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Summary 

• Increasing studies suggest that the biased retention of stress-related transcription factors (TFs) after 
whole-genome duplications (WGDs) could rewire gene transcriptional networks, facilitating plant 
adaptation to challenging environments. However, the role of posttranscriptional factors (e.g. RNA-
binding proteins, RBPs) following WGDs has been largely ignored. 

• Uncovering thousands of RBPs in 21 representative angiosperm species, we integrate genomic, 
transcriptomic, regulatomic, and paleotemperature datasets to unravel their evolutionary trajectories and 
roles in adapting to challenging environments. 

• We reveal functional enrichments of RBP genes in stress responses and identify their convergent 
retention across diverse angiosperms from independent WGDs, coinciding with global cooling periods. 
Numerous RBP duplicates derived from WGDs are then identified as coldinduced. A significant overlap 
of 29 orthogroups between WGD-derived and cold-induced RBP genes across diverse angiosperms 
highlights a correlation between WGD and cold stress. Notably, we unveil an orthogroup (Glycine-rich 
RNA-binding Proteins 7/8, GRP7/8) and relevant TF duplicates (CCA1/LHY, RVE4/8, CBF2/4, etc.), co-
retained in different angiosperms post-WGDs. Finally, we illustrate their roles in rewiring circadian and 
cold-regulatory networks at both transcriptional and posttranscriptional levels during global cooling.  

• Altogether, we underline the adaptive evolution of RBPs in angiosperms after WGDs during global 
cooling, improving our understanding of plants surviving periods of environmental turmoil. 
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Introduction 

The rapid rise and diversification of angiosperms (flowering plants) was coined by Charles Darwin as 

an ‘abominable mystery’ (Friedman, 2009). Polyploidization, the result of wholegenome duplication 

(WGD), is rampant in angiosperms and can profoundly alter genome size, gene content, and genetic 

diversity, and has therefore been regarded as a critical evolutionary force driving angiosperm 

speciation, adaptation, and diversification (Soltis et al., 2009; Van de Peer et al., 2021).  

Despite the shared polyploid ancestry among extant angiosperms and the occurrence of additional 

WGD events in various angiosperm lineages, the intervals between successive WGD events span 

tens of millions of years (Carretero-Paulet & Van de Peer, 2020). This indicates that the survival and 

establishment of WGD events are formidable challenges. Newly formed polyploids face many issues, 

such as genomic instability, abnormal chromosome division, and the competitive edge of surrounding 

diploids, leading to minority cytotype exclusion (Comai, 2005). The successful fixation of WGD events 

is thus exceedingly rare (Van de Peer et al., 2017; Qiao et al., 2019). However, polyploids may have 

an increased resistance in adverse environments. This is supported by their prevalence in colder 

regions of high latitude or elevation (Schinkel et al., 2016; Rice et al., 2019). Additionally, a wave of 

WGD events have been identified in different angiosperm lineages around the Cretaceous-Paleogene 

(K-Pg) boundary (Fawcett et al., 2009; Vanneste et al., 2014; Van de Peer et al., 2017; Wu et al., 

2020). The K-Pg boundary is marked by mass extinctions triggered by an asteroid impact that caused 

prolonged global cooling and darkness on Earth (Pope et al., 1997; Vellekoop et al., 2014; Junium et 

al., 2022).  

The increase in the amount of genetic material from WGDs and subsequent gene retention and loss, 

as well as their functional divergence, potentially facilitate plant adaptation to environmental changes 

(Seoighe & Gehring, 2004; Song et al., 2020; Wu et al., 2020). Biased retention of genes, particularly 

those linked to abiotic stress, following WGD events may have contributed to the rewiring of stress-

related regulatory networks (De Smet et al., 2017; Song et al., 2020; Wu et al., 2020; Guo et al., 2022; 

Nie et al., 2022). For example, key components in major coldtolerance regulatory networks, such as 

C-repeat binding factors (CBFs), inducers of CBF expression (ICEs), CAMTAs, SIZs, OSTs, and EINs, 

were convergently retained in different angiosperm lineages after WGDs around the K-Pg boundary 

(Song et al., 2020; Wu et al., 2020; Nie et al., 2022). This retention potentially increased the 

complexity and robustness of coldtolerance regulatory networks, contributing to plant adaptation 

during global cooling periods. 

Increasing ‘evidence’ for the contribution of polyploidy to plant adaptive evolution came from the 

retention of stress-related transcription factor (TF) gene families post-WGDs, impacting gene 

transcriptional networks (Freeling, 2009; De Smet et al., 2017; Wu et al., 2020; Guo et al., 2022; Nie et 

al., 2022). However, posttranscriptional regulation is equally crucial in orchestrating gene expression, 

primarily through RNA splicing, transport, stability, and translation (Nakaminami & Seki, 2018). 

Alternative splicing (AS), a form of RNA splicing, generates diverse transcripts from the same gene, 

enhancing transcriptome and proteome diversity (Reddy et al., 2013; Chaudhary et al., 2019). RNA-

binding proteins (RBPs), including splicing factors, play a key role in regulating AS events and other 

RNA processes such as export, translation, and turnover. Despite the validation of hundreds of RBPs 

in Arabidopsis thaliana (Reichel et al., 2016; Zhang et al., 2016; Bach-Pages et al., 2020), their 

involvement in plant adaptation to challenging environments remains poorly understood. Our recent 

findings highlighted the biased retention of the RNA recognition motif (RRM)- containing gene family, 

one of the most abundant RBPs in plants, ranking among the top 20 gene families preserved in 

eudicots after WGDs (Guo et al., 2022). This study explores whether biased retention of RBPs 

occurred in angiosperms post-WGDs and investigates how retained RBPs were linked to co-retained 

TFs in cooperatively rewiring gene regulatory networks for plant adaptation to harsh environments.  

