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Abstract

MicroRNAs (miRNAs) are a specialized class of small silencing RNAs that regulate gene expression in numerous biological pro
cesses in eukaryotes. While the evolutionary dynamics of protein-coding genes after plant whole-genome duplications 
(WGDs) has been extensively studied, the patterns of evolution for conserved MIRNAs (miRNA genes) post-WGDs are less 
understood. In this study, we systematically investigated miRNAs and their targets in 6 plant species with varying WGD his
tories. Our findings reveal that WGDs significantly contribute to the expansion of conserved miRNA families. Notably, 
through homologous analyses of conserved miRNA families, we discovered that beyond the loci derived from WGDs and 
other duplication events, some conserved miRNA families have independently gained new loci and/or lost syntenic loci in spe
cific lineage or species through evolution. Additionally, our analyses of sequence divergence in conserved miRNAs showed 
that the mature sequences of miRNA duplicates gradually diverge following WGDs, with this sequence divergence being cor
related with that of their adjacent protein-coding genes after recent WGDs. Furthermore, expression and functional diver
gence analyses of duplicated targets in different miRNA–target interaction scenarios suggest that conserved miRNAs may 
play crucial roles in regulating the expression of duplicated genes and related regulatory networks following WGDs. In sum
mary, our analyses reveal universal evolutionary patterns of plant conserved miRNAs following WGDs and provide evidence 
that some miRNA copies in conserved families originated independently during evolution.
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Significance
By comparative analyses of miRNAs in 6 species of monocots and eudicots, we identified expansion and divergence pat
terns of conserved microRNAs and their corresponding targets following whole-genome duplications and also discov
ered de novo origination of new copies of these conserved miRNA in certain lineages during evolution. These findings 
could help us to better understand the origin and evolution of miRNAs in angiosperms.
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Introduction
Gene duplications, including whole-genome duplication 
(WGD), segmental duplication (SD), and tandem duplica
tion (TD), provide essential raw genetic material for 

evolution (Panchy et al. 2016). WGD, in particular, causes 
a sudden increase in both genome size and duplicated 
gene sets, making it a crucial driver of evolutionary novelty 
and adaptive evolution (Jiao et al. 2011, 2012, 2014; Soltis 
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and Soltis 2016; Van de Peer et al. 2017; Jiao 2018; Fox 
et al. 2020). It is widely acknowledged that duplicated 
genes generally follow one of the 3 evolutionary paths after 
WGDs: neo-functionalization, sub-functionalization, or 
non-functionalization (Moore and Purugganan 2005; 
Roulin et al. 2013; Rensing 2014). The surviving duplicates 
and their subsequent divergence have the potential to re
wire gene regulatory networks, significantly contributing 
to genetic diversity and, ultimately, biodiversity (De Smet 
and Van de Peer 2012; Wu et al. 2020; Wang et al. 2021; 
Wang et al. 2023).

MicroRNAs (miRNAs) are small non-coding RNAs, typic
ally 20 to 24 nucleotides in length. They can recognize their 
target genes through nearly perfect sequence complemen
tarity, and negatively regulate gene expression post- 
transcriptionally either by mRNA cleavage or translational 
suppression (Carthew and Sontheimer 2009; Voinnet 
2009; Pasquinelli 2012; Meyers and Axtell 2019; Zhan 
and Meyers 2023). Numerous studies have reported that 
miRNAs can play crucial roles in various developmental pro
cesses, including patterning of the embryo, meristem devel
opment, establishment of lateral organ polarity and 
boundaries, and the growth of vegetative and reproductive 
organ (Rubio-Somoza and Weigel 2011; D’Ario et al. 2017; 
Chen et al. 2018). In addition, significant progress has also 
been made in understanding the role of miRNAs in plant– 
environment interactions, such as responses to abiotic/biot
ic stress, and symbiotic/parasitic interactions (Song et al. 
2019; Yu et al. 2019; Zhan and Meyers 2023). Over the 
past decade, high throughput sequencing technologies 
and advanced bioinformatics tools have greatly facilitated 
the identification and functional analyses of miRNAs in nu
merous plant species. The development of comprehensive 
databases and tools for miRNA annotation and miRNA– 
target predictions has provided extensive datasets (Bo and 
Wang 2005; Kruger and Rehmsmeier 2006; Wu et al. 
2012; Axtell 2013b; Dai et al. 2018; Kozomara et al. 
2019; Kuang et al. 2019; Guo et al. 2020; Lunardon et al. 
2020; Chen et al. 2021; Huang et al. 2022), paving the 
way for a deeper understanding of miRNA evolution. An in
creasing number of studies have shown that miRNA loci in 
plant genomes are in a constant dynamic evolutionary state 
(Chávez Montes et al. 2014; You et al. 2017).

miRNAs are typically classified into different families 
based on the nucleotide sequence similarity of their mature 
forms (Meyers et al. 2008). While sequences within 
the same miRNA family are very similar, the primary 
(pri-miRNA) and precursor (pre-miRNA) sequences outside 
the mature miRNA can be highly variable. A certain set of 
miRNA families, known as conserved miRNAs, are broadly 
conserved across most or all sampled land plant lineages. 
These conserved miRNAs generally have relatively high ex
pression levels, multiple loci, and low sequence variation 
across diverse plant families, indicating tightly constrained 

roles and targets. They predominantly target genes 
involved in fundamental pathways that emerged with or 
preceded the evolution of land plants or major lineages, 
such as those involved in plant development and stress re
sponses (Axtell and Bowman 2008; Cuperus et al. 2011; 
Axtell 2013a). In contrast, the majority of miRNAs are 
lineage- or species-specific, having originated relatively re
cently in evolutionary time. These young miRNAs often ex
hibit low expression abundance and are typically present as 
single copies. They generally play roles in species-specific 
processes, such as adaptation to local environments or un
ique biochemical pathways (Cuperus et al. 2011; Chávez 
Montes et al. 2014).

