amino acid sequences near the C-
terminal region, which were Poaceae-specific and consisted
of two da-helices (hereafter designated as Poaceae-specific
double o-helices [PDAH] domain), distinguished Poaceae
ERFO14s from all other plant proteins (Supplemental Figures
S5, S17, and S18). In Brachypodium, the transactivation ac-
tivity of BAERFO14 relies on the 49-aa peptide at its C-termi-
nal region, especially the double o-helices in its PDAH
domain (Supplemental Figure S18). Second, intra-genomic
syntenic analyses proved that the chromosomal segments
containing ERF014s were not duplicated in any of the ana-
lyzed Poaceae genomes (Figure 5A). In contrast, microsyn-
teny analyses across Poaceae genomes highlighted the highly
conserved chromosomal segments containing ERF014s,
which ranged from 274 kb to 9.03 Mb in size and harbored
44-76 genes depending on species (Figure 5 and
Supplemental Table S10). Third, all genes in each syntenic
gene pair shared the same exon/intron organizations in the
four representative species, Brachypodium, rice, foxtail millet
(Setaria italica), and sorghum (Supplemental Table S11).
Finally, these large chromosomal segments appeared to be
conserved only within Poaceae. For example, syntenic analy-
ses of Poaceae versus other monocots (banana and
Spirodela) revealed two much smaller blocks in each of the
monocot species, which were syntenic with both sides of
the Poaceae ERFO14 blocks, respectively (Figure 5A).
Furthermore, we could not identify the ERFO14 orthologous
genes in pineapple (Figures 3C and 5A), which may have
been lost during pineapple evolution (Ming et al, 2015
Chen et al, 2019), but two collinearity segments in the pine-
apple chromosomes, LG04 and LG18, related to the Poaceae
ERFO14 blocks were detected. These results demonstrated
that the Poaceae-specific blocks containing ERFO14s occurred
in the common ancestor of Poaceae after the Bromeliaceae—
Poaceae divergence.

Such highly conserved ERF014-harboring segments among
the extant Poaceae species allowed us to reconstruct a com-
mon ancestral chromosomal segment with 46 protogenes
(Salse, 2016; Figure 5A and Supplemental Table S12). Then,
detailed genomic synteny was analyzed in Brachypodium,
rice, foxtail millet, and sorghum to represent the three sub-
families of Poaceae (Pooideae, Oryzoideae, and Panicoideae;
Figure 5C). Rice served as a post-p ancestral Poaceae ge-
nome (APG) with 12 protochromosomes (Murat et al,
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2017). We specifically anchored the ancestral chromosomal
segment on the short arm region of the A3 protochromo-
some of APG, which was not homologous to either the A7
or A10 protochromosome. The A7 protochromosome of the
ancestral monocot genome underwent a series of WGDs,
nested chromosome fusions (NCFs), and chromosomal
inversions (Cls), resulting in A3, A7, and A10 in 12-proto-
chromosome intermediate APG (Salse et al, 2009; Murat
et al, 2010). A3 occurred in the post-p APG, meaning that
the ancestral genome segment reconstructed here was
retained after p-WGD and likely associated with the
Cretaceous—Paleocene (K-Pg) boundary (~66 million years
ago) (Vanneste et al, 2014; Lohaus and Van de Peer, 2016;
Wu et al, 2020). Therefore, the paleopolyploidies and chro-
mosomal rearrangements resulted in the expansion and loss
of the ERFO14 paralogous genes in the common ancestor of
Poaceae.