Hereby, we trace the evolutionary history of RBPs in 21 selected species from different angiosperm 

families, such as Arecaceae, Poaceae, Brassicaceae, Juglandaceae, Salicaceae, Solanaceae, 

Fabaceae, Euphorbiaceae, Convolvulaceae, and Nelumbonaceae (Fig. 1a). First, we identify all RBP 

genes and analyze their functional roles in the selected species. Subsequently, we delve into the 

expansion of RBP genes in the context of paleotemperature fluctuations. Additionally, through 

experimental investigation, we evaluate the involvement of retained RBP genes from WGD events in 
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cold response, identifying highly retained and conserved cold-induced RBP orthogroups across 

diverse angiosperms. Finally, through a comparative analysis of present and predicted ancestral gene 

regulatory networks, we aim to reconstruct the involvement of stressrelated RBP duplicates and TF 

duplicates, co-retained post-WGDs during global cooling periods, in rewiring circadian and 

coldtolerance regulatory networks at both transcriptional and posttranscriptional levels.  

Materials and Methods 

 Identification of RBP genes   

The protein sequences of 21 selected angiosperms were downloaded from publicly available 

databases (Supporting Information Table S1). For RBP genes, we compiled experimentally confirmed 

RBPs in Arabidopsis thaliana (L.) Heynh. from three independent studies (Reichel et al., 2016; Zhang 

et al., 2016; Bach-Pages et al., 2020; Table S2). To ensure reliability, we considered only RBPs 

identified in at least two of the three studies, resulting in 403 RBPs (Fig. S1a). Subsequently, we 

utilized the 405 RBPs as a query library to retrieve closely related RBP homologs in A. thaliana using 

stringent BLASTP parameters (E-value = 1e–10, identity = 60%; Altschul et al., 1990). This process 

identified 557 RBPs in A. thaliana. Moreover, we employed these A. thaliana RBPs to retrieve 

homologous RBPs in each of 20 other species with the same BLASTP parameters (E-value = 1e–10, 

identity = 60%; Fig. S1b). The resulting list of retrieved RBP genes is provided in Table S3.   

Gene family classification of RBP genes  

First, we downloaded all hidden Markov model (HMM) profiles (c. 16 000) of protein domains from the 

Pfam database (up to July 2021; Mistry et al., 2021). Subsequently, we conducted hmmsearch (E-

value = 1e–5; Eddy, 2011) to query the HMM profiles against the previously retrieved RBPs in each 

species. Based on the identified domains, we classified RBP genes into different gene families (Table 

S3).  

Gene Ontology enrichment analysis  

The Gene Ontology (GO) term annotations for A. thaliana genes were downloaded from the website 

TAIR10 (Rhee et al., 2003). Annotations for genes in other species were assigned based on the highest 

alignment score matches against A. thaliana proteins from BLASTP searches (E-value = 1e–5). For the 

gene set of interest, GO term enrichment analysis was performed using the OmicShare tools 

(www.omicshare.com/tools). The resulting enrichment levels (P-value) were adjusted for multiple 

testing using Benjamini–Hochberg false discovery rate (FDR) and represented by enrichment scores 

(_log10 FDR).  

Duplication modes of RBP duplicates  

In each of the 21 selected species, we first performed a selfcomparison of protein sequences using 

the BLASTP program (E- value = 1E–10; Altschul et al., 1990) and extracted the top five hits for each 

query. Based on the hits and their coordinates on chromosomes, we identified intragenomic collinear 

blocks using the program MCSCANX (Wang et al., 2012a) with parameters (MATCH_ SCORE = 50, 

GAP_PENALTY =_1, MATCH_SIZE = 5, Evalue = 1e–5), where at least five paired homologous 

genes define a synteny block. Subsequently, we conducted the script duplicate_- gene_classifier 

(Wang et al., 2012a) to categorize genes into five duplication modes: WGD, tandem duplication (TD), 

proximal duplication (PD), dispersed duplication (DD), and Singleton. 

Many PD-derived duplicates likely resulted from ancient TD events but were interrupted by gene 

insertions (Wang et al., 2012b). Further classification involved labeling PD-derived duplicates 

separated by three or fewer genes as TD-derived duplicates and the remaining as DD-derived 

duplicates. Additionally, some DD-derived duplicates might arise from DNA- or RNAbased transposed 

duplication (TSP) events (Wang et al., 2012b). We employed the program DUPGEN_FINDER (Qiao et al., 

2019) to distinguish potential duplicates from TSP. Thus, we obtained and summarized duplication 

modes of all coding genes, including RBP and non-RBP genes, in the 21 selected species (Tables S3, 

S4).  
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Identification of 494 gene-rich families  

As described previously (Guo et al., 2022), we initially searched HMM profiles (> 16 000) against all 

proteins in the 21 selected species using the hmmsearch (E-value = 1e–5; Eddy, 2011). 

Subsequently, we classified the genes sharing a common domain into the same family, totaling 4594 

families. We then extracted generich families, which have 10 or more members in a minimum of half of 

the selected species. In cases of partial gene redundancy between families, we retained the larger 

family when two shared > 60% of their genes. Finally, we identified 494 gene-rich families in 

angiosperms (Table S5).  

