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Abstract

Despite traditional beliefs of orthologous genes maintaining similar functions across species, growing evidence
points to their potential for functional divergence. C-repeat binding factors/dehydration-responsive element bind-
ing protein 1s (CBFs/DREB1s) are critical in cold acclimation, with their overexpression enhancing stress tolerance
but often constraining plant growth. In contrast, a recent study unveiled a distinctive role of rice OsDREB1C in ele-
vating nitrogen use efficiency (NUE), photosynthesis, and grain yield, implying functional divergence within the CBF/
DREB1 orthologs across species. Here, we delve into divergent molecular mechanisms of OsDREB1C and AtCBF2/3/1
by exploring their evolutionary trajectories across rice and Arabidopsis genomes, regulatomes, and transcriptomes.
Evolutionary scrutiny shows discrete clades for OsDREB1C and AtCBF2/3/1, with the Poaceae-specific DREB1C clade
mediated by a transposon event. Genome-wide binding profiles highlight OsDREB1C'’s preference for GCCGAC com-
pared to AtCBF2/3/1’s preference for A/GCCGAC, a distinction determined by R12 in the OsDREB1C AP2/ERF do-
main. Cross-species multiomic analyses reveal shared gene orthogroups (OGs) and underscore numerous specific
OGs uniquely bound and regulated by OsDREB1C, implicated in NUE, photosynthesis, and early flowering, or by
AtCBF2/3/1, engaged in hormone and stress responses. This divergence arises from gene gains/losses (~16.7% to
25.6%) and expression reprogramming (~62.3% to 66.2%) of OsDREB1C- and AtCBF2/3/1-regulated OGs during
the extensive evolution following the rice-Arabidopsis split. Our findings illustrate the regulatory evolution of
OsDREB1C and AtCBF2/3/1 at a genomic scale, providing insights on the functional divergence of orthologous tran-
scription factors following gene duplications across species.

Key words: C-repeat binding factor (CBF), OsDREB1C, growth-defense tradeoff, evolutionary divergence, ortholo-
gous gene, abiotic stress.

evolutionary dynamics of gene expression complicate
this landscape, extending the roles of orthologous genes
beyond functional conservation to encompass spatio-
temporal variations (Liao et al. 2006).

Among varying environmental pressures, low tempera-
ture stands out as a critical stressor that impedes plant
growth and development (Shi et al. 2018; Guo et al.
2024). In response, plants have evolved sophisticated adap-
tive mechanisms, such as cold acclimation, a strategy often
observed in temperate plants that enhances freezing toler-

Introduction

Determining the functional conservation and evolution of
orthologous genes is a cornerstone in molecular and evo-
lutionary biology. Traditional views have long held that
orthologs, arising from speciation events, maintain similar
functions across species, underscoring evolutionary paral-
lels (Koonin 2005). However, advancements in genomic se-
quencing and functional analysis reveal that orthologous
genes can diverge functionally, acquiring species-specific

roles (Gharib and Robinson-Rechavi 2011; Laurent et al.
2020). The divergence often reflects adaptation to varying
environmental pressures, facilitated by subfunctionaliza-
tion and neofunctionalization, processes that often occur
after gene duplications (Force et al. 1999). Furthermore,
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ance through prior exposure to low, nonfreezing tempera-
tures (Jaglo-Ottosen et al. 1998; Jia et al. 2016; Zhao et al.
2016; Shi et al. 2018). At the molecular level, cold acclima-
tion involves the coregulation of numerous cold-responsive
(COR) genes, centrally mediated by C-repeat binding factors
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(CBFs), also known as dehydration-responsive element
binding protein 1s (DREB1s; Ding et al. 2020; Kidokoro
et al. 2022).

CBF/DREB1 orthologs, identified in many angiosperms,
are widely recognized as pivotal transcription factors in
cold tolerance (Benedict et al. 2006; Welling and Palva
2008; Menon et al. 2015; Jiang et al. 2022). Our study traced
the evolutionary trajectory of these genes, revealing adap-
tive expansions during periods of global cooling, occurring
independently in eudicots and monocots (Nie et al. 2022).
In the representative eudicot Arabidopsis thaliana gen-
ome, there are six CBF/DREBT members, featuring tan-
demly arrayed AtCBF2, AtCBF3, and AtCBF1 (briefly
AtCBF2/3/1) and dispersedly distributed AtCBF4, AtCBF5/
DDF1, and AtCBF6/DDF2 (Nakano et al. 2006; Nie et al.
2022). In contrast, the representative monocot Oryza sati-
va (rice) genome harbors ten CBF/DREB1 members, includ-
ing five organized on two sets of tandem arrays (i.e.
OsDREB1J and OsDREB1I; OsDREB1B, OsDREBTH, and
OsDREB1A) and five dispersedly distributed OsDREB1C,
OsDREB1D, OsDREB1E, OsDREB1F, and OsDREB1G (Mao
and Chen 2012; Nie et al. 2022). Under chilling tempera-
tures, the tandemly arrayed genes AtCBF2/3/1 in
Arabidopsis and OsDREB1B/H/A in rice are highly induced,
leading to the activation of numerous COR genes to en-
hance freezing tolerance (Liu et al. 1998; Dubouzet et al.
2003; Mao and Chen 2012). Additionally, some CBF/
DREB1 members, including AtCBF4, OsDREB1C, and
OsDREB1G, respond moderately to cold (Haake et al.
2002; Mao and Chen 2012; Nie et al. 2022), and others
to different abiotic stresses, exemplified by the induction
of AtCBF4, AtCBFS5, and AtCBF6 in Arabidopsis and
OsDREB1C and OsDREBTF in rice under osmotic stress con-
ditions, such as drought and salt (Magome et al. 2004; Mao
and Chen 2012). This multifaceted response indicates that
while certain CBF/DREB1 orthologs are primarily conserved
in cold responses in Arabidopsis and rice, other members
have evolved divergent regulatory roles in response to
other stresses.

Genetically, constitutive overexpression of CBF/DREB1
genes has demonstrated efficacy in enhancing cold,
drought, and salinity tolerance across various angiosperms
(Gilmour et al. 2004; Kasuga et al. 2004; Ito et al. 2006; Reis
et al. 2014; Jin et al. 2017; Li et al. 2022). However, the en-
hanced stress tolerance often comes at the cost of growth
constraints, leading to variable degrees of growth retard-
ation and delayed flowering (Dubouzet et al. 2003;
Gilmour et al. 2004; An et al. 2016; Liao et al. 2017; Baker
et al. 2022). These studies collectively indicate a conserved
role of CBF/DREBT genes in a functional tradeoff: striking a
balance between the activation of stress tolerance and the
suppression of plant growth. Nevertheless, a few isolated
studies have reported that the overexpression of specific
CBF/DREB1 genes, such as OsDREBTF and ZjDREB1.4, may
yield moderate or negligible effects on plant growth
(Wang et al. 2008; Feng et al. 2019). Moreover, a recent
groundbreaking study revealed a remarkable outcome:
overexpression of OsDREB1C in rice confers substantial
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benefits for plant growth by boosting nitrogen use effi-
ciency (NUE) usage, promoting early flowering, and in-
creasing grain yields (Wei et al. 2022). Therefore, in
contrast to the majority of CBF/DREB1 genes, notably
Arabidopsis AtCBF2/3/1, specific orthologous genes,
like rice OsDREB1C, seem to have evolved distinct func-
tional roles in promoting plant growth and develop-
ment. However, the molecular mechanisms governing
the functional divergence that leads to disparate over-
expression phenotypes between the orthologous tran-
scription factors AtCBF2/3/1 and OsDREB1C remain
poorly understood.