Neofunctionalization of ERFO14s in Pooideae and
their participation in HSFAs-HSPs-related heat
shock response
Interestingly, a gene cluster was identified in this ancestral
chromosomal segment consisting of four cytosolic class I-
type small heat shock protein (sHSP) genes (Figure 5A).
Copy number variations were detected within the sHSP clus-
ter among the Poaceae species, likely due to gene losses or
expansions during Poaceae evolution, for instance, with two
sHSP genes in Brachypodium and six on chromosome 4A of
bread wheat. However, only one sHSP gene was identified in
each of the chromosomal segments of pineapple, banana,
and Spirodela, which were syntenic with the Poaceae-
specific ERF014-harboring blocks, indicating that the Poaceae
sHSP clusters also occurred first in the common ancestor of
Poaceae and co-evolved with Poaceae ERF014s. We hereafter
designated the ERF074-harboring block as the sHSP-ERFO14
locus. What is the evolutionary meaning of this Poaceae-
specific conserved sHSP-ERFO14 locus, and does this locus
link to any physiological functions of ERF014s? To address
this question, Brachypodium and bread wheat from
Pooideae, rice from Oryzoideae, and maize and sorghum
from Panicoideae were selected as representative species be-
cause of the availability of RNA-seq datasets and high-
quality genome annotations (Supplemental Table S13).
Expression analyses showed that the conserved ERFO74s in
the five Poaceae species were preferentially highly expressed
in reproductive organs (Supplemental Figures S19 and S20).
The sHSP clusters shared similar tissue expression patterns
with ERF014s in rice and sorghum, while in Brachypodium,
wheat, and maize, they had more diverse expression patterns
that were completely different from those of the ERFO74s,
which may be caused by the contractions/expansions of the
sHSP clusters. Further expression analysis showed that the
sHSP clusters were induced by heat stress in the Poaceae spe-
cies analyzed, suggestive of the conserved function of these
sHSP genes in heat-stress response (Supplemental Figure S21).
For example, the four sHSP genes OsHSP17.9A
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Figure 5 ERF014 is located on a genomic segment highly conserved in Poaceae. A, Microsynteny of Poaceae-specific blocks containing ERFO74s in
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(LOC_0s03g15960), OsHSP17.4 (LOC_0s03g16020), OsHSP18.0
(LOC_0s03g16030), and OsHSP17.7 (LOC_Os03g16040) in the
rice sHSP cluster functioned in abiotic stress regulation, in-
cluding the thermotolerance, drought tolerance, and UV-B
tolerance of transgenic plants (Guan et al, 2004 Murakami
et al, 2004; Sato and Yokoya, 2008; Hu et al, 2009; Sarkar
et al, 2019). The BdHsp169 (Bradi1g67040) in the
Brachypodium sHSP cluster enhanced the thermotolerance of
transgenic Arabidopsis (Li et al, 2021). The DREB subfamily
genes are commonly involved in the response to and regula-
tion of abiotic stresses, primarily cold, drought, and salinity
stresses. Unexpectedly, the ERFO74s in the five representative

Poaceae species did not respond to or express under these
stresses (Supplemental Table S13). Instead, BJERFO14 and
TaERF014 were specifically and rapidly induced by heat stress
in a few hours, together with the sHSP genes in the sHSP-
ERF014 locus, whereas ERFO14s in rice, maize, and sorghum
expressed  negligibly under heat stress treatments
(Supplemental Figures S20 and S21). In Brachypodium, the
transcript of BdERFO014 accumulated rapidly, reaching ex-
tremely high levels at 1h of heat stress. Among the three
homoeologs of wheat TaERFO14 genes (TaERFO14-A,
TaERF014-B, and TaERFO14-D), only TaERFO14-A was upregu-
lated in response to heat (log,(Fold Change) = 4.44) in the
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heat-tolerant wheat cultivar “TAM107,” suggesting that
TaERF014 is associated with thermotolerance in wheat. The
enhanced expression of ERFO714s under heat stress in
Brachypodium and wheat suggests that the ERFO14s in
Pooideae may have been neofunctionalized in response to
heat stress.