Given the high proportion of young miRNAs in plant spe
cies, it is proposed that miRNAs have a high birth and death 
rate (Fahlgren et al. 2007; Axtell and Bowman 2008). 
Several mechanisms have been suggested for the origin 
of new miRNAs, including derivation from inverted dupli
cates of target genes (Allen et al. 2004; He et al. 2014), 
miniature inverted-repeat transposable elements (MITEs) 
(Piriyapongsa and Jordan 2008; Li et al. 2011), or random 
sequences (Felippes et al. 2008; Cui et al. 2017; Baldrich 
et al. 2018; Guo et al. 2022). Additionally, miRNAs can 
also originate via extensive genome duplications of existing 
miRNA families, especially conserved miRNAs (Li and Mao 
2007). In the Arabidopsis thaliana genome, 18 out of 22 
miRNA gene families have been reported to have arisen 
from WGD, SD, or TD, or a combination of these processes 
(Maher et al. 2006). For example, the miR166 family, which 
contains 7 members targeting Class III HD-ZIP genes in
volved in meristem development, has been reported to 
have originated from WGD, SD, and TD, followed by diver
gence in spatial and temporal expression patterns (Maher 
et al. 2006).

The general evolution patterns of MIRNAs after WGDs 
have been investigated in Glycine max (Zhao et al. 2015), 
Brassica rapa (Sun et al. 2015), and several grass species 
(Abrouk et al. 2012). These studies commonly reveal that 
retained MIRNA duplicates tend to be conserved MIRNAs 
and that MIRNAs and their target genes preferentially 
co-retained or co-lose after WGDs. Additionally, it has 
been found that MIRNAs show biased retention among 
subgenomes following WGDs, a pattern similar to that ob
served in protein-coding genes. However, these WGDs oc
curred relatively recently (approximately 13 million years 
ago [mya] in G. max and 15 mya in B. rapa; Schmutz 
et al. 2010; Wang et al. 2011). Despite these findings, 
detailed studies on the evolutionary patterns and conse
quences of conserved MIRNAs following WGDs are still 
lacking. Further investigations are warranted to gain a bet
ter understanding of how conserved MIRNAs evolve after 
WGDs.

In this study, we selected pairs of species where one 
species had experienced an independent WGD after 
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speciation, and conducted genome-wide, comprehensive 
studies on the evolution of conserved miRNAs following 
WGDs. Considering the timing of WGDs, we selected the 
species pairs A. thaliana-Vitis vinifera, G. max-Medicago 
truncatula, and Zea mays-Oryza sativa. Our findings indi
cate that WGDs play a critical role in the expansion of con
served miRNA families. Notably, homologous analyses of 
conserved miRNA families revealed that members of these 
families frequently originate and die, and we investigated 
the mechanisms behind these processes. Additionally, we 
found that the mature sequences of conserved miRNA 
can gradually diverge, and that duplicate target genes 
with different miRNA-target interactions exhibit diverse 
expression patterns and functional divergence. This study 
provides new insights into the evolutionary patterns of con
served MIRNAs after WGDs. We discovered that these con
served MIRNAs can be inherited from ancestral copies or 
can derive from novel loci in certain lineages or species.

Results

Conserved MIRNAs Are More Likely to Retain as 
Duplicates Than Other MIRNAs

To investigate the retention and loss patterns of miRNA fol
lowing different WGDs in plants, we selected 3 pairs of spe
cies with varying WGD histories: A. thaliana and V. vinifera, 
G. max and M. truncatula, and Z. mays and O. sativa 
(Lohaus and Van de Peer 2016; Van de Peer et al. 2017; 
Fig. 1). First, we obtained miRNA annotation information 
for each species from the plant miRNA database PmiREN 
(https://pmiren.com/; Guo et al. 2020) and annotated 
miRNA targets by integrating degradome data and target 
prediction analyses (supplementary tables S1 to S6, 
Supplementary Material online). To gain a general under
standing of MIRNA evolution in these species, we identified 
the species-specific and non-species-specific MIRNAs based 
on the annotation information (species-specific MIRNA are 

(a)

(b) (c)