In this study, we assembled representative species from 2
basal angiosperms, 4 eudicots, and 14 monocots. Given an
intricate set of CBF/DREBT genes in monocots, we intention-
ally selected a diverse range of 14 monocot species, compris-
ing 2 from the basal monocot Alismatales, 1 species each
from Orchidaceae, Musaceae, Bromeliaceae, and Cypera-
ceae, and 8 from Poaceae (Fig. 1a, supplementary table S1,
Supplementary Material online). Initially, we identified
CBF/DREB1 coorthologs in these species and conducted a
thorough phylogenetic analysis, with a focus on the DREB1C
clade in monocots and the CBF clade in eudicots. Subse-
quently, we compared gene binding profiles and motifs of
OsDREB1C and AtCBF2/3/1 across the rice and Arabidopsis
genomes. Utilizing sequence alignment, protein-DNA dock-
ing, and experimental validation, we scrutinized the key re-
sidues responsible for divergent DNA-binding specificities
between OsDREB1C and AtCBF2/3/1. Moreover, through
the integration of cross-species multiomic data, we revealed
both shared and numerous specific genes directly regulated
by OsDREB1C and/or by AtCBF2/3/1. In conclusion, we
highlighted two keys, gene gains/losses and expression re-
programming, pivotal to the evolutionarily functional diver-
gence of the orthologous transcription factors OsDREB1C in
rice and AtCBF2/3/1 in Arabidopsis.

Results

Evolutionary Divergence of OsDREB1C and AtCBF2/3/
1 Clades

In the above 20 selected species, we identified 154 CBF/
DREB1 coorthologs characterized by a conserved AP2/
ERF domain and 2 flanking CBF/DREB1-specific signa-
tures, PKRXAGR and DSAWR (supplementary fig. S1,
Supplementary Material online). Subsequently, we con-
structed the phylogeny of these CBF/DREB1 proteins
(Fig. 1b). The phylogenetic analysis distinctly revealed
the proliferation of CBF/DREBT genes through multiple
duplications after the divergence of eudicots and mono-
cots, with a remarkable expansion in the Poaceae family.
Consistent with previous studies (Nakano et al. 2006;
Nie et al. 2022), the six AtCBF genes in Arabidopsis
aligned within the eudicot CBF group, in which the tan-
demly arrayed AtCBF2/3/1 clustered closely together,
proximal to AtCBF4 and distinct from AtCBF5 and
AtCBF6 (Fig. 1c). In the monocot group, the ten rice
OsDREBT genes formed six clades: DREBTF, DREB1E/1G,
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Fig. 1. Evolved clades of CBF/DREBT genes in eudicots and monocots. a) Phylogenetic tree of 20 selected plants in this study. The evolutionary
relationships of the plants, including 2 basal angiosperms, 4 eudicots, and 14 monocots, were obtained from the TimeTree website (Kumar et al.
2022). The tree incorporates well-acknowledged WGD/T events (supplementary table S2, Supplementary Material online) shown on the
branches. b and c) Diverse clades of CBF/DREB1 genes b) and an enlarged view of two clades containing monocot DREB1C and eudicot CBF genes
). The CBF/DREB1 phylogeny was constructed using IQ-TREE v2.1.3 (Minh et al. 2020) through the ML method, with close relative homologs
from the DREB Ill subfamily selected as outgroups for rooting (see Materials and Methods). The clade marked as DREB1* signifies orthologs of the
Poaceae DREB1A/I/H/D/J/B/C in basal monocots. The sizes of circles on branches indicate support values derived from 1,000 ultrafast bootstrap
samplings. Stars denote OsDREBTC in rice and the tandemly arrayed AtCBF2, AtCBF3, and AtCBF1 (abbreviated as AtCBF2/3/1) in Arabidopsis.
WGD/T, whole-genome duplication/triplication.
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Fig. 2. A contrasting duplication mechanism in the DREB1C clade compared to other CBF/DREB1 clades. Duplication mechanisms of CBF/DREB1
genes. WGD, whole-genome duplication; TD, tandem duplication; TSP, transposed duplication; DD, dispersed duplication. The nine condensed
clades were extracted from Fig. 1b, with dashed boxes indicating DREB1C genes in monocots and CBF genes in eudicots.

and the Poaceae-specific DREB1C, DREB1B, DREB1H/1D/
1), and DREB1A/1I (Fig. 1b). The DREBTF clade emerged
as the monocot basal lineage proximal to the eudicot
CBF clade, and the DREB1C clade positioned as the basal
sister lineage to DREB1B, DREB1H/1D/1J, and DREB1A/1I
clades in the Poaceae. Across these CBF/DREB1 clades,
there are clear variations marked by distinct conserved
amino acids in the DNA-binding AP2 domain, confirm-
ing their evolutionary divergences (supplementary fig.
S1, Supplementary Material online). These observations
underscore the evolutionary divergence of AtCBF2/3/1
and OsDREB1C into distinct clades, with OsDREB1C be-
longing to the basal clade of the Poaceae-specific ex-
panded DREB1C/1B/1H/1D/1J/1A/1l linages.

Transposition of DREB1C before the Poaceae
Divergence

Next, we delved into duplication mechanism that gave rise
to CBF/DREBT genes in the aforementioned species. In
alignment with previous studies (Guo et al. 2022; Nie
et al. 2022), CBF/DREB1 genes predominantly emerged
through whole-genome duplication (WGD) and tandem
duplication (TD) in both monocots and eudicots (Fig. 2).
Regarding AtCBF2/3/1, it has been demonstrated that
AtCBF2 and AtCBF4 originated from the B-WGD preceding
the split of Cleomaceae and Brassicaceae, while the tan-
demly arrayed AtCBF2/3/1 resulted from TD events ap-
proximately 29.2 million years ago (Mya) in ancient
Brassicaceae (Nie et al. 2022). In contrast, the genesis of
DREB1C in Poaceae seemed exclusively linked to trans-
posed duplication (TSP; Fig. 2). This observation led to
the inference that a transposition event preceded the di-
versification of the Poaceae, leading to the emergence of
the extant DREBTC genes. Due to the extensively long evo-
lutionary history (~101 million years) since the Poaceae
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emerged (Huang et al. 2022), it is difficult to determine
the specific type of transposable elements involved, includ-
ing those characterized by terminal inverted repeats and
target site duplications.

Genome-Wide Landscapes of OsDREB1C- and
AtCBF2/3/1-Bound Genes

The functional divergence of OsDREB1C and AtCBF2/3/1
is most prominently reflected by their respective binding
genes across genomes. To delineate their binding land-
scapes, we conducted an in-depth analysis on experimen-
tal data sets derived from chromatin immunoprecipitation
sequencing (ChIP-seq) and DNA affinity purification se-
quencing (DAP-seq) for AtCBF2/3/1 in the Arabidopsis
genome (O’Malley et al. 2016; Song et al. 2021) and for
OsDREB1C in the rice genome (Wei et al. 2022; see
Materials and Methods). For each of AtCBF1, AtCBF2,
and AtCBF3, comparative analysis of ChIP-seq and
DAP-seq data revealed both significant overlaps and not-
able distinctions in their respective binding genes
(supplementary fig. S2A, Supplementary Material online).
To fortify the reliability of our analysis, we exclusively re-
tained genes identified by both ChIP-seq and DAP-seq ex-
periments, thereby establishing a high-confidence set of
CBF/DREB1C-binding genes.