As ERFOT4s co-evolved with the sHSP clusters in the
Poaceae sHSP-ERFO14 loci, and the sHSP genes in the rice
sHSP-ERF014 locus played important roles in heat stress reg-
ulation, we hypothesized that the neofunctionalized ERFO14s
and the sHSP clusters in the Pooideae sHSP-ERFO14 loci may
have rewired into the same heat-stress regulatory modules.
To address this, the co-expression genes of BAERF014 and
the typical heat stress-responsive TF genes in Brachypodium
and the DNA-binding specificity of BAERFO14 were analyzed
(Figure 6 and Supplemental Figures S21-S23). First, five TF
genes, that is, BADREB2A, BdHSFA2a/c/e, and BdHSFA6,
whose orthologs in other species have been functionally
characterized in heat stress response, were identified as the
guide genes for further co-expression  analyses
(Supplemental Figure S21 and Supplemental Table S13).
Second, RT-qPCR-based expression analysis confirmed that
BAERFO14, BADREB2A, BdHSFA2a/c/e, and BdHSFAG were
upregulated by heat stress treatments in leaves of different
developmental stages (Figure 6, B and C). The expression of
all six TF genes increased rapidly to the peaks at 50 min of
heat stress and then decreased to low levels in the young
leaves while gradually increasing or being maintained at high
levels in the mature leaves. Third, the gene sets co-expressed
with the six TF genes were identified with three public heat-
stress expression datasets (Figure 6A and Supplemental
Table S13). We identified 223 core co-expressed genes
(CCGs) of BAERFO14 among the total of 2,152 BAERF014-co-
expressed genes (correlation coefficient >0.85 and P-val-
ue < 0.05; Figure 6, A and E and Supplemental Table S14).
All five heat-responsive TF genes analyzed above are in the
CCGs of BAERFO14. When comparing the CCGs of each of
the six TFs, they highly overlapped with many heat
response-related biological functions enriched in these gene
sets (Figure 6, D and F and Supplemental Tables S14 and
S15). More importantly, we identified 38 HSP superfamily
genes in the CCGs of BdERF014, and 26 of these HSP genes
were also in the CCGs of the other five TF genes (26 HSPs
of 119 overlapped CCGs; Phypergeomeric = 7.36e—05; Figure 6D
and Supplemental Table S16). The 38 HSP genes belong to
sHSPs (11), HSP40s/Dnaj (7), HSP60s (3), HSP70s (9), HSP90s
(4), and HSP100s/Clp (4), containing five HSP gene clusters
(C1-C5; Figure 6G and Supplemental Table S16). The C1
cluster consisted of the two Brachypodium sHSP genes
(Bradi1g67040 and Bradi1g67080) closely linked to and co-
evolved with BdERFO14 in the sHSP-ERFO14 locus. Further
co-expression analyses in rice and wheat uncovered that the
heat-responsive regulatory module HSFAs-HSPs was con-
served across the Poaceae species (Figure 6G and
Supplemental Figure S22). Finally, the yeast one-hybrid
assays revealed that BAERF014 specifically bound to the
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classic DRE A[AG]CCGA[CG]AT (Sakuma et al, 2002; Xue,
2003; Supplemental Figure S23). In the BdERFO14 CCGs, 32
of the 38 HSPs harbored this DRE in their promoter regions,
such as Bradi1g67040 in the sHSP-ERF014 locus with four
DREs, implying the possibility that BAERFO14 responds to
heat stress by directly regulating the expression of the sHSP
cluster in the sHSP-ERFO14 locus (Supplemental Figure S23
and Supplemental Table S17). Taken together, our results
prompted us to conclude that the highly conserved sHSP-
ERF014 loci in Poaecae may allow the transcriptional rewir-
ing of ERFO14s into the typical heat stress regulatory module
HSFAs-HSPs in Pooideae, such as Brachypodium and wheat.

Discussion

Through extensive identification and complete phyloge-
netic analyses of the AP2/EREBP superfamily, this study
provides clues about the origin of the DREB subfamily in
the common ancestor of Zygnematophyceae and
Embryophyta, the diversified expansions of the DREB sub-
family across land plant evolution, and the possible mo-
lecular evolutionary basis for the neofunctionalization of
genes driven by lineage-specific gene expansions (Figure 7
and Supplemental Figure S8).