Fig. 1. Overview of the different types of MIRNAs and target genes in studied species. a) Detailed classification of MIRNAs and identification of target genes: 
The total number and families of species-specific and non-species-specific MIRNAs, as well as the proportion of MIRNA duplicates derived from WGDs and 
MIRNA singletons within or outside syntenic blocks are shown for each studied species. The total and average number of target genes for each class of MIRNAs 
are also shown. Each pair of species is represented in the same color. The whole-genome duplication events experienced by each species are indicated on the 
species tree and assigned numbers. Evolutionary divergence times for each lineage were inferred from TimeTree (http://www.timetree.org/). b) The copy num
bers of conserved and 28 selected other miRNA families are displayed for the 6 studied species. c) The percentages of conserved MIRNAs in MIRNA pairs 
duplicated from independent and shared WGDs for each studied species.
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prefixed by “MIRN”) and further identified those with or 
without duplicated copies from WGDs, through intrage
nomic syntenic analyses. Syntenic MIRNA pairs belonging 
to the same miRNA family were considered as MIRNA du
plicates derived from WGDs. The remaining MIRNAs were 
considered singletons, including MIRNAs located in non- 
syntenic regions and those in syntenic blocks but without 
syntenic MIRNA pairs. We identified a total of 260, 51, 47, 
45, 76 and 62 MIRNA duplicates, as well as 463, 592, 
174, 244, 385 and 637 MIRNA singletons for G. max, 
M. truncatula, A. thaliana, V. vinifera, Z. mays and O. sa
tiva, respectively (Fig. 1a). The percentage of MIRNA dupli
cates in these species ranged from 7.93% to 35.96%, 
with species that have undergone independent WGD 
events (G. max, A. thaliana, and Z. mays) showing a higher 
proportion of MIRNA duplicates compared with their 
counterparts (supplementary table S7, Supplementary 
Material online). Furthermore, nearly all MIRNA duplicates 
were non-species-specific (Fig. 1a). These findings suggest 
that WGDs significantly contribute to the expansion of 
miRNA families.

To better understand the evolution of conserved MIRNAs, 
we compared the retention and loss of duplicated copies 
for conserved MIRNAs after WGDs with those of other 
MIRNAs. We retrieved 31 conserved miRNA families across 
land plant species as proposed in previous studies (Chávez 
Montes et al. 2014; Axtell and Meyers 2018). We then se
lected the top 28 other miRNA families, which are present 
in the maximum number of species and have the largest total 
copy number across all existed species (supplementary table 
S8, Supplementary Material online), and compared the copy 
numbers of conserved and these other miRNA families 
across 6 species. The results show that the copy numbers 
of most conserved miRNA families are significantly higher 
than those of other miRNA families. Notably, several con
served miRNA families, such as miR156, miR166, and 
miR169 exhibit higher copy numbers in species that have 
undergone recent WGDs, such as G. max and Z. mays 
(Fig. 1b). Additionally, we identified MIRNA pairs derived 
from independent WGDs in G. max (WGD3), A. thaliana 
(WGD4,5) and Z. mays (WGD9), as well as MIRNA pairs du
plicated from the shared WGDs of each species pair in these 
6 species (WGD1,2 for G. max and M. truncatula, WGD1 for 
A. thaliana and V. vinifera, and WGD6,7,8 for Z. mays and O. 
sativa) (Fig. 1a and c). For MIRNA duplicated pairs derived 
from recent WGDs in G. max, A. thaliana, and Z. mays, 
we further selected the pairs with orthologs in their paired 
species (supplementary tables S9 and S10, Supplementary 
Material online). We then calculated the percentage of 
conserved MIRNAs in these duplicated pairs and observed 
that the majority (76.9% to 96.2%) of MIRNA duplicates 
are evolutionary conserved, for MIRNA duplicated pairs 
derived from both recent (independent) and ancient 
(shared) WGDs in these studied species. These results 

suggest that conserved MIRNAs are more likely to be re
tained as duplicates after WGDs compared with other 
MIRNAs (Fig. 1c).

Sequence Conservation and Divergence of MIRNA 
Duplicates

Duplicated protein-coding genes often show sequence 
and/or expression divergence. However, our understanding 
of sequence divergence in MIRNA duplicates remains lim
ited, despite the significant contribution that sequence di
vergence of mature miRNAs may make to their functional 
diversity. In this study, we compared the mature sequences 
of MIRNA paralogs and orthologs in 3 pairs of species. For 
each pair, we first compared the mature sequences of each 
MIRNA duplicate pair in the species that has undergone 
independent WGDs. Then, we identified the orthologs of 
the duplicated MIRNAs in the other species and compared 
their mature miRNA sequences (Fig. 2a). For the pair of A. 
thaliana and V. vinifera, we first compared paralogous 
MIRNA sequences within A. thaliana. Out of 30 duplicated 
MIRNA pairs, 19 pairs (63.3%) had identical mature 
miRNAs (S1 = S1′), while the remaining 11 pairs (36.7%) 
exhibit sequence divergence in their mature miRNAs 
(S1∼S1′). We then compared the sequences of correspond
ing orthologs in V. vinifera with the 2 MIRNAs from A. thali
ana. Among the 19 identical MIRNA pairs in A. thaliana, we 
found orthologs in V. vinifera for 14 pairs. Of these, 10 had 
identical mature miRNAs (S1 = S1′=S2), while 4 exhibited 
sequence divergence (S1 = S1′∼S2). Among the 11 paralo
gous MIRNA pairs in A. thaliana that produce divergent ma
ture miRNAs, 8 pairs had orthologs identified in V. vinifera. 
Of these, 7 pairs contained one miRNA that was identical to 
the corresponding orthologous sequence in V. vinifera 
(S1∼S1′=S2) and the remaining one pair showing divergent 
ortholog in V. vinifera (S1∼S1′∼S2; Fig. 2a, supplementary 
table S11, Supplementary Material online). Results across 
the 3 species consistently indicate a high percentage of 
MIRNA duplicate pairs that produce identical mature 
miRNAs (63.3%, 56.7%, and 68.8% for A. thaliana, G. 
mays, and Z. mays, respectively). Additionally, most ortho
logs identified between A. thaliana and V. vinifera, as well 
as Z. mays and O. sativa, demonstrated significant se
quence conservation (Fig. 2a).