Compilation and periodization of WGD events  

The phylogeny of the 21 selected species was sourced from the TimeTree database (Kumar et al., 

2017), and their historical WGD events were obtained from the publications (Table S6). We 

categorized these WGD events into four periods: ancient f/e-WGD events (> 181 million years ago 

(Ma), shared by all angiosperms; Jiao et al., 2011; Ruprecht et al., 2017), ancient c/r/s-WGD events 

(c. 104–120 Ma, shared by core eudicots or monocots; Vekemans et al., 2012; Wu et al., 2020), and 

recent R1-WGD (c. 66Ma around the K-Pg boundary) and R2-WGD (< 25 Ma in the Late Cenozonic 

Icehouse; Vanneste et al., 2014; Wu et al., 2020).  

Assignment of WGD-derived duplicates to specific WGD events  

Whole-genome duplications and subsequent gene retention/loss can result in intricate collinearities 

and gene duplicates (Bowers et al., 2003). Typically, a WGD event generates synteny blocks 

containing gene duplicates with similar synonymous substitution rates (Ks), characterized by a 

Gaussian distribution. Using PARAAT v.2.0 (Zhang et al., 2012) and KAKS_CALCULATOR v.2.0 (Wang et 

al., 2010), we calculated Ks value for each pair of collinear duplicates and plotted the Ks distribution 

for each species (Fig. S2). The analysis of the Ks distribution revealed an association between Ks 

ranges and WGD events in the respective species (Table S6). Certain WGD-specific Ks ranges were 

corroborated by previous studies (Jain et al., 2013; Plomion et al., 2018; Wu et al., 2020). Notably, 

simultaneous WGD events may exhibit somewhat different Ks ranges among species, due to 

variations in their generation times.  

Subsequently, based on Ks values, we assigned collinear blocks to the corresponding WGD event. 

Recognizing the potential for redundancy from recent WGDs leading to intricate collinearities and 

duplicate combinations for ancient WGDs (Bowers et al., 2003; Seoighe & Gehring, 2004), we 

introduced a rectified step. In brief, when a recent WGD event produced two duplicates, and both were 

paired with a collinear homolog from an ancient WGD event, only one pair was assigned to the ancient 

WGD event. Based on the WGD-assigned collinear blocks, we identified RBP duplicates from each 

WGD event (Table S7).  

Paleotemperature data  

As described previously (Guo et al., 2022), data of global average temperature (GAT) fluctuations over 

the past 160 million years (Myr) were collected from the reference (Scotese et al., 2021). These data 

aimed to infer the paleoclimate temperature conditions during the occurrences of WGD events.  

Design of RNA-seq experiments in eight cold-treated species  

To investigate cold responses of RBP genes, we selected four eudicots (Glycine max (L.) Merr., 

Populus trichocarpa Torr. & Gray, Carya illinoinensis (Wangenh.) K.Koch, and A. thaliana) and four 

monocots (Setaria italica (L.) Beauv., Zea mays L., Oryza sativa L., and Phyllostachys edulis 

(Carri_ere) J.Houz.) from the 21 selected species. As described previously (Wang et al., 2023a,b), 

these species were subjected to cold treatment (4°C) for 0, 2, 24, and 168 h for RNA-seq experiments 

(Fig. S3a). Before cold-stress treatments, all plant seedlings were cultured at 25°C with a 16h:8h, light 

:dark photoperiod. For A. thaliana, 3-wk-old seedlings were used for cold-stress treatments. In other 

seven species, young seedlings (c. 30 cm in height) were employed. In each species, to ensure all 

samples harvesting on the same day at the same developmental stages, Group 1 (cold treatment for 

168 h) were first cultured at 4°C wk-1 before harvest. Groups 2 and 3 (cold treatment for 24 and 2 h, 
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respectively) were successively cultured at 4°C for appropriate durations. Group 4 (control) were 

consistently cultured at 25°C (0h).  

After cold stress (a week later) for each species, the fourth expanded leaves of seedlings in the four 

groups were collected simultaneously (12 : 00 at noon) on the same day. Three biological replicates 

were collected for each group. Total RNA was isolated and purified using TRIzol reagent (Invitrogen). 

RNA quantity and purity were assessed by NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, 

DE, USA) and Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA). Poly(A)- RNA was then 

purified using poly-T oligo-attached magnetic beads to generate strand-specific cDNA libraries with 

inserts of c. 150–200 bp. The libraries were sequenced on the Illumina NovaSeq 6000 system (2 9 

150 bp paired-end reads) at LC-Bio Technology CO., Ltd (Hangzhou, China).  

Analysis of RNA-seq datasets  

Clean reads of the above RNA-seq samples were aligned to their respective genome (Table S1) using 

HISAT2-2.1.0 with the parameters (--min-intronlen 20 --max-intronlen 5000 --rna-strandness RF; Kim et 

al., 2015). Subsequently, gene expression was quantified by STRINGTIE v.2.0.3 (Pertea et al., 2015) 

with default parameters. Differentially up- and downregulated genes were then identified by DESEQ2 

(Love et al., 2014) using the criteria: a FDR < 0.01, fold change > 1.5 between normal (0 h) and either 

cold treatment (2, 24, and 168 h), and a minimum expression value exceeding 20 in at least one 

condition. Genes upregulated under cold stress were designated as cold-induced genes, including 

cold-induced RBP genes (Table S8). Additionally, five types of AS events, including intron retention 

(IR), alternative 50/30 splice site (A5SS/A3SS), skipping exon (SE), and mutually exclusive exons 

(MXE), were identified by RMATS v.4.0.2 (Shen et al., 2014). Differential AS events (DASEs) between 

normal (0 h) and cold conditions (2, 24, or 168 h) was identified based on an FDR ≤ 0.05 (Table S9).  