Upon conducting a comparative assessment of three
distinct sets of AtCBF1-, AtCBF2-, and AtCBF3-binding
genes, a substantial degree of overlap was evident, as de-
picted in supplementary fig. S2B, Supplementary
Material online. Notably, approximately 95% of the genes
bound by AtCBF3 were also bound by AtCBF1 and
AtCBF2. This observation agrees well with the documen-
ted redundant functions of AtCBF1, AtCBF2, and AtCBF3
(Gilmour et al. 2004; Song et al. 2021). Consequently, we
consolidated the tandemly arrayed AtCBF2, AtCBF3, and
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Fig. 3. Genome-wide binding profiles of OsDREB1C and AtCBF2/3/1 and their conserved and specific binding genes and functions in rice and
Arabidopsis. a) Identification of OsDREB1C and AtCBF2/3/1 binding genes analyzed through both ChIP-seq and DAP-seq. Considering high over-
laps and functional redundancy among AtCBF2, AtCBF3, and AtCBF1 (supplementary fig. S2, Supplementary Material online), these three tan-
demly arrayed genes were collectively termed AtCBF2/3/1 for comparison with OsDREB1C. b) Orthologous comparisons of OsDREB1C and
AtCBF2/3/1 binding genes. After OG identification in rice and Arabidopsis (see Materials and Methods), these binding genes were categorized
as OsDREB1C-specific, AtCBF-specific, or OsDREB1C- and AtCBF2/3/1-shared binding OGs in both species. c) GO term enrichments of genes
from shared binding OGs, OsDREB1C-specific, and AtCBF2/3/1-specific bound OGs. Enrichments of genes from shared, OsDREB1C-specific, or
AtCBF-specific OGs are demarcated by dotted boxes. The significance (-log, [false discovery rate, FDR]) is represented in varying shades from
gray to purple, indicating the level of term enrichment analyzed from GO enrichment analysis.

AtCBF1 into a unified entity referred to as AtCBF2/3/1 in
Arabidopsis for subsequent comparative analyses with
OsDREB1C in rice. Therefore, we obtained a total of
4,775 OsDREB1C-binding genes in the rice genome and
2,341 AtCBF2/3/1-binding genes in the Arabidopsis gen-
ome (Fig. 3a, supplementary table S4, Supplementary
Material online).

Shared and Specific Bound Genes of OsDREB1C and
AtCBF2/3/1

Given complex relationships of coorthologs and in-
paralogs between and within plant genomes (Koonin
2005; Guo et al. 2022), direct comparisons between genes
bound by OsDREB1C in rice and those bound by AtCBF2/
3/1 in Arabidopsis carry inherent risks. Following a meth-
odology similar to our prior study (Wang, Shen, et al.

2023), we conducted an analysis of orthogroups (OGs), de-
fined as sets of genes derived from a single gene in the last
common ancestor (Emms and Kelly 2019). In total, 13,513
OGs were identified in rice and/or Arabidopsis
(supplementary fig. S3A, Supplementary Material
online; see Materials and Methods). Subsequently, we
mapped genes bound by OsDREB1C and AtCBF2/3/1 to
these OGs, revealing 2,575 OsDREB1C-specific, 1,121
AtCBF2/3/1-specific, and 532 OsDREB1C- and AtCBF2/3/
1-shared binding OGs (Fig. 3b, supplementary fig. S3B,
Supplementary Material online).

Within the shared binding OGs in rice and Arabidopsis,
genes were commonly enriched in transcription cis-
regulatory region binding, RNA biosynthetic process, regu-
lation of metabolic process, galacturonan and pectin
metabolic process, and responses to stress and hormone
(Fig. 3c). In OsDREB1C-specific bound OGs in rice, genes
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were predominantly enriched in enzyme activities, lignin
biosynthetic process, nitrogen transport and metabolic
processes, and pollen—pistil transport and pollination,
aligning with the enhanced NUE usage and early flowering
phenotype observed in OsDREBT1C overexpression lines
(Wei et al. 2022). For AtCBF2/3/1-specific bound OGs in
Arabidopsis, genes were enriched in cellular anatomical en-
tities, membrane-bounded organelles, and Golgi cisterna.
Notably, it appeared that AtCBF2/3/1-binding genes ex-
hibited greater enrichments in hormone-related processes
(e.g. abscisic acid and jasmonic acid) and stress responses
(e.g. cold and salt) than OsDREB1C-binding genes, al-
though the latter also displayed significance in these terms
(Fig. 3¢). Collectively, these findings underscore the conser-
vative binding of over 500 OGs by both OsDREB1C and
AtCBF2/3/1, likely descending from the last common an-
cestor of rice and Arabidopsis. Simultaneously, there are
thousands of OGs specifically bound by OsDREB1C or
AtCBF2/3/1, indicative of divergent functions emerging
after the split of rice and Arabidopsis.

Genome-Wide Binding Motifs of OsDREB1C and
AtCBF2/3/1

The specific binding of CBF/DREB1 proteins to the
C-repeat/dehydration-responsive  element (CRT/DRE)
with a core motif G/ACCGAC is a well-established relation
(Stockinger et al. 1997; Liu et al. 1998). To investigate the
genome-wide DNA-binding motifs of OsDREB1C and
AtCBF2/3/1, we conducted a motif enrichment analysis
using the aforementioned DAP/ChIP-seq experimental
data. Consistent with previous findings (Song et al. 2021;
Wei et al. 2022), a significant enrichment of the motif G/
ACCGAC was observed in AtCBF2/3/1-binding regions,
while the corresponding motif in OsDREB1C-binding re-
gions was identified as GCCGAC (Fig. 4a). The preference
for binding to GCCGAC was also noted in previous studies
on OsDREBTA and ZjDREB1.4, albeit at small scales
(Dubouzet et al. 2003; Feng et al. 2019). Moreover, count
and proportion analyses confirmed a high occurrence of
GCCGAC and an exceedingly low incidence of pure
ACCGAC in OsDREB1C-binding regions, in stark contrast
to comparable proportions of these sequences in
AtCBF2/3/1-binding regions (Fig. 4b).

Structural Hints in Binding Divergence of OsDREB1C
and AtCBF2/3/1

To explore the cause of their binding divergence, we
aligned the DNA-binding AP2/ERF domain sequences of
CBF/DREB1 proteins in Arabidopsis and rice (Fig. 4c).
Experimental evidence from prior studies has pinpointed
two residues (V14 and E19) as pivotal for the
DNA-binding divergence of DREB1 and DREB2 (Sakuma
et al. 2002). Unfortunately, the two residues remain iden-
tical between OsDREB1 and AtCBF proteins and thus seem
impossible to determine their DNA-binding divergence.
Instead, there are eight specific residues (G8, P9, A10,
R12, S25, A33, A37, and G53) in OsDREB1C that differ
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from those in AtCBF2/3/1 proteins (Fig. 4c). Notably, P9,
S25, A33, A37, and G53 are also distinct in OsDREB1A.
Given both OsDREB1A and OsDREB1C can bind the
same DNA motif, GCCGAC (Dubouzet et al. 2003), these
residues might not be crucial for the recognition of
GCCGAC. Therefore, our focus shifted to the remaining
three residues, G8, A10, and R12, present in both
OsDREB1C and OsDREB1A but distinct from those in
AtCBF2/3/1 proteins, due to their potential significance
in specific binding to GCCGAC.

Conducting molecular docking simulations of OsDREB1C-
binding GCCGAC (see Materials and Methods), we observed
a structural conformation consistent with the NMR structure
of AtERF100 (previously designated AtERFT; Allen et al.
1998). The AP2/ERF domain of OsDREB1C forms a
three-stranded P-sheet and an approximately parallel
a-helix, allowing the B-sheet to fit into the major groove
of the DNA (Fig. 4d). Notably, A10 and R12 are positioned
in close proximity to the initial guanine (G) of the se-
quence GCCGAC, suggesting a potential direct inter-
action with G or an influence on the structural
configuration to facilitate binding to GCCGAC (Fig. 4e
and f). Furthermore, in comparison to A10, when R12
was subjected to an in silico mutation to mimic the
AtCBF2/3/1 counterpart, the interaction seemed compro-
mised (supplementary fig. S4, Supplementary Material
online).