To explore whether duplicated MIRNAs undergo se
quence divergence over evolutionary time, we examined 
MIRNA pairs duplicated from various WGDs in G. max, 
A. thaliana, and Z. mays. We observed that MIRNA dupli
cates with identical mature sequences tend to have a higher 
percentage (approximately 47% to 70%) of pairs derived 
from recent WGDs (WGD3, WGD4,5, and WGD9 for 
G. max, A. thaliana, and Z. mays, respectively) compared 
with those with diverged mature sequences (around 19% 
to 40%; Fig. 2b, supplementary table S12, Supplementary 
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(a)

(b) (c)

Fig. 2. The sequence divergence of MIRNA duplicated pairs and its correlation with the divergence of flanking genes. a) The conservation and divergence of 
mature sequences in MIRNA duplicates, with black figures indicating the number of MIRNA duplicates for each scenario. b) The percentage of MIRNA du
plicates derived from recent and ancient WGDs for paralogous MIRNA pairs with identical and divergent mature miRNAs in Glycine max, Arabidopsis thaliana, 
and Zea mays, respectively. The percentage of MIRNA duplicates derived from recent and other WGDs in pairs with identical and divergent mature miRNAs 
were compared across these 3 species, and the difference between these 2 datasets are significant. The statistical analysis was conducted by Student’s t test, 
***P-value < 0.001. c) Comparison of the evolutionary rates of up- and down-stream 10 flanking genes between MIRNA duplicates with identical and di
vergent mature sequences in G. max, A. thaliana, and Z. mays, respectively. The Ka and Ks values of syntenic gene pairs flanking MIRNA duplicates with iden
tical and divergent mature sequences were grouped and plotted for each species. A significant difference in both Ka and Ks was observed between miRNA 
duplicates with identical and divergent mature sequences in G. max and Z. mays (as shown with asterisk). The statistical analysis was conducted by Student’s t 
test, ***P-value < 0.001.
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Material online; Student’s t test, P-value <0.001). For in
stance, in A. thaliana, out of 17 MIRNA pairs duplicated 
from the WGD4 or WGD5, 13 pairs had identical mature 
miRNAs and 4 pairs had diverged mature miRNAs. This ac
counts for 68.24% (13/19) of all MIRNA duplicated pairs 
with identical mature miRNAs and 36.36% (4/11) of all 
MIRNA duplicated pairs with diverged mature miRNAs 
(Fig. 2a and b). These findings suggested that the mature se
quences of duplicated MIRNAs may gradually diverge follow
ing WGDs. Additionally, we compared the evolutionary rates 
of flanking genes of these MIRNA pairs. We found that both 
Ka and Ks values of the genes flanking duplicated MIRNAs 
with identical mature miRNAs are relatively lower than those 
of genes flanking duplicated MIRNAs with divergent mature 
miRNAs in all these 3 species, especially in G. max and 
Z. mays, which undergone relatively recent WGDs (Fig. 2c; 
Student’s t test, P-value <0.001). In M. truncatula, V. vini
fera, and O. sativa, which have undergone ancient WGDs, 
this tendency described above is not apparent 
(supplementary fig. S1, Supplementary Material online). 
This suggests that the sequence divergence of duplicated 
MIRNAs is consistent with that of their flanking genes after 
recent WGDs. However, as MIRNAs and genes evolve over 
long periods following WGDs, the correlation between their 

sequence evolution rates may no longer exist, possibly due to 
different selection pressure on them.

Expansion of Conserved miRNA Families During 
Evolution

To better understand the evolution of conserved MIRNAs, 
we identified paralogous and orthologous MIRNAs among 
6 species based on the interspecific and intraspecific 
syntenic analyses (supplementary tables S9, S10 and S13, 
Supplementary Material online). The paralogous and ortho
logous MIRNAs inherited from common conserved ancestral 
loci were grouped into clusters based on shared members 
among different syntenic pairs (supplementary table S14, 
Supplementary Material online). The results show that 
members of nearly all conserved miRNA families are distrib
uted across multiple clusters, suggesting that most con
served miRNA families have multiple ancestral encoding 
loci (Fig. 3a). Specifically, for the 21 conserved miRNAs fam
ilies present in all 6 species, we found that while most have 
syntenic members among all species, some conserved 
miRNA families, such as miR160, miR162, and miR168, 
exhibit syntenic relationships in only a few species (Fig. 3a 
and b, supplementary table S15, Supplementary Material

(a)

(b) (c)