Although the origin and possible evolutionary model of
the AP2 domain of Viridiplantae have been well discussed,
the paucity of systematic reference genomes of green plant
lineages makes it difficult to unravel the detailed evolution-
ary history of different members of the AP2/EREBP super-
family (Magnani et al, 2004; Balaji et al, 2005 Romanel
et al, 2009; Oberstaller et al, 2014). In this study, to the best
of our knowledge, we reported the most extensive catalog
of the AP2/EREBP superfamily genes in 169 species, from
chlorophytes to streptophytes, including the 72 species in
which the AP2/EREBP genes had not been previously identi-
fied. Our analyses confirmed the widespread existence of the
AP2 family and the ERF subfamily genes in all taxonomic lin-
eages of Viridiplantae analyzed here and the RAV family and
the DREB subfamily genes in Zygnemophyceae and embryo-
phytes (Song et al, 2016; Wang et al, 2019; Jiao et al, 2020;
Kerstens et al, 2020). Considering the higher similarity of
the AP2 domains between the RAV and ERF families in
angiosperms analyzed here (Supplemental Figure S3) and
that the RAV proteins originated from the fusion between
the B3 domain and one single AP2-domain-containing pro-
tein (Magnani et al, 2004; Romanel et al., 2009), we hypoth-
esized that the RAV family most likely diverged from the
ERF family in the common ancestor of Zygnemophyceae
(Supplemental Figure S8). We cannot exclude the possibility
that the RAV family and the monophyletic and conserved
soloist genes have a common origin since the latter has
higher diversity in chlorophytes. Future work with more ge-
nome data of charophytes and chlorophytes is needed to
determine the exact divergence of the RAV family. More im-
portantly, DREB genes are widely distributed in angiosperms
in response to various abiotic stress responses and regula-
tions (Agarwal et al, 2017, Wang et al, 2019). The question
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Figure 6 BAERFO14 might engage in HSR by cross-talking with preexisting HSFAs-HSPs signaling pathways. A, Venn diagram showing overlap of
the genes highly co-expressed with BAERFO14, BADREB2A, BAHSFA2a, BAHSFA2c, BAHSFA2e, BAHSFAG, respectively, under heat stress conditions.
The numbers of genes in each region of the diagram are indicated. B and C, The expression analysis of BAERFO14 and five typical heat-stress re-
sponsive TF genes under heat stress. After treated at 42°C, the leaves of the 2-week-old seedlings (B) and the two-month-old plants (C) were har-
vested for the expression analysis. B-Actin gene was used as the internal control for normalization. The relative expression levels were calculated
by the 272% method. The error bars indicate the SE of three independent biological replicates. D, Venn diagram showing overlap of the CCGs
identified in (A). E, Heatmap revealing the expression of CCGs of BAERF014. F, The top 20 GO terms enriched in CCGs of BdERF014. G, Co-expres-
sion network of the CCGs of heat stress related TF genes in B. distachyon and rice. Diamond and circular nodes indicate TF genes of B. distachyon
and rice. Nodes with other shapes correspond to the groups in the legend. Five rectangular boxes indicate the five HSP gene clusters, C1-C5, re-
spectively. Brachypodium distachyon genes are above the dotted line and rice genes are below. Edge types correspond to the edge information in

the legend.
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angiosperms and one moss-specific group in mosses (left panel). Subgroup lIb-1 genes have evolved independently in the radiation of dicots and
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ERF014 locus in Poaceae and neofunctionalized to response to heat stress in Pooideae (right panel). The time shown in the time scales is from

Morris et al. (2018) and Wu et al. (2020).

of their origin has been under discussion. In this study, the
extensive distribution of the DREB genes across all the taxo-
nomic lineages of Zygnematophyceae and embryophytes an-
alyzed facilitated the reconstruction of the evolutionary
history of the DREB subfamily over green plant radiation
(Figure 1). To this end, the DREB subfamily first appeared
and diverged from the ERF subfamily in the common ances-
tor of Zygnematophyceae after the emergence of
Charophyceae (Figure 7 and Supplemental Figure S8).
Interestingly, the evolutionary trajectories of the DREB
subfamily paralleled plant terrestrialization and land plant
radiation (Figure 7). Five major large-scale expansions of the
DREB subfamily were identified in this study, one in
Zygnematophyceae, producing the three ancient archetypal
groups of land plant DREB genes in Zygnematophyceae
(groups archetype-l, archetype-ll/Ill, and archetype-IV), and
four in land plants, resulting in expansions of group
archetype-ll/lll to form nine subgroups in extant angio-
sperms (Figure 2). Another five WGDs were detected in
monophyletic subgroup Ilb-1 during the radiation of