Functional Role of Residue R12 in OsDREB1C
Preferentially Binding GCCGAC

To validate the role of R12, we conducted an electrophor-
etic mobility shift assay (EMSA) with DNA fragments con-
taining unlabeled GCCGAC, ACCGAC, or TTTTAC
sequences as competitors to determine their binding spe-
cificity to AtCBF1, OsDREB1C, and OsDREB1C-m2 (R12K;
Fig. 5a). As expected, AtCBF1 exhibited efficient binding
to ACCGAC, with reduced binding in the presence of un-
labeled GCCGAC or ACCGAC (Fig. 5b). OsDREB1C de-
monstrated robust bind to GCCGAC, significantly
diminished upon the addition of unlabeled GCCGAC frag-
ments compared to ACCGAC (Fig. 5¢). Consistent with the
genome-wide binding motifs (Fig. 4a), the EMSA data af-
firm that AtCBF1 binds GCCGAC and ACCGAC in an un-
biased manner, while OsDREB1C exhibits a preference for
GCCGAC. Intriguingly, the binding of OsDREB1C-m2
(R12K) to GCCGAC is substantially impaired, further de-
creasing after the introduction of unlabeled ACCGAC or
GCCGAC fragments (Fig. 5d). This experimental validation
aligns with the above simulated crystal structure depicting
a compromised interaction between OsDREB1C and
GCCGAC following the in silico mutation of R12K
(supplementary fig. S4B, Supplementary Material online).
Additionally, the examination of DNA binding for
OsDREB1C-m1 (A10_) revealed a binding preference to
GCCGAC akin to wild-type (WT) OsDREB1C
(supplementary fig. S5, Supplementary Material online),
showing a negligible role of A10 in binding the initial G
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Fig. 4. DNA-binding specificities of OsDREB1C and AtCBF2/3/1 and potential determining residues. a) Genome-wide binding motifs of
OsDREB1C and AtCBF2/3/1. The statistical significance (P value) for each motif was calculated from HOMER2 (Aasted et al. 2015). The
main specific binding site between the motifs is highlighted within the dashed box. b) Number and proportion of different motif sequences
in OsDREB1C- and AtCBF2/3/1-binding regions. c) Multiple sequence alignment of DNA-binding AP2/ERF domains of CBF/DREB1 proteins
in Arabidopsis and rice. The secondary structures of the AP2/ERF domain are depicted above the panel, and residues potential to determine
the DNA-binding divergence of OsDREB1C and AtCBF2/3/1 are highlighted. d to f) Molecular docking of the OsDREB1C-GCCGAC interaction.
The panoramic interaction interface of OsDREB1C and GCCGAC d), interaction depicted as a cartoon e), and predicted H bond interactions of
R12 and dG1 f). Residues (A10 and R12) predicted to interact with dG1 or optimize the structure configuration to bind GCCGAC are highlighted
in green and labeled. DNA is represented as a cartoon with a transparent surface. The DNA nucleotides interacting with OsDREB1C are labeled
and colored in mazarine/aquamarine for one strand and magenta/pink for the complementary strand. 3 sheet: orange; o helix: pale green; and
loops: marine. R, arginine; A, alanine.
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Fig. 5. The residue contributes to the preference of OsDREB1C binding to GCCGAC. a) Schematic representation of AtCBF1, OsDREB1C, and
OsDREB1C-m2 proteins, along with DNA-binding fragments containing GCCGAC or its variants. Two sites (A10 and R12) in the AP2/ERF do-
main (Fig. 4e) of OsDREB1C were selected and mutated to the counterparts of AtCBF2/3/1, producing two variant proteins: OsDREB1C-m1
(A10_; supplementary fig. S5, Supplementary Material online) and OsDREB1C-m2 (R12K). The 29-bp fragment from the OsNR2 exon with a
core GCCGAC sequence and its variants are depicted below. b to d) Gel mobility shift assay illustrating DNA-binding affinities of AtCBF1 b),
OsDREB1C c), and OsDREB1C-m2 d). The arrow shows the location of the protein-probe complex band. Competitor fragments, including
10-fold (10x), 50-fold (50X%), or 100-fold (100X) excess amounts of unlabeled ACCGAC, GCCGAC, or TTTTAT, were employed. In contrast
to OsDREB1C-m2, OsDREB1C-m1 exhibited a binding preference for GCCGAC, consistent with WT OsDREB1C (supplementary fig. S5,

Supplementary Material online).

of GCCGAC (supplementary fig. S4A, Supplementary
Material online). Consequently, it becomes evident that
the residue (R12) in the OsDREB1C AP2/ERF domain plays
a pivotal role in the preferential binding of OsDREB1C to
GCCGAC, potentially contributing to gene variations
bound and regulated by OsDREB1C and AtCBF2/3/1
across their respective genomes.

Shared and Specific Genes Bound and Regulated by
OsDREB1C and AtCBF2/3/1

The mere binding of transcription factors does not inher-
ently translate into the regulation of gene expression. To
discern the genes under the regulatory influence of
OsDREB1C and AtCBF3/2/1, we scrutinized differentially
expressed genes (DEGs) through RNA-seq analyses on
OsDREB1C-OE lines (Wei et al. 2022) and cbfs mutants
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(Song et al. 2021), comparing them with their respective
WTs (see Materials and Methods). This yielded a total of
1,769 OsDREB1C-regulated genes in rice and 1,194
AtCBF2/3/1-regulated genes in Arabidopsis (Fig. 6a).
Parallel to the above categorization (Fig. 3b), these regu-
lated genes were further classified into 1,279
OsDREB1C-specific, 722 AtCBF2/3/1-specific, and 172
OsDREB1C- and AtCBF2/3/1-shared regulated OGs.
Furthermore, a holistic analysis, integrating RNA-seq
with the above detailed DAP/ChIP-seq analysis, revealed
245 OsDREB1C-specific bound and regulated OGs in rice,
216 AtCBF2/3/1-specific bound and regulated OGs in
Arabidopsis, and approximately 52 to 65 OGs that were
shared, bound, and regulated by both OsDREB1C and
AtCBF2/3/1 across the rice and Arabidopsis genomes
(Fig. 6a). This observation suggests that a considerable
number of orthologous genes are directly regulated by
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Fig. 6. Conserved and specificity of AtCBF2/3/1- and OsDREB1C-regulated genes in the rice and Arabidopsis genomes. a) A pipeline for com-
paring OsDREB1C and AtCBF2/3/1 bound and regulated genes. DEGs were identified from RNA-seq experiments involving OsDREB1C-OE lines
(Wei et al. 2022) and cbfs mutants (Song et al. 2021) compared to their respective WTs (see Materials and Methods). These DEGs were cate-
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Three illustrative examples of shared COR genes bound and regulated by OsDREB1C and AtCBF2/3/1. For clarity, representative genes from
GolS1/2/3, DEAR1/2/3, and ZAT6/10 OGs in rice and Arabidopsis were selected to demonstrate OsDREB1C and AtCBF2/3/1 binding peaks
and expression changes in the triple mutant cbfs or OsDREB1C overexpression lines, as calculated from the ChIP-seq and RNA-seq data (see
Materials and Methods). Three additional examples of COR genes are provided in supplementary fig. S6A, Supplementary Material online.
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OsDREB1C and AtCBF2/3/1, likely inherited from their last
common ancestor. Moreover, a multitude of genes are
subject to direct and specific regulation either by
OsDREB1C in rice or by AtCBF2/3/1 in Arabidopsis.