Fig. 3. The birth and death of conserved MIRNAs in the 6 studied species are illustrated. a) This section presents the cluster information for 21 conserved 
miRNA families found in all 6 species examined. The size of each circle represents the number of clusters in different scenarios, while the color indicates 
the average number of MIRNA members within the clusters for each specific scenario. b) This part depicts the percentage of MIRNA members with varying 
degrees of conservation across the 6 species for each conserved miRNA family. c) This section shows the gain and loss of MIRNA encoding loci among the 21 
conserved miRNA families.
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online). Moreover, for the conserved miRNA families with 
syntenic cluster among 6 species, there are also some mem
bers that show syntenic relationships only among a few spe
cies or specific species (Fig. 3a and b, supplementary figs. S2 
to S8, Supplementary Material online). These findings indi
cate that not all members of the conserved miRNA families 
display syntenic relationships across the studied species. 
Possible explanations for this result include translocation 
or loss of MIRNAs in syntenic loci, duplication of MIRNAs 
via mechanisms except WGDs, as well as independent ori
gination of MIRNAs in new loci. We conducted a gain and 
loss analysis of the MIRNA loci for each of the 21 con
served miRNA families. Our analysis revealed that inde
pendent origination of MIRNAs in new loci and the loss 
of MIRNAs derived from the duplication of pre-existing 
loci occurred frequently within specific lineages or species 
throughout evolution (Fig. 3c). Moreover, some of these 
conserved miRNA families have gained multiple new loci 
in specific lineage or species (supplementary figs. S2 to 
S8, Supplementary Material online).

To further investigate the possibility of independent ori
gination of MIRNAs within conserved families, we analyzed 
the evolution of MIRNAs in specific families. For the con
served miRNA family miR397, we observed that besides 
the MIRNAs showing syntenic relationships among 4 eudicot 
species and 2 monocot species, each of G. max, A. thaliana, 
and Z. mays also possesses one MIRNA located in non- 
syntenic encoding loci (Gma-miR397c, Ath-miR397b, and 
Zma-miR397a; Fig. 4a). Intriguingly, through intergenomic 
syntenic analysis and sequence alignment, we identified seg
ments with high sequence similarity to Gma-miR397c in the 
syntenic regions of the M. truncatula, A. thaliana, and 
V. vinifera genomes (Fig. 4b and c, supplementary figs. S9
and S10, Supplementary Material online). To further confirm 
the de novo origination of Gma-miR397c, we identified syn
tenic loci and similar sequences in its closely related species 
Phaseolus vulgaris. The results show that there is also no syn
tenic encoding locus for Gma-miR397c in P. vulgaris, but 
segment with high sequence similarity to Gma-miR397c 
was found in corresponding syntenic region. Similarly, we 
confirmed there is no syntenic encoding locus for 
Zma-miR397a in its closely related respecies Sorghum 
bicolor. We found segments with high sequence similarity 
to Zma-miR397a in the syntenic regions of S. bicolor, 
O. sativa, and M. truncatula genomes (Fig. 4b and c, 
supplementary fig. S11, Supplementary Material online). 
The secondary structure prediction of pre-miRNAs revealed 
that Gma-miR397c and Zma-miR397a can form perfect 
stem-loop structures. In contrast, most of their similar se
quences identified earlier do not exhibit the canonical fea
tures of pre-miRNAs (Fig. 4d, supplementary figs. S9 to 
S11, Supplementary Material online). Based on the principle 
of maximum parsimony, these observations suggest that the 
gradual sequence variations may have occasionally led to the 

formation of hairpin structures or promoter sequences, con
tributing to the de novo origination of Gma-miR397c, 
Zma-miR397a, and Ath-miR397b at new encoding loci. 
Consequently, it can be inferred that some members of 
conserved miRNA families may have originated independ
ently multiple times throughout evolution, despite produ
cing highly conserved or even identical mature miRNA 
sequences.

Conserved miRNAs Tend to Target WGD-derived 
Duplicates

Besides the retention or loss of duplicated gene copies, the 
diverse expression patterns of paralogous genes significant
ly contribute to the stabilization and rewiring of biological 
networks following WGDs. As key regulators of gene ex
pression, miRNAs, especially conserved ones, can play cru
cial roles in these processes. To assess the regulatory impact 
of conserved miRNAs on paralogous genes resulting from 
WGDs, we classified the target genes of miRNAs with vary
ing degrees of conservation into duplicated gene pairs from 
different duplication mechanisms and singletons across 6 
species. We then calculated the percentage of different 
types of target genes for miRNA at each conservative level, 
respectively. Similarly, we identified all duplicated genes de
rived from different duplication mechanisms and singletons 
and computed the proportion of each gene type among all 
protein-coding genes of each species. Using the percentage 
of each type of gene in each genome as references, we 
found that WGDs-derived target genes make up a higher 
percentage of total target genes across all 6 species, par
ticularly for conserved miRNAs. This indicates a preference 
for miRNAs to regulate duplicated genes derived from 
WGDs, especially conserved ones, in species that have 
undergone either recent or ancient WGDs (Fig. 5a).