Orthogroup analysis of cold-induced RBP genes across eight cold-treated species  

To reveal cold-induced RBP orthologs, we conducted orthogroup analysis in the abovementioned 

eight cold-treated species. We initially categorized all protein-coding genes into 30 812 orthogroups 

using ORTHOFINDER v.2.3.8 (Emms & Kelly, 2019) with the parameters: -M dendroblast -S diamond -A 

mafft -I 1.5 -T fasttree. Retaining the orthogroups that encompass all eight species, we obtained a total 

of 9621 orthogroups, including 273 RBP orthogroups.  

Considering the potential issues of paralogs arising before the monocot-eudicot divergence within the 

same orthogroup, we conducted a phylogenetic analysis on the 273 RBP orthogroups. For each RBP 

orthogroup, we performed multiple sequence alignment with MAFFT v.7.508 (Katoh & Standley, 2013) 

and constructed the maximum likelihood tree using IQ-TREE v.2 (Minh et al., 2020) with 1000 

bootstraps. The phylogenetic tree was then manually examined. Of the 273 orthogroups, 242 with 

monophyletic clades in the species were directly retained. Additionally, 27 orthogroups with 

multiphyletic clades generated before the monocot-eudicot divergence were separated into 41 

recategorized orthogroups. During the process, the orthogroups lacking ortholog in either of the eight 

species were excluded. Two examples are provided to illustrate the strategy (Fig. S4). In total, 282 

RBP orthogroups were reidentified in eight cold-treated species (Table S10).  

For each species, duplication modes for RBP orthogroup members were obtained from above 

duplication mode analysis (Table S7). Meanwhile, their expression values under cold stress were 

extracted from above RNA-seq analysis (Table S8). Finally, we employed Fisher’s exact test to 

evaluate the significance of the overlap between R-WGD-derived RBP orthogroups and coldinduced 

RBP orthogroups in each of the eight cold-treated species.  

Integrative analysis of Arabidopsis iCLIP-, RNA-, and ChIP/DAP-seq datasets  

The genome-wide analysis of 858 glycine-rich RNA-binding protein 7 (GRP7) binding transcripts was 

conducted using Arabidopsis individual nucleotide resolution crosslinking and immunoprecipitation 

sequencing (iCLIP-seq; Meyer et al., 2017). Among the GRP7-binding transcripts, 433 were identified 

as cold-induced based on above Arabidopsis RNA-seq analysis (Table S11). To predict TFs 

responsible for cold induction of these 433 genes, we screened a library of 540 TFs, each with a 
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genome-wide binding profile determined by DNA affinity purification (DAP-seq; O’Malley et al., 2016) 

or chromatin immunoprecipitation (ChIP-seq) sequencing experiments (Zhang et al., 2013; Nagel et 

al., 2015; Kamioka et al., 2016). Among the 540 TFs, 108 were cold-induced (Table S12) and 

considered as potential TFs regulating the expression of the 433 cold-induced genes. The ChIP/DAP-

seq datasets of the 108 TFs were downloaded from the NCBI BioProject (PRJNA257556, 

PRJNA281176, PRJNA288957, and PRJNA170235).  

To identify the genome-wide binding sites of the 108 TFs, we aligned their respective ChIP/DAP-seq 

reads to the A. thaliana genome (TAIR10; Rhee et al., 2003) using BOWTIE2 v.2.3.5 with default 

parameters (Langmead & Salzberg, 2012). Subsequently, we performed peak calling usingMACS2 

v.2.7.1 with the parameters (--keep-dup 1 -g 119 481 543 -p 0.05) and annotated the peaks with 

nearest genes using CHIPSEEKER v.1.20 (Yu et al., 2015). Among the 433 cold-induced genes, those 

with at least one binding peak in their upstream promoters (1-kb) were considered as direct target 

genes of the corresponding TF (Table S13).  

Statistical analysis  

The difference between samples or groups was assessed by the paired t-test. The significance of 

enrichment analysis was evaluated by Fisher’s exact test. The FDR was computed using the 

Benjamini and Hochberg method. Pearson’s correlation coefficient was employed to evaluate the 

correlation between the two groups. All statistical tests were performed in R.  

Results 

Genome-wide identification and functional analysis of RBP genes  

Based on experimentally confirmed 403 Arabidopsis RBPs (Reichel et al., 2016; Zhang et al., 2016; 

Bach-Pages et al., 2020), we conducted a comprehensive analysis to identify RBPs across 21 

selected angiosperm species (Fig. S1). The identified RBPs exhibit a range from 435 to 1043 (with a 

median of 604), revealing their prevalence in angiosperms (Fig. 1a; Table S3). Subsequently, we 

employed HMM profiles (> 16 000;Mistry et al., 2021) to discern their containing protein domains. Our 

result highlights significant enrichments of RNA-binding domains, especially RRM (Fig. 1b; Table S3), 

aligning with experimentally identified results (Reichel et al., 2016; Zhang et al., 2016; Bach-Pages et 

al., 2020).  

Moreover, we performed GO term enrichment analysis to elucidate their functional roles (Fig. 1c). As 

expected, RBPs display a predominant enrichment in fundamental posttranscriptional processes, such 

as mRNA binding, RNA helicase activity, RNA splicing, and regulation of RNA stability and translation. 