Moreover, functional enrichment analyses revealed
compelling associations within the distinct regulatory roles
of OsDREB1C-specific and AtCBF2/3/1-specific directly
regulated OGs. OsDREB1C-specific OGs exhibited a pro-
nounced connection with cellular responses to nutrient
and nitrogen, as well as polysaccharide and lignin biosyn-
thetic processes, imparting substantial influence on plant
growth (Fig. 6b). Conversely, AtCBF2/3/1-specific directly
regulated OGs showed enrichment in cellular responses
to red or far-red light, response to jasmonic acid, and
cold acclimation, aligning with previously established func-
tions of AtCBF2/3/1 (Jia et al. 2016; Zhao et al. 2016; Song
et al. 2021). Those OGs shared and regulated by
OsDREB1C and AtCBF2/3/1 demonstrated enrichment in
analogous biological processes, encompassing responses
to cold, hormone, and light stimulus, as well as sequence-
specific DNA binding and transcription activity, albeit
more pronounced in Arabidopsis than in rice (Fig. 6b). In
the context of the cold response, for example, representa-
tive OGs (e.g. GolS1/2/3, DEAR1/2/3, ZAT6/10, RD26, ERD4,
and CYS1/4) exhibited shared binding and upregulation
by both OsDREB1C and AtCBF2/3/1, although many of
their binding sites had changed (Fig. 6¢, supplementary
fig. S6A, Supplementary Material online). Furthermore,
various CBF/DREB1 genes, including OsDREB1C, are in-
duced by cold stress across diverse angiosperm lineages
(Wang, Zhang, et al. 2023; supplementary fig. S6B,
Supplementary Material online). According to the max-
imum parsimony principle, these findings suggest the es-
tablishment of a cold-responsive regulatory network
mediated by CBF/DREB1 in the last common ancestor of
monocots and eudicots, consistent with the previous
study (Nie et al. 2022). However, after the split of rice
and Arabidopsis, OsDREB1C and AtCBF2/3/1 evolved in-
dependently to target and regulate distinct sets of genes,
primarily contributing to the evolutionarily functional di-
vergence of OsDREB1C and AtCBF2/3/1.

Gains and Losses of OsDREB1C- and AtCBF2/3/
1-Regulated Genes
Following their evolutionary divergence, rice and
Arabidopsis evolved independently, experiencing great al-
terations in genetic materials through at least three
large-scale WGDs and numerous small-scale duplications
(SSDs) accompanied by biased gene retention and loss
(Qiao et al. 2019; Wu et al. 2020). This intricate process
led to the emergence of intertwined coorthologs and in-
paralogs between and within species. The repercussions
of these genetic changes may influence the divergence of
OsDREB1C- and AtCBF2/3/1-regulated genes.

In detail, we delved into the evolution of genes within
297 OsDREB1C and 281 AtCBF2/3/1 directly regulated
OGs across the rice and Arabidopsis genomes (see
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Materials and Methods). Among these regulated OGs, ap-
proximately 12.1% to 17.1% exhibited conservative regula-
tion in the same direction by OsDREB1C in rice and by
AtCBF2/3/1 in Arabidopsis (Fig. 7a). In contrast, around
25.6% of OsDREB1C directly regulated OGs underwent
evolutionary changes specific to rice or were lost in
Arabidopsis. Similarly, approximately 16.7% of AtCBF2/3/
1 directly regulated genes experienced evolution specific
to Arabidopsis or were lost in rice. For example, well-
known representative AtCBF2/3/1-regulated genes asso-
ciated with cold tolerance, such as COR15A/15B, KIN1/2,
and RD29A, are conspicuously absent in the rice genome
(Fig. 7a). These findings underscore that over the course
of extensive evolution, biased gene retention and loss, oc-
curring independently in rice and Arabidopsis, have dy-
namically contributed to the gains and losses shaping
the divergence of OsDREB1C- and AtCBF2/3/1-regulated
genes.

Expression Divergence of Genes Regulated by
OsDREB1C and AtCBF2/3/1

The divergence may be further magnified by expression re-
programming among orthologous genes, notwithstanding
their tendency to share similar functions across species
(Gabaldon and Koonin 2013). In a detailed exploration,
we investigated the expression dynamics of orthologous
genes within the directly regulated OGs by OsDREB1C
and AtCBF2/3/1 between rice and Arabidopsis (Fig. 7a).
Notably, approximately 57.2% of OsDREB1C directly regu-
lated OGs exhibited specific regulation by OsDREB1C in
rice, while their counterparts in Arabidopsis showed no
discernible regulation by AtCBF2/3/1. For example, repre-
sentative genes, such as early-flowering genes (FTLT and
MADST1), nitrogen transporter and reductase genes (NR2,
DNRT1.1B, and NRT2.4), crucial photosynthesis-related
genes (RbcS3 and ppc2b), and those associated with grain
size and yield (Atg8a and PINA/C), were directly bound by
OsDREB1C on their promoters and/or exons, resulting in
significant upregulation in OsDREB1C overexpression lines
(Fig. 7b, supplementary fig. S7A, Supplementary Material
online). Conversely, their closely related orthologs in
Arabidopsis exhibited no discernible binding by AtCBF2/
3/1 and their expression remained unaltered after
AtCBF2/3/1 knockout in the triple mutant cbfs.

Likewise, around 60.1% of AtCBF2/3/1 directly regu-
lated OGs were exclusively regulated by AtCBF2/3/1 in
Arabidopsis (Fig. 7a). Representative genes associated
with cold or related tolerance, such as COR47, COR413-
PM1, HVA22D/E, COR413Im1, RD2, AIRP2, DI21, UGT79B2,
and PLC1, were directly bound by AtCBF2/3/1 on their
promoters, with significant downregulation after AtCBF2/
3/1 knockout in the triple mutant cbfs. In contrast, their
closely related orthologs in rice exhibited no regulation by
OsDREB1C (Fig. 7c, supplementary fig. S7B, Supplementary
Material online). Furthermore, a small proportion (~5.1%
to 6.1%) of OGs were regulated in opposite orientations
by OsDREB1C in rice and by AtCBF2/3/1 in Arabidopsis
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Fig. 7. Gene gains/losses and expression divergence of OsDREB1C- and AtCBF2/3/1-regulated OGs. a) A schematic diagram illustrating conser-
vation, gains/losses, and expression divergence of OsDREB1C- and/or AtCBF2/3/1-regulated OGs across Arabidopsis and rice. The 297 and 281
OGs directly regulated by OsDREB1C and AtCBF2/3/1 were identified through DAP/ChIP-seq and RNA-seq analyses (Fig. 6a). Each OG is repre-
sented by a selected gene indicating binding and expression changes regulated by OsDREB1C or AtCBF2/3/1. The chart displays OGs with
representative genes in rice and Arabidopsis based on their expression changes: upregulation (log,fold change (FC) > 1), downregulation (log,FC
< -1), and non-differential expression (-1 < log,FC < 1). The absence of OGs in rice or Arabidopsis is also indicated. Well-documented growth-
and stress-related genes are highlighted. The details of the OGs are provided in supplementary table S5, Supplementary Material online. b and c)
Representatives of expression divergence in growth-related OGs regulated by OsDREB1C but not AtCBF2/3/1 (e.g. RbcS3, NR2, and FTLT) b) and
stress-related OGs regulated by AtCBF2/3/1 but not OsDREB1C (e.g. COR47, COR413-PM1, and HVA22D/E) c). The mapping coverage from the
ChIP-seq and RNA-seq is visualized by IGV v2.15.2 (Robinson et al. 2011), with additional representatives of growth- and stress-related OGs
provided in supplementary fig. S7, Supplementary Material online.
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(Fig. 7a). Consequently, these findings demonstrate that over
half of the targeted genes between rice and Arabidopsis ex-
perienced divergent evolution in regulation by OsDREB1C
and AtCBF2/3/1, thereby amplifying the functional diver-
gence of OsDREB1C and AtCBF2/3/1.