Brassicaceae and Poaceae, resulting in the emergence of five
and three paralogs, respectively (Figures 3 and 4). In the
derivatives of group archetype-ll/lll, we identified four
angiosperm-specific subgroups (lic/llic/llld/llle) and one
moss-specific gene group. These expansion events may have
been driven by adaptive evolution, as the plants have suc-
cessfully adapted to the complex and changeable climates
and ecological environments during/after land colonization.
An intriguing example is that low-temperature selection
drives angiosperm cold adaptation and shapes the cold
response of most CBF genes in angiosperm-specific sub-
group lllc (Guo et al, 2018; Shi et al, 2018). As lineage-
specific gains/losses of the gene family have occurred
throughout the evolution of plants, we cannot exclude
the possibility that the ancestral genes of subgroups llc
and lllc were lost after the split of angiosperms from ter-
restrial plants, especially in gymnosperms and ferns.
Systematic analyses with more complete reference
genomes outside angiosperms are still needed. Such a
wealth of evolutionary information will help infer sub-/
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neofunctionalization of the DREB subfamily genes with
stress-tolerance improvement purposes.

Nevertheless, the Poaceae-specific genes in subgroup Ilb-1,
ERF014s, showed the asynchrony between evolutionary and
functional innovation (Figure 7). ERF014s are Poaceae-
specific not only because only one single copy remains after
two rounds of WGDs in each Poaceae genome, but also be-
cause of their location on highly conserved sHSP-ERFO14 loci
and the PDAH domains at the C-terminal regions of their
encoded proteins (Figure 5). Only Pooideae ERF014s (wheat
and Brachypodium) may have neofunctionalized in gene ex-
pression patterns by specifically responding to heat stress
and being rewired into the preexisting HSFAs-HSPs network
by directly regulating the expression of the HSP genes, espe-
cially the sHSPs in the sHSP-ERFO14 loci, in the early stage of
heat shock response (HSR) (Figure 6). The neofunctionaliza-
tion of ERFO14s in Pooideae species indicates that the corre-
sponding species may have undergone more severe high-
temperature acclimation during their origin and habitat ex-
pansion (McKeown et al, 2016; Gordon et al, 2017; Zhou
et al, 2020; Zhang et al,, 2022). This may be an example of
species-adaptive evolution driving the neofunctionalization
of lineage-specific genes (Panchy et al, 2016). We inferred
that the neofunctionalization of Pooideae ERF0714s may be
caused by variants in the regulatory elements of promoters
during adaptive evolution, which cannot be detected by the
comparison-based methods used in this study. More inter-
estingly, the expression patterns of BAERFO14 and its co-
expressed TF genes are completely different in
Brachypodium leaves at different developmental stages un-
der heat stress. The stronger antioxidant defense system
confers higher thermotolerance to mature leaves by main-
taining relatively lower reactive oxygen species (ROS) levels
and higher photosystem Il (PSIl) efficiency (Mittler et al,
2012; de Pinto et al, 2015; Kong et al, 2015; Guidi et al,
2019; Rankenberg et al, 2021). Gene epigenetic modification
levels are dynamic at different developmental stages of
plants and under different abiotic stresses (Brusslan et al,
2015; Hu et al, 2015; Wang et al, 2015; Miryeganeh, 2022).
The differences in ROS accumulation and the dynamic alter-
ations in gene epigenetic modifications may result in the dif-
ferent expression patterns of BAERFO14 in different leaves
under heat stress. Further investigation is warranted for the
elucidation of the Pooideae ERF014s’ precise functions after
neofunctionalization. The mechanism that causes asyn-
chrony between evolutionary innovation and functional in-
novation of Poaceae ERFO14s may provide an opportunity to
create useful functions for other lineage-specific genes with
a directed evolution strategy in crop improvement.