Notably, several GO terms related to abiotic stress, including responses to cold and cold acclimation, 

are among the most enriched terms (Fig. 1c). These findings suggest that RBP genes are 

predominant in some specific families and play crucial roles in fundamental posttranscriptional 

processes, with a notable role in responses to abiotic stresses, particularly cold response.  

Generation of RBP duplicates through WGDs  

To elucidate the origin and diversification of RBP duplicates, we used MCSCANX (Wang et al., 2012a) 

and DUPGEN_FINDER (Qiao et al., 2019) to categorize the generation of RBP genes into five duplication 

modes, including WGD, TSP, TD, DD, and Singleton (Table S3). For simplicity, we arbitrarily 

considered Singleton as one ‘duplication’ mode. Among these modes, WGD emerges as the most 

dominant mode to produce RBP duplicates (c. 29–78% with an average of c. 55%; Fig. 2a). TSP 

serves as a noteworthy supplementary mode in producing RBP duplicates. By contrast, TD seems to 

play a limited role (producing c. 7% RBP duplicates), despite being documented to generate c. 16% of 

Arabidopsis genes and c. 14% of rice genes (Rizzon et al., 2006). Additionally, a substantial number of 

RBP duplicates were observed to originate from DD, possibly resulting from degenerate collinearity or 

gene transpositions obscured by a long evolutionary history (Freeling, 2009). These findings highlight 

the predominant derivation of RBP duplicates from WGDs, despite potential underestimation.  
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RBP duplicates significantly retained after WGD events  

A comprehensive statistical analysis on protein-coding genes across the 21 selected species reveals 

that the proportion of WGD-derived genes is significantly greater in RBP genes than in non-RBP 

genes (Fig. 2b; Table S4). Despite a substantial proportion of TSP-derived genes in RBP genes, their 

contribution to the expansion of RBP genes is considerably smaller than that of WGD. Conversely, the 

TD, DD, and Singleton modes show a significant depletion in the expansion of RBP genes (Fig. 2b).  

We further explored the extent to which the retention of RBP genes is compared with that of other 

gene families in angiosperms after WGD events. Among the 494 identified gene-rich families in the 21 

selected species, we showed the top 20 retained gene families after WGDs (Fig. 2c; Table S14). 

Consistent with previous reports (Wu et al., 2020; Guo et al., 2022), genes encoding signal 

transducers and/or proteins involved in multiprotein complexes (e.g. Ras, IQ, DUF4228, AUX_IAA, 

and EF-hand family genes) and stress-related TFs, such as MYB, AP2/ERF, WRKY, bHLH, bZIP, and 

NAC genes were over-retained in angiosperms after WGDs (Fig. 2c). Notably, the RBP gene 

superfamily is also among the top 20 retained families, suggesting a preferential retention of 

posttranscriptional regulators, particularly RRM-containing RBP family genes, after WGDs. The 

findings suggest a preferential retention of RBP genes in angiosperms following WGDs, which implies 

that the retained RBP genes might have played a role in plant adaptation.  

Retention of RBP duplicates during periods of global cooling  

There are multiple rounds of WGDs in the evolution of angiosperms. Ancient WGD events (f- and/or e-

WGD) likely preceded angiosperm radiation (Jiao et al., 2011; Ruprecht et al., 2017), while a 

hexaploidy event (c-WGT) and two WGDs (r- and s- WGD) characterized the evolution of early core 

eudicots and monocots, respectively (Vekemans et al., 2012; Ming et al., 2015; Wu et al., 2020). 

Recent WGD events (R-WGD) independently took place in various angiosperm lineages, clustering 

around the K-Pg boundary (R1-WGD) and the Late Cenozoic Icehouse (R2-WGD) with global cooling 

(Vanneste et al., 2014; Wu et al., 2020; Fig. 3a; Table S6).  

We analyzed the proportions of RBP duplicates retained from these ancient and recent WGD events 

(Table S7). As shown in Fig. 3(b), R-WGD events, especially R1-WGD, are the most significant 

sources of extant RBP duplicates. For example, in N. nucifera, over 95% of WGD-derived RBP 

duplicates originated from R1-WGD around the K-Pg boundary. Similarly, in P. edulis, c. 33 and 56% 

of WGD-derived RBP duplicates were derived from R1-WGD around the K-Pg boundary and R2-WGD 

in the Late Cenozoic Icehouse, respectively. The analyses exhibit that numerous RBP duplicates were 

consistently retained across different angiosperm lineages from independent WGD events, coinciding 

with periods of global cooling.  

Cold responses of R-WGD-derived RBP duplicates  

Like stress-related TFs (Wu et al., 2020; Guo et al., 2022), the retention of RBP duplicates might have 

conferred a fitness advantage for plants during global cooling. To reveal the potential of RBP 

duplicates in cold responsiveness, we conducted RNA-seq analyses before and after cold treatments 

(0, 2, 24, and 168 h) in eight selected species (Fig. S3a). In each species, RNA-seq analysis 

demonstrated relatively similar expression levels of leaf development-related genes across the cold 

treatments, ensuring comparable developmental stages of these samples (Fig. S3b; Table S15). 

Subsequently, we identified cold-induced genes in each of the eight cold-treated species, revealing a 

significantly higher proportion of RBP genes (average c. 36%) undergoing cold induction compared 

with non-RBP genes (average c. 13.8%; Fig. 4a). All eight cold-treated species, especially A. thaliana, 

C. illinoinensis, G. max, and S. italica, exhibited significant high proportions of cold-induced RBP 

genes.  