Discussion

Functional divergence of orthologous genes challenges the
traditional belief in their functional conservation across
species. This divergence, most likely attributed to subfunc-
tionalization and neofunctionalization after gene duplica-
tions across species, underscores the complexity and
adaptability of orthologous genes beyond mere evolution-
ary parallels. Orthologous OsDREB1C and AtCBF2/3/1
evolved independently in distinct clades across different
species. OsDREB1C emerged from a TSP before Poaceae di-
vergence (~101 Mya; Huang et al. 2022), while AtCBF2/3/1
experienced TD approximately 29.2 Mya in the ancient
Brassicaceae (Nie et al. 2022). The genome-wide binding
analysis illuminated a preference of OsDREB1C for
GCCGAC, in contrast to the A/GCCGAC preference exhib-
ited by AtCBF2/3/1. Experimental validation through pro-
tein—-DNA docking and EMSA experiments confirmed that
R12 in the AP2/ERF domain plays a critical role in the inter-
action of OsDREB1C with the initial G of GCCGAC. The di-
vergence in DNA-binding motifs contributed substantially
to the observed differences in the genes bound and regu-
lated by OsDREB1C and AtCBF2/3/1. Cross-species ana-
lyses unveiled that a limited subset of ~12.1% to 17.1%
of OGs exhibited conservative regulation by both
OsDREB1C and AtCBF2/3/1. In contrast, ~16.7% to
25.6% of OGs were either gained or lost in a species-
specific manner, regulated by OsDREB1C in rice or by
AtCBF2/3/1 in Arabidopsis. This phenomenon primarily
resulted from biased gene retention and loss following
WGDs and SSDs during the extensive evolution after spe-
cies divergence. Moreover, the functional divergence of
OsDREB1C and AtCBF2/3/1 was substantially magnified
by expression reprogramming of these OGs, ranging
from 623% to 66.2% differentially regulated by
OsDREB1C and AtCBF2/3/1. In summary, we conclude
that two keys underpin the functional divergence of
OsDREB1C and AtCBF2/3/1: (i) biased gene gains and
losses and (ii) expression reprogramming of OsDREB1C-
and AtCBF2/3/1-regulated genes during the extensive evo-
lutionary trajectory following the split of Arabidopsis and
rice.

Binding Regions and Transcriptional Outcomes

In comparison to the preferential binding of gene promo-
ters by AtCBF2/3/1, the identified representative genes
suggest that OsDREB1C may display a propensity for bind-
ing gene exon regions, also supported by a previous study
(Wei et al. 2022). Subsequently, we quantified the distribu-
tion of the OsDREB1C-binding sequence GCCGAC across
the rice genome. Remarkably, a significant higher
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proportion was detected in exon regions compared to
other genomic regions, including promoters, intergenic,
and introns (supplementary fig. S8, Supplementary
Material online). Additionally, the detected ChIP-seq bind-
ing peaks of OsDREB1C were broader than those of
AtCBF2/3/1 (Figs. 6¢ and 7b and c). This discrepancy was
likely attributed to significantly longer average fragment
lengths in the DREB1C cDNA library (~300 bp) as com-
pared to those in the AtCBF2/3/1 libraries (~255 bp).
Despite DREB1C exhibiting broader peaks, motif analysis
revealed solely the GCCGAC motif, highlighting the tar-
geted specificity of DREB1C’s interaction with the motif
(Fig. 4a). The transcriptional outcomes of OsDREB1C and
AtCBF2/3/1 were also examined. Notably, 96.1% of OGs
directly regulated by AtCBF2/3/1 were upregulated, in
stark contrast to the comparable proportions of upregu-
lated (55.9%) and downregulated (44.1%) OGs by
OsDREB1C  (Fig. 7a, supplementary table S5,
Supplementary Material online). The higher prevalence
of upregulated genes by AtCBF2/3/1 was consistently re-
ported in other two independent studies (Jia et al. 2016;
Zhao et al. 2016). These discrepancies in DNA-binding mo-
tifs and regions, coupled with differential transcriptional
outcomes, contribute to expression reprogramming in
OsDREB1C- and AtCBF2/3/1-regulated genes. Moreover,
it is crucial to note that DNA-binding and gene expression
changes were detected in rice lines with OsDREB1C overex-
pression (Wei et al. 2022), which might inadvertently regu-
late genes beyond its specific targets, potentially leading to
an overestimation of genes regulated by OsDREB1C. This
scenario might exaggerate the discrepancies between
genes regulated by OsDREB1C and those by AtCBF2/3/1.

Contrasting Regulatory Roles in Gibberellin Signaling
Pathway

Gibberellin (GA) is well established for its pivotal role in
plant growth and floral transition, achieved through the
inhibition of the growth-inhibitory DELLA proteins.
Achard et al. (2008) demonstrated that AtCBF1 upregu-
lates the expression of RGL3 (encoding a DELLA protein),
along with GA20x3 and GA20x6 (encoding GA-2 oxidase,
involved in inactivation of GAs). This upregulation leads
to a reduction in active GA levels and an accumulation
of DELLA, resulting in dwarfism in AtCBF1 overexpression
plants (Achard et al. 2008). We also examined the binding
and expression patterns of these genes utilizing the afore-
mentioned ChIP-seq and RNA-seq data related to
OsDREB1C and AtCBF2/3/1. Consistently, AtCBF2/3/1
binding peaks were observed in the promoters of
GA20x6 and RGL3 genes, with all three genes exhibiting de-
creased expression after AtCBF2/3/1 knockout in the triple
mutant cbfs when compared to the WT (supplementary
fig. S9, Supplementary Material online). In contrast, the ex-
pression of GA20x3 and GA20x6 orthologs in rice showed
no significant change, and the expression of the RGL3
ortholog in rice (SLR1) was relatively downregulated in
rice overexpressing OsDREB1C. Intriguingly, in contrast to
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AtCBF2/3/1, which exhibited neither binding nor regula-
tion of the expression of GA200x7, an essential gene in
GA biosynthesis, OsDREB1C was observed to bind and sig-
nificantly upregulate its expression (supplementary fig. S9,
Supplementary Material online). These observations pro-
pose that OsDREB1C may have evolved a diverse range
of functions, including the activation of the GA signaling
pathway, in stark contrast to the repression by AtCBF2/
3/1. However, it is imperative to conduct additional experi-
ments to corroborate and validate the positive regulatory
role of OsDREB1C in the GA signaling pathway.

Discrepancies in Growth Phenotypes

Moreover, studies investigating the overexpression of the
same CBF/DREB1 gene have yielded inconsistent or dis-
crepant results. For example, Ito et al. (2006) observed
growth retardation under nonstress conditions in rice
overexpressing OsDREB1A, while another study noted
mild growth retardation, particularly during bolting tim-
ing, when OsDREBTA was overexpressed in Arabidopsis
(Dubouzet et al. 2003). Additionally, constitutive expres-
sion of OsDREB1B in tobacco did not induce growth re-
tardation or observable phenotypic changes (Gutha and
Reddy 2008). In contrast, transgenic rice plants overexpres-
sing OsDREB1B exhibited growth retardation in other stud-
ies (Dubouzet et al. 2003; Ito et al. 2006). The reasons for
the discrepancies remain elusive. Nonetheless, considering
these reports alongside our results, it is speculated that the
seemingly inconsistent growth phenotypes may be, at least
in part, related to the host plants, particularly given the dif-
ferences between eudicots and monocots. Alternatively,
the diverse outcomes could be attributed to varying levels
of CBF/DREB1 overexpression in these studies. In any case,
the relationships among CBF/DREB1 genes are intricate
and warrant further in-depth exploration.

Materials and Methods

Plant Genomes, Gene Annotations, and Protein
Sequences

To unravel the evolutionary trajectory of CBF/DREB1
genes, with a focus on OsDREB1C in monocot rice, we se-
lected 20 representative species, including 2 basal angios-
perms, 4 eudicots, and 14 monocots, and downloaded
their genomes, gene annotations, and protein sequences
from publicly available databases, with detailed informa-
tion provided in supplementary table S1, Supplementary
Material online.

Timing of WGD Events

For y-, B-, a-, T-, 6-, p-, and other WGD events, we directly
obtained their inferred times from previous reports
(supplementary table S2, Supplementary Material online).
To ascertain the timeline of the o-WGD event in
Miscanthus sinensis, we applied the formula t =Ks/2r.
Utilizing the average synonymous substitution rate per
site per year (r) in monocots (Gaut et al. 1996) and

synonymous substitution (Ks) values derived from collin-
ear homologous pairs in the M. sinensis genome, we deter-
mined the date of o™-WGD to be approximately 5.92 +
0.01 Mya, with 95% confidence interval.