Materials and methods

Gene retrieval

The genome data of 169 representative species, namely, 147
extant angiosperm species and 22 other representative ex-
tant green plants, were retrieved and used to construct a lo-
cal genome database (Supplemental Figure S1; Supplemental
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Table S1; and Supplemental Method S1). The AP2/EREBP
genes were identified from our local database using a com-
bined search strategy with homology searches and a hidden
Markov model (HMM) search (Supplemental Figures S1-S3;
Supplemental Table S3; and Supplemental Method S2). The
DREB subfamily members were also retrieved from the
OneKP transcriptome database (One Thousand Plant
Transcriptomes Initiative, 2019) using blastp searches with
the DREB sequences identified above as the queries
(Supplemental Table S5).

Phylogenetic analyses
Phylogenetic analyses were performed using ML and
Bayesian approaches (Supplemental Method S3).

Synteny analysis

A syntenic block database covering 102 land plants was con-
structed based on our local genome database, including
1,363 inter-genome pairwise combinations and 62 intra-
genome comparisons. According to the microsynteny of
orthologous gene pairs, we analyzed the duplication patterns
of specific syntenic blocks and reconstructed the ancestral
chromosomal segment (Supplemental Figure S1 and
Supplemental Method S4).

Gene expression analysis

The seeds of B. distachyon inbred line Bd21 were germinated
on wet filter paper for 2 weeks or planted in soil until ex-
pression experiments at 24°C with a 16-h light/8-h dark
photoperiod. Semi-quantitative reverse transcription PCR
(RT-PCR) assays and RT-quantitative PCR (RT-qPCR) assays
were performed to detect the expression of genes in differ-
ent organs and under different treatment conditions
(Supplemental Method S5). Primers for expression analysis
were listed in Supplemental Table S18.

We obtained public RNA-seq and microarray data for the
identification of differentially expressed genes (DEGs) under
heat-stress  conditions and  co-expression  analyses
(Supplemental Table S13 and Supplemental Method S6).

Other supporting information for materials and
methods

Details of gene ontology (GO) enrichment analysis
(Supplemental Method S7), motif analysis and intron—exon
structure analysis (Supplemental Method S8), protein struc-
ture prediction and the transactivation activity assay
(Supplemental Method S9), and DNA-binding specificity
analysis and target gene prediction (Supplemental Method
S10) are provided in the Supporting information. Primers for
vector construction were listed in Supplemental Table S18.

Data availability

All AP2/EREBP protein sequences, multiple sequence align-
ments, and phylogenetic trees in this study are available at
Harvard Dataverse (https://doi.org/10.7910/DVN/ZQKMKT).
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Accession numbers

Sequence data from this article can be found in Phytozome
13 (https://phytozome-nextjgi.doegov/) and the Ensembl
Plants database (https://plants.ensembl.org) under accession
numbers: BAERFOT4: Bradi1g67350, BADREB2A: Bradi2g29960,
BdHSFA2a:  Bradi1g08891,  BdHSFA2c:  Bradi3g26920,
BdHSFA2e: Bradi1g05550, BAHSFAG: Bradi1g37720, Bd-actin:
Bradi2g24070, TaERFO14-A: TraesCS4A02G088400, TaERFO14-
B: TraesCS4B02G215800, TaERFO14-D: TraesCS4D02G216300,
OsERF014: LOC_0s03g15660, SbERF014: Sobic.001G428700,
ZmERFO014.1: Zm00001d028524, ZmERF014.2:
Zm000017d047860.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Workflow for the identification
and classification of the AP2/EREBP superfamily in this
study.

Supplemental Figure S2. The identification of the AP2/
EREBP superfamily in 147 extant angiosperm species.

Supplemental Figure S3. The classification of the AP2/
EREBP superfamily in angiosperms.

Supplemental Figure S4. Phylogenetic analysis of the ERF
family in six representative angiosperm species.