We then assessed the number and proportion of cold-induced RBPs from WGD, TSP, TD, DD, and 

Singleton (Fig. 4b; Table S16). Interestingly, WGD-derived RBPs exhibited a significantly higher 

proportion in cold induction than other model-derived RBPs in these cold-treated species. Further 

analysis indicated that cold-induced RBPs primarily originated from recent WGDs (R-WGD including 

R1- and R2-WGD), while ancient f/e- and c/r/s-WGDs made limited contributions to extant cold-
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induced RBP duplicates (Fig. 4c; Table S17). Moreover, expression heatmaps consistently confirmed 

increased expression of R-WGD-derived RBP duplicates after cold stress (2, 24, and/or 168 h) in the 

eight cold-treated species, although some RBP duplicates evolved different expression patterns in 
cold responsiveness (Fig. 4d). Like RBP duplicates, cold-induced TF duplicates were preferentially 

retained after R-WGD events (Fig. S5). To validate the reliability and repeatability of our results, we 

collected 18 additional datasets of cold-responsive transcriptomes from independent publications with 

differences in tissues, durations of cold treatment, and developmental stages (Table S18). All collected 

experiments consistently demonstrated that a significant high proportion of R-WGD-derived RBP 

genes were cold-upregulated, irrespective of tissues, durations of cold treatment, and developmental 

stages (Fig. S6). These findings strongly support the notion that many RBP duplicates retained in 

angiosperms following R-WGD amidst global cooling are indeed cold-upregulated. The outcome of 

posttranscriptional alternative splicing The cold induction of RBP genes may trigger 

posttranscriptional regulations, including AS. To investigate this, we conducted transcriptome-wide AS 

analysis in the eight cold-treated species, identifying thousands to tens of thousands of cold-induced 

differentially AS genes (DASGs) which cover substantial proportions (12–29%) of plant multi-exon 

genes (Fig. 4e). Interestingly, the number and proportion of DASGs in Arabidopsis is significantly 

smaller than those in seven other species, possibly due to shorter introns in Arabidopsis (Fig. S7). 

This observation aligns with the assumption that AS tends to occur around exons interrupted by long 

introns (Fox-Walsh et al., 2005; Du et al., 2023). Additionally, the distributions of DASEs across the 

eight cold-treated species exhibited a consistent pattern: more DASEs occurred at the middle and late 

stages of cold stress (24 and 168 h) than at the early stage (2 h; Fig. 4f). This pattern is consistent 

with increased expression of cold-induced RBPs at corresponding time points (24 and 168 h; Fig. 4d). 

Among the five types of DASEs, such as IR, SE, A5SS/A3SS, and MXE (Ast, 2004; Du et al., 2023), 

IR emerged as the most common AS mode in angiosperms (Fig. 4f), consistent with prior studies 

(Calixto et al., 2018). Further GO enrichment analysis showed that these DASGs participate in 

biological processes of stress response, circadian rhythm, growth and development, transcriptional 

regulation, etc. (Fig. S8). Considering the induction of RBP genes and the widespread differential AS 

genes under cold stress, we propose that cold-induced RBP genes likely play a role in 

posttranscriptional processes, including AS. Associations between R-WGD-derived RBPs and 

coldinduced RBPs As described in our prior study (Wang et al., 2023a,b), we sought to determine 

whether the retained and cold-induced RBP duplicates across different angiosperms are co-orthologs, 

that is a set of genes in one species orthologous to one or more genes in another species due to 

lineage-specific gene duplications (Kristensen et al., 2011). Using ORTHOFINDER (Emms & Kelly, 2019) 

coupled with phylogenetic analysis and manual verification, we identified 282 RBP orthogroups in the 

eight cold-treated species (see Materials and Methods section). Sorting them based the retention of R-

WGD-derived RBP duplicates revealed 52 Highly Retained R-WGD-derived Orthogroups (HRROs), 

convergently retained from independent R-WGD events in at least six of the eight species (Fig. 5a). By 

contrast, 48 orthogroups, including 4, 11, and 33 in none or two fewer species, were designated as 

Lowly Retained R-WGD-derived Orthogroups (LRROs). Similarly, based on cold responsiveness, we 

categorized 108 orthogroups as Highly Conserved Cold-induced Orthogroups (HCCOs), induced in at 

least six species (Fig. 5b). Conversely, 61 orthogroups, including 11, 23, and 27 in none or two fewer 

species, were designated as Lowly Conserved Cold-induced Orthogroups (LCCOs).  

Significantly, HRROs and HCCOs exhibited an overlap (P = 3.6 9 10 _3), indicating that highly retained 

R-WGDderived RBP orthogroups are mostly cold-induced in angiosperms (Fig. 5c). Conversely, 

LRROs and LCCOs also showed a significant overlap (P = 2.9 9 10 _5), suggesting that lowly retained 

R-WGD-derived RBP orthogroups are less coldinduced. The limited overlap between HRROs and 

LCCOs (or LRROs and HCCOs) further supports the association between R-WGD-derived RBP 

orthogroups and cold-induced RBP orthogroups. Between HRROs and HCCOs, the overlapping 29 

orthogroups were associated with various RNA-binding domain families, with the well-known RRM-

containing family being the most prominent, including seven orthogroups (GRP7/8, RBP45, RBP47, 

RSZ, PABN, CP29, and ALY; Fig. 5d; Table S19). Notably, all the 29 orthogroups exhibited a 

conserved upregulation pattern under cold stress across different angiosperm species (Fig. 5d). These 

results suggest that the highly retained R-WGDderived RBP duplicates and the highly conserved cold-

induced RBP duplicates converge as co-orthologs across diverse angiosperms, highlighting a robust 

correlation between the retention of RBP duplicates and their cold responsiveness.  
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An example orthogroup: GRP7/8 retained from R1-WGD  