CBF/DREBT1 Identification and Phylogenetic Analysis

Initially, we identified AP2/ERF genes by searching the hid-
den Markov model (HMM) profile of the AP2/ERF domain
(PF00847) against the above species protein sequences
using HMMER3.1 with Evalue=1x 107" (Eddy 2011).
Utilizing Arabidopsis and rice CBF/DREB1 protein se-
quences as templates (Nie et al. 2022), we specifically con-
structed the HMM profile of CBF/DREB1 proteins to
identify their orthologs within AP2/ERF protein sequences.
Finally, a total of 154 CBF/DREBT genes were identified
from the above 20 selected plant species (supplementary
table S3, Supplementary Material online).

For an in-depth exploration of the evolutionary rela-
tionships among CBF/DREB1 genes, we conducted mul-
tiple alignments of their protein sequences using MAFFT
v7.453 (Katoh and Standley 2013). Subsequently, a phylo-
genetic tree was constructed by IQ-TREE v2.1.3 (Minh et al.
2020), using the maximum likelihood (ML) analysis with
1,000 bootstrap replicates. The best model, JTT + F + R6,
was selected from 545 candidates (Minh et al. 2020). To es-
tablish the phylogenetic root, five close homologs of CBF/
DREBT1 from DREB Il genes were chosen as the outgroup.

Gene Duplication and Transposition Analysis

In accordance with previously outlined procedures (Nie
et al. 2022), we applied MCScanX (Wang et al. 2012) and
DupGen_finder (Qiao et al. 2019) to discern various dupli-
cation modes, such as whole-genome/segmental duplica-
tion (WGD), TD, TSP, and dispersed duplications (DDs),
responsible for generating paralogous genes in each spe-
cies. Specifically, we extracted CBF/DREB1 genes with their
respective duplication modes.

Genome-Wide Binding Analysis of CBF/DREB1
Proteins

We curated multiple experimental data sets, encompass-
ing genome-wide binding profiles for CBF/DREB1 proteins,
including AtCBF1, AtCBF2, and AtCBF3 by ChIP-seq (NCBI
PRJNA732005) and DAP-seq (PRINA257556; O'Malley et al.
2016; Song et al. 2021) and OsDREB1C by ChlIP-seq
(PRINA841272) and DAP-seq (PRJNA841281; Wei et al.
2022). The sequencing reads were aligned to their respect-
ive reference genomes—A. thaliana (TAIR10) and O. sativa
Nipponbare (MSU/TIGR V7)—using Bowtie2 with default
parameters (Langmead and Salzberg 2012). Subsequent
analyses involved peak calling (g value < 0.01 and fold en-
richment > 1.5) utilizing MACS v2.7.1 (Zhang et al. 2008),
followed by annotation of significant peaks based on g va-
lue with their nearest genes employing ChiPseeker v1.20
(Yu et al. 2015). These proximate genes were considered
potential targets bound by the corresponding CBF/
DREB1 proteins.
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The replicate numbers for DAP-seq and ChlIP-seq ex-
periments are presented in supplementary figs. 10A and
11A. To assess experiment reproducibility, we conducted
an irreproducibility discovery rate (IDR) analysis (Li et al.
2011) using the ENCODE IDR pipeline (Landt et al.
2012). For the replicates of OsDREB1C DAP-seq samples,
the analysis demonstrated that both the self-consistency
ratio “max(N1, N2)/min(N1, N2)” and the rescue ratio
“max(Np, Nt)/min(Np, Nt)” are less than 2, exhibiting a sig-
nificant consistence of peaks (around 80%) at IDR < 0.05
between the two true replicates (supplementary fig. 10B
and C, Supplementary Material online). This underscores
the high repeatability of OsDREB1C DAP-seq replicates.
No IDR analysis was conducted due to the absence of re-
plicates for the OsDREB1C ChlIP-seq sample (Wei et al.
2022). To ensure high confidence in identifying
OsDREB1C-binding genes, we retained only those identi-
fied by both ChIP-seq and DAP-seq experiments
(supplementary table S4, Supplementary Material online).

For the DAP-seq and ChIP-seq samples of AtCBF2,
AtCBF3, and AtCBF1, despite the lack of replicates
(O’'Malley et al. 2016; Song et al. 2021) and considering
their significant functional redundancy (Park et al. 2015;
Jia et al. 2016; Liu et al. 2018), we performed IDR analysis
(Li et al. 2011). The analysis of AtCBF2/3/1 ChIP-seq sam-
ples showed that all values of self-consistency ratios and
rescue ratios are less than 2, displaying a substantial con-
sistency of peaks (~52% to 66%) at IDR < 0.05 between
the true samples (supplementary fig. 11B to H,
Supplementary  Material online). For AtCBF2/3/1
DAP-seq samples, despite self-consistency ratios of
AtCBF3 versus AtCBF2 and AtCBF1 greater than 2, all res-
cue ratios are less than 2, also revealing a substantial de-
gree of consistent peaks (~53% to 60%) at IDR < 0.05
between the true samples (supplementary fig. 11B to H,
Supplementary Material online). According to the stand-
ard of the ratio between peaks enriched in replicates and
pseudo-replicates (Landt et al. 2012; Schmitz et al. 2022),
the analyses demonstrate high and accepted reproducibil-
ity of AtCBF2/3/1 ChIP-seq and DAP-seq samples, respect-
ively. Given the observed high consistent overlap in
binding peaks and the functional redundancy of AtCBF2,
AtCBF3, and AtCBF1 (Song et al. 2021), we collectively
treated them as a union, denoted as AtCBF2/3/1, for com-
parison to OsDREB1C. Similarly, to ensure a high-
confidence level in identifying AtCBF2/3/1 binding genes,
we retained only those genes identified by both ChIP-seq
and DAP-seq experiments (supplementary table S4,
Supplementary Material online).

OG Analysis

Given intertwined coorthologs and in-paralogs arising
from recurrent gene gain/loss during long evolution after
the divergence of eudicots and monocots (~200 Mya), dir-
ect comparisons of genes bound by OsDREB1C and
AtCBFs carry inherent risks. Instead, we opted for an OG
analysis to trace the evolutionary trajectories of genes in
the genomes. To ensure robustness and generalization
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across eudicots and monocots, we selected a diverse set
of species, including the basal angiosperm (Amborella tri-
chopoda), four representative eudicots (A. thaliana,
Nelumbo nucifera, Carya illinoinensis, and Populus tricho-
carpa), and six representative monocots (O. sativa,
Ananas comosus, Lemna minor, Phyllostachys edulis,
Setaria italica, and Zea mays). We utilized OrthoFinder
v2.5.4 (inflation parameter = 1.2; Emms and Kelly 2019) to
classify all coding genes into OGs. Filtering out OGs lacking
representation in both rice and Arabidopsis, we identified a
total of 13,513 OGs in either or both species. Within these
OGs, we categorized those containing genes from both spe-
cies as ancestor-descendent OGs (~68%, or termed con-
served or shared OGs) and those containing genes
exclusively ~ from  one  species as  rice- or
Arabidopsis-specific OGs (~24% in rice and 9% in
Arabidopsis; supplementary fig. S3A, Supplementary
Material online). Subsequently, we classified the above
OsDREB1C- and  AtCBF2/3/1-binding genes into
OsDREB1C-specific, AtCBF2/3/1-specific, and shared bind-
ing OGs in rice and Arabidopsis (supplementary fig. S3B,
Supplementary Material online).

Functional Annotation and Enrichment Analysis

To unravel the functional implications of our identified
target genes, we conducted comprehensive Gene
Ontology (GO) term annotations. The GO term annota-
tions for A. thaliana genes were directly obtained from
The  Arabidopsis  Information  Resource  (TAIR).
Subsequently, we employed BLASTP with E=1x 1070
to compare rice protein sequences with Arabidopsis pro-
teins (Altschul et al. 1997), attributing GO terms from
the most similar hits to the corresponding rice genes.
This systematic approach allowed us to unravel the bio-
logical processes, molecular functions, and cellular compo-
nents associated with the identified target genes.