To further investigate the regulatory effects of conserved 
miRNAs on the paralogous genes and associated biological 
networks following WGDs, we analyzed the expression and 
functional divergence of target duplicates with different 
miRNA regulatory pattern. Firstly, the target genes of con
served MIRNA duplicates and singletons in each species 
were identified and further were classified into duplicates, 
one member of a duplicated gene pair, and singletons. 
The target genes and corresponding MIRNAs that 
overlapped through different MIRNA–target interaction 
scenarios were removed (supplementary table S16, 
Supplementary Material online). We then compared the 
duplicated status of target genes between conserved 
MIRNA duplicates and singletons in these 6 species. The ra
tio of target singletons to target duplicates for conserved 
MIRNA duplicates was found to be significantly lower 
than that for conserved MIRNA singletons (Fig. 5b and c; 
Student’s t test, P-value <0.05). This indicates that targets 
of MIRNA duplicates tend to be retained as duplicates 
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rather than as singletons after WGDs. This finding is con
sistent with previous studies and suggests that the reten
tion or loss of conserved MIRNAs and their target genes 
follows the dosage balance rule. Next, the expression and 
functional divergence between the 2 members of the dupli
cate gene pairs in MIRNA–target interaction scenarios a, b, 
d, and e were investigated in A. thaliana (supplementary 
tables S17 and S18, Supplementary Material online). The 

target duplicates whose 2 members differentially expressed 
and with differential functional annotations (Gene 
Ontology terms) were obtained in each scenario, respect
ively. Using the corresponding analysis results of the dupli
cated gene pairs without MIRNA regulation as a control, we 
found that pairs co-regulated by duplicated MIRNAs (scen
ario a) exhibited a lower expression divergence rate 
(42.86% vs. 77.48%) and lower functional divergence 

(a)

(c)

(d)

(b)

Fig. 4. The independent origination of miR397 members in Glycine max, Arabidopsis thaliana, and Zea mays. a) The syntenic relationship of miR397 among 6 
species. Blue ovals linked by lines represent MIRNAs inherited from the common ancestral loci across these species, with the numbers inside indicating the 
count of syntenic MIRNAs derived from the corresponding ancestral encoding locus in each species. Green ovals denote MIRNAs that originated independently 
in specific species, with the numbers inside indicating the count of corresponding MIRNAs in each species. b) The independent origination of Gma-miR397c 
and Zma-miR397a is supported by local synteny. Chromosome segments are represented by solid lines. MIRNAs are represented by red spots, the identified 
similar sequences of these 2 MIRNAs are represented by grey spots, and paralogous and orthologous genes in the same column are represented by bricks in 
same colors. Genes with no syntenic matches to the selected regions are not plotted. c) Sequence alignment of Gma-miR397c with its syntenic region in 
G. max, Phaseolus vulgaris, and Medicago truncatula, and of Zma-miR397a with its syntenic region in Z. mays, Sorghum bicolor, and Oryza sativa. 
Mature miRNA and their corresponding sequences in syntenic regions are highlighted in red boxes. d) The predicted secondary structure of 
Gma-miR397c and Zma-miR397a, as well as those of their similar sequences in the corresponding syntenic regions of their own genomes and other studied 
genomes, respectively. Mature miRNA and their corresponding sequences in the syntenic regions are marked in red and indicated by red lines.
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(a)

(b) (c)

(d) (e)

Fig. 5. The regulatory effects of miRNAs on the duplicated genes derived from WGDs. a) The proportions of duplicates resulting from different duplication 
mechanisms and singletons among all target genes for miRNAs with varying degrees of conservation in each species, respectively. Red dots indicate the pro
portion of each gene type among all protein-coding genes in each species. b) A schematic representation of different MIRNA–target interaction scenarios. 
Scenario a: both members of the MIRNA duplicates regulate both members of the target duplicate pairs; Scenario b: both members of the MIRNA duplicates 
regulate only one member of the target duplicate pairs. Scenario c: both members of the MIRNA duplicates regulate the same target singleton; Scenario d: 
MIRNA singletons regulate both members of the target duplicate pairs; Scenario e: MIRNA singletons regulate only one member of the target duplicate pairs; 
Scenario f: MIRNA singletons regulate target singletons. m1 and m2 represent the 2 members of miRNA duplicate pairs; T1 and T2 represent the 2 members of 
target duplicate pairs; m and T represent miRNA singleton and target singleton, respectively. c) Comparison of the ratio of target singletons to target duplicates 
between conserved MIRNA duplicates (the number of targets in scenario c vs. scenario a) and MIRNA singletons (the number of targets in scenario f vs. scenario 
d) in studied species. The statistical analysis was conducted by Student’s t test, *P-value <0.05. d) The percentage of duplicated target genes whose 2 members 
express divergently in each MIRNA–target interaction scenario for conserved MIRNAs. e) The percentage of duplicated target genes whose 2 members are 
functionally divergent in each MIRNA–target interaction scenario for conserved MIRNAs.
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rate (57.14% vs. 74.23%). In contrast, the expression di
vergence rate of duplicated gene pairs with one member 
co-regulated by duplicated MIRNAs (scenario b) or MIRNA 
singletons (scenario e) was similar to that of pairs without 
MIRNA regulation, though the functional divergence rates 
in these scenarios were higher than the control (Fig. 5d 
and e). Therefore, these results suggest that miRNA might 
act as a genetic buffer against genomic shock subsequent 
to WGDs, and maintain the stability of expression of target 
genes and related regulatory networks. In addition, with 
the gradual loss and sequence divergence of duplicated 
MIRNAs and genes in patterns b and e, the divergence 
and gain/loss of MIRNA–target interaction would occur 
and result in a rewired and more complex regulatory net
work. Thus, it appears that miRNAs may play essential roles 
in stabilizing and complexing the related regulatory net
works following WGDs.