Among the 29 orthogroups, certain well-known members, including Arabidopsis GRP7/8, also known 

as Cold and Circadian-Regulated 2 and 1 (CCR2/1), are recognized for their significant roles in 

responding to cold stress. GRP7/8 actively contribute to circadian timekeeping by orchestrating the 

posttranscriptional processing of a group of transcripts (Kojima et al., 2011; Streitner et al., 2012). Our 

analysis unveiled that Arabidopsis GRP7 was duplicated from GRP8 by the b-WGD event (R1-WGD in 

our study) before the divergence of Brassicaceae and Cleomaceae (Cheng et al., 2013), supported by 

the phylogenetic analysis and collinear orthologous analyses (Fig. S9). Phylogenetic analysis 

demonstrated that their orthologous counterparts in other species originated independently from R1- 

WGD events around the K-Pg boundary (Fig. 5e), corroborated by collinear orthologous relationship 

and Ks analysis (Fig. 5f; Table S20). Moreover, all co-orthologous GRP duplicates exhibited 

conserved cold-induced patterns in eudicots and monocots (Fig. 5g).  

A role of R1-WGD-derived GRP7 in cold response 

 In this section, we chose R1-WGD-derived GRP7 as an example and explored its potential role in 

Arabidopsis under cold stress. First, we obtained 858 GRP7 genome-wide binding transcripts from 

iCLIP-seq (Meyer et al., 2017). GO analysis showed that GRP7-binding transcripts are enriched in 

abiotic and light stimuli responses, especially in cold response (Fig. 6a). Transcriptome analysis 

demonstrated that a substantial number (433) of GRP7 targets are cold-induced (Fig. 6b). These 

targets exhibited three distinct expression patterns across three time points (2, 24, and 168 h) of cold 

stress (Fig. 6c) and their average expression displayed a significant positive Pearson correlation (R2 = 

0.71, P = 5.9 9 10 _4) with GRP7 expression (Fig. S10). The findings imply that the binding of GRP7 to 

the 433 targets might be critical for their expression.  

Moreover, by exploring transcriptome changes in GRP7- overexpressing and/or loss-of-function plants 

(Meyer et al., 2017), we confirmed that 294 of the 433 cold-induced GRP7 targets are differentially 

regulated, strongly suggesting that GRP7 directly regulates these cold-induced genes with high 

confidence (Fig. S11). Intriguingly, among the 433 targets, only 34 are differentially alternatively 

spliced genes under cold induction (Fig. S12). Considering the reported role of GRP7 in alternative 

polyadenylation (Meyer et al., 2017), these findings suggest that GRP7 plays a role in regulating the 

expression of cold-induced genes not only through alternative splicing but also through other 

posttranscriptional processes, such as alternative polyadenylation and RNA stability involved in cold 

stress.  

Co-retention of RBP and TF duplicates and their role in cold response  

The underlying transcriptional regulation of the 433 coldinduced transcripts is likely orchestrated by 

TFs. To determine these TFs, we assembled a library of 540 Arabidopsis TFs, subjected to 

experimental validation for their genome-wide binding profiles using DAP-seq (O’Malley et al., 2016) 

and ChIP-seq (Zhang et al., 2013; Nagel et al., 2015; Kamioka et al., 2016). Concurrently, we 

identified 108 cold-induced TFs out of the pool (Fig. 6d; Table S12). Subsequently, analyzing 

Arabidopsis genome-wide binding profiles of the 108 TFs, we identified the top 30 TFs with enriched 

binding peaks in the upstream promoters (1-kb) of the 433 cold-induced genes (Fig. 6e; Table S13). 

For example, LHY and CCA1, well-known TFs in cold stress and circadian rhythm (Kidokoro et al., 

2022), bind to 81 and 68 of the 433 genes, respectively. Further examples include CBF1, CBF2, and 

CBF3, well-documented regulators in cold tolerance, binding to 31, 35, and 27 of the 433 genes, 

respectively (Fig. 6e). Compared with the 433 cold-induced genes (Fig. 6c), the 30 TFs show an 

earlier response to cold induction (Fig. S13), likely suggesting a hierarchical regulatory network of the 

TFs and the downstream 433 targets.  

Moreover, numerous cold-induced genes within the 433 targets, such as COR27, COR15A, KIN1, and 

RD29A, have been experimentally confirmed to be upregulated by LHY, CCA1, CBF1, CBF2, and/or 

CBF3 (Novillo et al., 2007; Wang & Hua, 2009; Dong et al., 2011; Wang et al., 2017). Importantly, akin 

to the R1-WGD-derived GRP7 discussed earlier (Fig. 5e), the major of these cold-induced TFs also 

emerged as duplicates from R1-WGD events during global cooling periods (Fig. 6f). This convergence 

underscores the co-retention of cold-responsive RBP duplicates and TF duplicates following R-WGDs 
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across different angiosperm lineages. The findings demonstrate a pivotal role for Arabidopsis TF 

duplicates derived from R1-WGD in upregulating the transcriptional expression of the 433 coldinduced 

genes, which are subsequently targeted by R1-WGDderived GRP7 for RNA processing at the 

posttranscriptional level. This suggests a rewiring of circadian and cold-regulatory networks at both 

transcriptional and posttranscriptional levels in Arabidopsis following R1-WGD during global cooling 

epochs.  

Discussion  

During periods of global cooling, notably around the K-Pg boundary and in the Late Cenozoic 

Icehouse, multiple independent WGD events occurred across different angiosperm lineages. 