Supplemental Figure S5. Protein structure analysis of the
DREB group Il members in angiosperms.

Supplemental Figure S6. Phylogenetic analyses of the
DREB group Il in 11 representative land plants using ML and
Bayesian methods.

Supplemental Figure S7. Phylogenetic analyses of the
DREB group Il in 11 representative land plants using ML
and Bayesian methods.

Supplemental Figure S8. Schematic diagram of the evolu-
tionary origin and expansion of the DREB subfamily in green
plants.

Supplemental Figure S9. Phylogenetic analyses of the
DREB subgroup IlIb-1 in vascular plants using ML and
Bayesian methods.

Supplemental Figure S10. Statistics of the gene number
in DREB subgroup lIb-1 identified in Brassicales.

Supplemental Figure S11. Statistics of the gene number
in DREB subgroup llb-1 identified in monocots.

Supplemental Figure S12. Phylogenetic analyses of DREB
subgroup IlIb-1 in Brassicaceae using ML and Bayesian
methods.

Supplemental Figure S13. Intron-exon structure of
Brassicaceae subgroup lIb-1 genes and conserved motifs in
the corresponding proteins.

Supplemental Figure S14. Density distributions of synon-
ymous substitution per synonymous site (Ks) for the dupli-
cated blocks containing subgroup I1lb-1 genes in the
representative Brassicales and Poaceae species.

Supplemental Figure S15. Phylogenetic analyses of DREB
subgroup 1lb-1 in Poaceae using ML and Bayesian methods.
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Supplemental Figure S16. Intron—exon structure of
Poaceae subgroup IlIb-1 genes and conserved motifs in the
corresponding proteins.

Supplemental Figure S17. The conservation and diver-
gence of the Poaceae ERFO14s.

Supplemental Figure S18. The transactivation activity of
BAERFO014 relied on the highly conserved PDAH domain at
its C-terminal region.

Supplemental Figure S19. The expression analyses of
sHSPs and ERFO14s in the main tissues of the representative
Poaceae species.

Supplemental Figure $S20. The expression analyses of
Brachypodium BdERF014 in different tissues and under dif-
ferent treatments.

Supplemental Figure S21. The expression analyses of
sHSPs and the typical TF genes under different heat condi-
tions in the representative Poaceae species.

Supplemental Figure S$22. Co-expression analyses of the
typical heat-stress responsive TF genes in Brachypodium,
rice, and wheat.

Supplemental Figure S23. The DNA-binding specificity
analysis of BAERFO14 and the prediction of the possible
downstream target genes of BAERF0O14.

Supplemental Table S1. Detail information of all the 169
species included in this study for the identification of the
AP2/EREBP superfamily.

Supplemental Table S2. Summary of the AP2/EREBP su-
perfamily genes in the 169 green plants identified in this
study and previous studies.

Supplemental Table S3. List of all the AP2/EREBP super-
family genes identified in the species listed in Supplemental
Table S1.

Supplemental Table S4. Statistics of the ERF family genes
identified in different plant lineages.

Supplemental Table S5. List of all the ERF family genes
identified in OneKP database.

Supplemental Table S6. Statistics of the ERF family genes
identified in OneKP database.

Supplemental Table S7. The classification of the DREB group
Il of euphyllophytes based on the orthology inference results.

Supplemental Table S8. Statistics of the DREB subgroup
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and the prediction of possible gene expansions.

Supplemental Table S9. Gene list of the syntenic blocks
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the A. thaliana 11 block, and the rice p2 and p5 blocks.

Supplemental Table S10. Chromosome information of
highly conserved microsynteny blocks related to Poaceae-
specific ERFO14s.

Supplemental Table S11. Statistics of the introns and
exons of genes in conserved microsyntenic blocks in the rep-
resentative Poaceae genomes, including Brachypodium, rice,
foxtail millet, and sorghum.

Supplemental Table S12. Reconstruction of the ancestral
chromosomal segment for the origin inference of Poaceae
ERF014s using 27 Poaceae-specific syntenic blocks.
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