Discussion
WGD, caused by polyploidization, is a widespread phenom
enon in plant genomes that results in a sudden increase in 
the entire gene set. Like protein-coding genes, MIRNAs also 
duplicate during WGDs. As crucial regulators mainly at the 
posttranscriptional level, miRNAs regulate gene expression 
by binding to the transcripts of target genes based on se
quence complementarity. Therefore, both the duplicate 
status (or dosage) and sequence divergence of MIRNAs sig
nificantly affect gene expression and the evolution of gen
etic networks. To understand the evolutionary patterns and 
consequences of conserved MIRNAs following WGDs, we 
performed genome-wide and comprehensive studies on 
the retention-loss, birth-death and sequence conservation- 
divergence of conserved MIRNAs in 3 pairs of species with 
different WGD histories. The results indicate that WGDs 
may play an essential role in increasing the member of con
served miRNA families and provide novel insights into the 
independent origination of some of their members.

Previous studies have suggested that WGD contributes 
to the expansion of miRNA families by analyzing miRNA 
evolution within specific families or species. By comprehen
sively investigating the retention patterns of MIRNAs fol
lowing WGDs in 6 studied species, we also found that 
some MIRNAs were retained as duplicates, with a higher 
percentage in species that have undergone more rounds 
of WGDs. Furthermore, by identifying conserved and other 
MIRNAs in MIRNA duplicated pairs derived from the inde
pendent WGDs in G. max, A. thaliana and Z. mays, as 
well as in pairs derived from the shared WGDs in these 6 
species, we observed that conserved MIRNAs account for 
a higher proportion of MIRNA duplicates compared with 
other MIRNAs in MIRNA pairs duplicated from whether re
cent or ancient WGDs. These observations reveal that con
served MIRNAs are preferentially retained as duplicates 

rather than other MIRNAs after WGDs. This indicates that 
WGDs facilitate the expansion of conserved MIRNA families, 
consistent with previous studies showing that multiple-copy 
MIRNAs are evolutionarily more conserved than single-copy 
MIRNAs (Sun et al. 2015; Zhao et al. 2015).

The conservation of miRNA families is typically defined 
based on their phylogenetic distribution and nucleotide se
quence similarity of the mature miRNA (Chávez Montes 
et al. 2014; Taylor et al. 2014; You et al. 2017). However, 
MIRNA genes, like any other genes, can be gained and 
lost during evolution, and there is often little sequence con
servation beyond the DNA encoding the mature miRNA 
and miRNA*. It may thus appear possible that some 
miRNAs within the same family may be homoplasious ra
ther than homologous. In this study, we unambiguously 
identified MIRNA homologs from the 6 selected species 
using a synteny-based comparative genomics strategy. 
We further investigated the evolution of encoding loci of 
conventionally conserved miRNA families. Our results indi
cate that the loss of copies duplicated from pre-existing 
loci and the independent origination of copies in new en
coding loci in specific lineages or species occurred frequent
ly during the evolution of conserved miRNA families. 
Specifically, for certain members of the miR397 family 
(Gma-miR397c and Zma-miR397a), which are located in 
non-syntenic loci, we found evidence suggesting that se
quence divergence of the corresponding syntenic segments 
may have led them to “born” independently. While we 
cannot entirely exclude the possibility that pseudogeniza
tion of inherited syntenic miR397 in the homologous loci 
of other species results in none syntenic miRNA were iden
tified for Gma-miR397c and Zma-miR397a. We infer, based 
on the principle of maximum parsimony, that these 2 
miRNAs likely originated independently in new loci. Thus, 
it is reasonable to speculate that, like non-conserved 
miRNA families, the conventional conserved miRNA fam
ilies may also experience high birth and death rates, with 
their members originating independently multiple times 
throughout evolution, despite producing highly conserved 
or even identical mature miRNA sequences. Due to the lim
ited number of species used in this study, the identification 
of homologous miRNA inherited from the same ancestral 
loci, as well as the investigation of homologous loci of non- 
syntenic miRNAs in other species, might be incomplete. 
This could lead to the inaccuracies in the birth and death 
analyses of conserved miRNA families. For instance, some 
miRNAs thought to have originated de novo may actually 
have syntenic miRNAs in species we did not include. 
Further homologous analyses, based on more representa
tive species from major clades of land plants, could provide 
a better understanding of the evolution of conserved 
miRNA families.

It is well acknowledged that sequence divergence 
of protein-coding genes is prevalent following WGDs. 
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However, the sequence divergence of MIRNA duplicates 
after WGDs remains under-studied. To understand the se
quence divergence of duplicated MIRNAs, we compared 
the mature sequences of duplicated MIRNA pairs in spe
cies with independent WGD events with their respective 
orthologs in other species. The results show that more 
than half of the MIRNA duplicates produce identical ma
ture miRNAs, and the majority of these are also identical 
to the mature miRNA produced by their orthologs, sug
gesting high sequence conservation among duplicated 
MIRNAs. Furthermore, we compared the sequence diver
gence of MIRNA duplicates derived from different WGDs 
and found that MIRNA duplicates producing identical ma
ture miRNAs have a higher percentage of pairs derived 
from recent, lineage or species specific WGD events, com
pared with MIRNA duplicates generating different 
miRNAs. Considering the high proportion of conserved 
MIRNAs in MIRNA duplicates, this result suggests that 
conserved MIRNA duplicates diverge gradually following 
WGD events. Like protein-coding genes, the sequence di
vergence of MIRNA duplicates may lead to sub- 
functionalization or neo-functionalization, contributing 
further to the evolution of related regulatory networks.