Subsequent to these WGD events, a convergent retention of stress-related genes occurred (Song et 

al., 2020; Wu et al., 2020; Guo et al., 2022). While previous research has predominantly focused on 

TF gene families to elucidate the transcriptional rewiring of gene regulatory networks in response to 

challenging environments (Song et al., 2020; Wu et al., 2020; Guo et al., 2022; Nie et al., 2022), it is 

imperative to recognize the significance of posttranscriptional regulation in plants adapting to 

challenging environments.  

In this study, a category of RBP genes was identified. It was demonstrated that, beyond stress-related 

TF genes, duplicates of RBPs involved in cold responses exhibited convergent retention across 

diverse angiosperm lineages following independent WGD events. These RBP duplicates primarily 

originated from one or two relatively recent rounds of WGD events occurring around the K-Pg 

boundary and/or in the Late Cenozoic Icehouse. Despite the increasing loss of RBP genes as time 

progresses (Fig. S14), their retention after WGD remained significantly higher compared with that of 

non-RBP genes in angiosperms (Fig. 2b). Within the pool of RBP duplicates, 29 RBP orthogroups 

were identified, exhibiting both high retention after R-WGD events and high conservation of cold 

induction across diverse angiosperm lineages.  

To date, numerous components, including messenger molecules, protein kinases and phosphatases, 

and TFs, have been identified in the signaling pathways responding to cold stress (Kidokoro et al., 

2022). Among these, CBFs are particularly well-characterized to play as master regulators in the CBF-

COR signaling pathway. The expression of CBF is modulated by many factors, including the circadian 

clock or circadian clock-related TFs such as the core oscillator components REVEILLES (RVEs) and 

CCA1/LHY (Kidokoro et al., 2022; Guo et al., 2023). The circadian clock system plays a crucial role in 

governing daily energy expenditure in response to environmental fluctuations, affording plants 

heightened tolerance to abiotic stresses essential for survival, growth, and reproduction (Greenham & 

McClung, 2015; Markham & Greenham, 2021). Analogous to the retention of RBP duplicates from R-

WGD events, specific cold- and/or circadian-related TFs (e.g. CBF2/4, CCA1/LHY, and RVE4/8) were 

convergently retained across different angiosperms following independent R-WGDs during periods of 

global cooling (Fig. 6f). Of the R-WGD-derived RBP duplicates, GRP7/8 serve as cold- and circadian-

regulated slave oscillators, subject to negative control by CCA1/LHY expression (Schmal et al., 2013; 

Johansson & Koster, 2019). Our findings indicate that numerous GRP7 target transcripts are 

transcriptionally regulated by cold- and/or circadian-related factors, including, but not limited to, R1-

WGD-derived CBF2/4, RVE4/8, and CCA1/LHY. Notably, some downstream targets of RBPs and TFs 

were also convergently retained from R-WGD (e.g. SPA3/4, LEA2/5, and ABI1/2) or duplicated 

through subsequent TD events (e.g. RD29A/B, COR15A/B, and KIN1/2) during similar periods of 

global cooling (Fig. S15). This convergence suggests a rewiring of the regulatory network through both 

upstream and downstream components.  

Therefore, we integrated these interconnected genes retained from R-WGD, illustrating the complexity 

and stability of the current circadian and cold-tolerance regulatory network, which is cooperatively 

regulated at both transcriptional and posttranscriptional levels (Fig. 7a). By contrast, for comparison, 

we inferred an ancestral network preceding R-WGD. Among RWGD- derived duplicates, one was 

deleted, while the other was retained, resulting in the inferred ancestral network (Fig. 7b). This inferred 

ancestral network was a simplified form, exhibiting fragility susceptible to damage upon mutation or 

gene loss within the network. This analysis underscores a critical role of R-WGD in reshaping, 
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enhancing, and adapting the circadian and cold-tolerance regulatory network in the context of global 

cooling.  

Notably, in this study, we focused on R-WGD events, but did not explore ancient WGD events (i.e. 

f/e/c/r/s-WGD) in depth. The primary challenge in delving into ancient events arises from the inherent 

difficulty in accurately predicting their occurrences due to an extensive evolutionary history. For 

example, eand f-WGD events were inferred to have occurred c. 192 and c. 319 Ma, respectively (Jiao 

et al., 2011), but have been contested (Ruprecht et al., 2017). The prolonged evolutionary trajectory 

not only led to a significantly lower number of duplicates retained from ancient WGDs but also resulted 

in their divergent expressions and functions. Additionally, obtaining corresponding paleoclimate data 

for these ancient events is challenging (Scotese et al., 2021; Shaviv et al., 2023). These factors 

collectively hinder our assessment of the correlation between gene retention postancient WGDs and 

paleoclimate changes. Furthermore, it is plausible that ancient WGDs occurred during periods of 

global cooling. For example, c- and r-WGD events (c. 120 Ma) might coincide with the Aptian–Albian 

Cold Snap (Scotese et al., 2021). This assumption is not so far-fetched, as there is support for higher 

ratios of polyploids in colder climates (Schinkel et al., 2016; Rice et al., 2019; David, 2022). 

Additionally, cold treatments increase the likelihood of producing diploid male gametes (De Storme et 

al., 2012).  

In summary, our research provides valuable insights into the convergent retention of RBP duplicates 

and TF duplicates in angiosperms following independent WGDs for cooperatively rewiring gene 

regulatory networks at both transcriptional and posttranscriptional levels, offering novel perspectives 

on the role of WGDs in plant adaptation under harsh climate changes.  
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