Genome-Wide Analysis of DNA-Binding Motifs

To elucidate the sequence specificity underlying DNA
binding, we conducted an analysis of the DNA-binding
motifs for transcription factors—AtCBF2, AtCBF3, and
AtCBF1 from Arabidopsis and OsDREB1C from rice.
Leveraging the above ChIP/DAP-seq analysis, we extracted
DNA-binding regions from the respective genomes.
Subsequently, we conducted motif calling using
HOMER2 with default parameters (Aasted et al. 2015).
Strikingly, the analysis revealed a shared enrichment of
the A/GCCGAC motif in the DNA-binding regions of
AtCBF2, AtCBF3, and AtCBF1. In contrast, OsDREB1C ex-
hibited a more specific enrichment pattern, with the
GCCGAC motif prevailing in its DNA-binding regions.

Structural Modeling and Protein—-DNA Docking

In pursuit of understanding the residues crucial for
OsDREB1C-binding GCCGAC, we employed a structural
modeling and protein-DNA docking analysis. The
OsDREB1C 3D structure (AF-QILWV3-F1-model_v4) was
obtained from the AlphaFold Protein Structure Database
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(Varadi et al. 2022). Utilizing this structure and the
GCCGAC sequence, we generated 100 protein-DNA inter-
action models through the HDOCK server (Yan et al. 2017)
and carefully selected the optimal model. By analyzing
structural position effects, we predicted specific residues
(A10 and R12) crucial in the OsDREB1C-GCCGAC interaction.
Furthermore, we introduced mutations, OsDREB1C-m1
(A10_) and OsDREB1C-m2 (R12K), by aligning the ami-
no acids with those of AtCBF2/3/1. Using ColabFold
v1.5.2-patch (Mirdita et al. 2022) and HDOCK (Yan et al.
2017), we investigate whether these mutations influenced
OsDREB1C binding to GCCGAC (supplementary fig. S4,
Supplementary Material online). The resulting protein-
DNA binding structures were visualized by PyMOL v2.5.5
(Schrodinger).

EMSA

To experimentally validate the impact of the two sites (A10
and R12) on DNA binding, we conducted EMSA employing
biotin-labeled probes and GST-tag fusion proteins follow-
ing the Chemiluminescent EMSA Kit (GS009, Beyotime).
Initially, the full-length coding sequences of AtCBF1,
OsDREB1C, OsDREB1C-m1 (A10_), and OsDREB1C-m2
(R12K) were cloned into the pGEX-4T-1 vector. These con-
structs were then expressed in Escherichia coli BL21 (DE3),
and high-quality purified GST-tag fusion proteins were ob-
tained using the GST-tag Protein Purification Kit (P2262,
Beyotime). For the binding assays, a 29-bp fragment con-
taining GCCGAC from the OsNR2 exon was labeled using
the EMSA Probe Biotin Labeling Kit (GS008, Beyotime).
Unlabeled fragments with GCCGAC, ACCGAC, or
TTTTCT were used for competition assays in the context
of OsDREB1C, OsDREB1C-m1, and DREB1C-m2 binding,
whereas the mutated and labeled ACCGAC fragment
was used for AtCBF1 binding. The binding reactions were
incubated at room temperature (25 °C) for 30 min and
subsequently separated on 4% nondenaturing polyacryl-
amide gels.

Genome-Wide Analysis of OsDREB1C- and AtCBF2/
3/1-Regulated Genes

In pursuit of understanding the transcriptional landscape,
we obtained RNA-seq data for OsDREB1C overexpression
lines (OsDREB1C-OF) and WT plants (NCBI PRINA724935;
Wei et al. 2022). After removing adapter and low-quality
reads, we aligned clean reads to the O. sativa Nipponbare
reference genome (MSU/TIGR V7) using HISAT2 (Kim
et al. 2015) and calculated gene expression levels using
StringTie v1.3.4 (Pertea et al. 2016). Subsequently, we em-
ployed the DESeq2 package (Love et al. 2014) to identify sig-
nificantly DEGs between OsDREB1C-OE and WT, with a
threshold of P < 0.05 and |log, fold change (FC)| > 1. This
analysis yielded a total of 1,769 DEGs regulated by
OsDREB1C in rice. Regarding the genes regulated by
AtCBF3/2/1 in Arabidopsis, we directly obtained 1,194
AtCBF3/2/1-regulated genes with a threshold of P < 0.05
and |log,FC| > 1 from a previous report (Song et al. 2021).

To discern the uniqueness and overlap in gene regulation
between OsDREB1C in rice and AtCBF2/3/1 in Arabidopsis,
we classified these DEGs into OsDREB1C-specific, AtCBF2/
3/1-specific, and conserved regulated OGs.

Integrative Analysis of OsDREB1C and AtCBF2/3/1
Binding and Regulation

In our quest for comprehensive insights, we conducted an
integrated ChIP/DAP- and RNA-seq analysis, incorporating
stringent criteria to ensure study robustness and repeat-
ability. Specifically, genes identified to be bound by
OsDREB1C or AtCBF2/3/1 were retained only if they de-
monstrated binding in both ChIP-seq and DAP-seq experi-
ments. This meticulous selection process resulted in the
classification of genes into OsDREB1C-specific, AtCBF2/
3/1-specific, and shared binding OGs. Building upon this
refined data set, we embarked on an integrative analysis,
juxtaposing the bound genes from the ChIP/DAP-seq ana-
lysis with the DEGs identified through the RNA-seq ana-
lysis. This integrative approach, conducted at the OG
level, facilitated the identification of OsDREB1C- or
AtCBF2/3/1-specific bound and regulated OGs in rice or
Arabidopsis, as well as shared bound and regulated OGs
in both species.

Cross-Species Comparison of OsDREB1C- and
AtCBF2/3/1-Regulated OGs

By the above integrative analysis, we obtained OGs bound
and regulated by OsDREB1C in rice and by AtCBF2/3/1 in
Arabidopsis. To ensure the accuracy in these retrieved
OGs, reciprocal BLASTP searches (E < 1 10 ', identity >
30%) were conducted between rice and Arabidopsis and
14 Arabidopsis OGs and 9 rice OGs were subsequently dis-
sected due to low intergene identities within the OGs.
Accordingly, as shown in Fig. 6a, we obtained a total of
297 (245 + 52) OsDREB1C bound and regulated OGs in
rice and 281 (216 + 65) AtCBF2/3/1 bound and regulated
OGs in Arabidopsis. The refined OGs were then curated
to examine conservation, gene gain or loss, and expression
divergence of OsDREB1C and AtCBF2/3/1 directly regu-
lated OGs across the rice and Arabidopsis genomes. First,
focusing regulatory outcomes, we identified representative
genes in OGs that not only contained at least one binding
peak for OsDREB1C or AtCBF2/3/1 (g < 0.01 and fold en-
richment > 1.5) but were also differentially regulated in
the same orientation (P <0.05 and log,FC> 1 or <-1)
by both regulators. These conservatively regulated OGs
across rice and Arabidopsis genomes were defined, despite
the OGs in one of the two species may encompass genes
indirectly regulated by OsDREB1C or AtCBF2/3/1.
Subsequently, further exploration encompassed OGs un-
ique to either rice or Arabidopsis, wherein genes were
bound and regulated exclusively by the corresponding
CBFs/DREB1s (OsDREB1C or AtCBF2/3/1). This classifica-
tion demarcated gene gains in one species or losses in
the other. Moreover, genes in OGs bearing at least
one binding peak for OsDREB1C or AtCBF2/3/1, yet
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demonstrating differential regulation or regulation in op-
posing orientations by OsDREB1C and AtCBF2/3/1, were
considered instances of expression divergence or reprogram-
ming in the regulated OGs. The three categorized OGs
are provided in supplementary table S5, Supplementary
Material online.

Supplementary material

Supplementary material is available at Molecular Biology
and Evolution online.
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