Duplicated gene pairs resulting from WGDs can 
follow several evolutionary fates, including conservation, 
neo-functionalization, sub-functionalization, and non- 
functionalization, which drive the rewiring and complexity 
of regulatory networks (Rensing 2014; Wendel et al. 
2016). In this study, we explored the regulatory effects of 
conserved miRNAs on the evolutionary processes of paralo
gous genes following WGDs, by examining expression 
and functional divergence between the 2 members of du
plicate gene pairs with various MIRNA-target interaction 
scenarios (a, b, d, and e) in A. thaliana. Our results suggest 
that miRNA may serve as genetic buffers against genomic 
shock following WGDs, leading to reduced expression 
and functional divergence in duplicated gene pairs in scen
ario a, thereby stabilizing related regulatory networks. 
However, as duplicated MIRNAs and target genes gradually 
lose function and diverge in sequence, MIRNA–target inter
action may evolve. This could result in some duplicated 
gene copies escaping miRNAs regulation or other copies ac
quiring miRNA binding sites (pattern b and e), contributing 
to functional divergence and a more complex regulatory 
network. Thus, miRNAs may play a critical role in both sta
bilizing and complicating regulatory networks following 
WGDs. Further comparative analyses of the expression 
and functional divergence of gene duplicates with different 
miRNA-target interaction scenarios based on more tran
scriptome and experimental datasets from other species 
would be valuable in validating this hypothesis and enhan
cing our understanding of the regulatory effects of con
served miRNAs on the paralogous genes and associated 
biological networks following WGDs.

Materials and Methods

Genome, miRNA and Target Data Sets

The complete or draft genome sequences of the 6 species 
studied were obtained from Phytozome (https:// 
phytozome.jgi.doe.gov/pz/portal.html). The miRNA and tar
get annotation information for these species were down
loaded from the PmiREN database (Guo et al. 2020). The 
miRNA targets annotated in this database are supported 
by evidence from 2 plant miRNA target prediction methods: 
psRNATarget (Dai et al. 2018) and RNAhybrid (Kruger and 
Rehmsmeier 2006). Some targets also have confirmation 
from PARE (Parallel Analysis of RNA Ends) sequences data
sets, indicating cleavage signals in several species. Due to 
the high rate of false positives in prediction results, we fur
ther predicted the miRNA targets for each species using 
TargetFinder (Bo and Wang 2005), applying strict filtering 
criteria. Targets were identified as high-confidence if they 
met at least one of the following criteria: (i) significant cleav
age signal from the PARE sequencing dataset (categories 0 
or 1); (ii) cleavage signal from the PARE sequencing dataset 
(category 2), along with predictions from at least one of 
the prediction tools; (iii) weak (categories 3 or 4) or no cleav
age signal from the PARE sequencing dataset, with predic
tions from at least 2 of the 3 prediction tools.

Homologous MIRNAs and Target Genes Identification by 
Performing Synteny Analyses

Intragenomic and intergenomic synteny analyses were per
formed using MCScanX (Wang et al. 2012). First, GFF 
(General Feature Format) files for the MIRNAs in each spe
cies were generated and combined with the files for all 
protein-coding genes within the same species. Next, we 
conducted an all-against-all BLASTP analysis for protein- 
coding genes and BLASTN for precursor sequences of 
MIRNAs using an E-value cutoff of 10−3 (Camacho et al. 
2009). The top 20 BLAST matches for each query were se
lected, and the results for both protein-coding genes and 
MIRNAs were integrated. Finally, we utilized MCScanX to 
identify syntenic blocks using default parameters, which re
quire a minimum of 5 genes to define a syntenic block and 
allow for a maximum of 25 gene gaps. This approach facili
tated the identification of conserved genomic regions 
across the studied species (Wang et al. 2012).

Paralogous and orthologous pairs for MIRNAs and their 
target genes were identified based on genome synteny. 
The MIRNA pairs located within syntenic loci of intrage
nomic or intergenomic blocks, and generating mature 
miRNAs that belong to the same miRNA family, were clas
sified as paralogous or orthologous pairs, respectively. 
Similarly, syntenic gene pairs, where both members are 
regulated by miRNAs, were referred to as paralogous or 
orthologous target duplicates.
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Identification of MIRNA Duplicate Pairs Derived From 
Different WGDs

To identify the duplicate MIRNA pairs generated by various 
WGD events in species with independent WGDs (A. thali
ana, G. max, and Z. mays), we analyzed the distribution 
of Ks values of orthologous gene pairs between the gen
omes of each pair of species. The detailed steps were as fol
lows: (i) BLASTP Searches: we performed all-against-all 
BLASTP searches between the genomes with an E-value 
cutoff of 1 × 10−3 (Camacho et al. 2009), determining 
orthologous gene pairs by the best reciprocal matches. 
(ii) Protein Sequence Alignment: the protein sequences of 
each orthologous gene pair were aligned using MUSCLE 
(Edgar 2004), and the resulting protein alignments guided 
coding sequence alignments using PAL2NAL (Suyama et al. 
2006). (iii) Ks Calculation: the Ks value for each orthologous 
gene pair was calculated using the Nei-Gojobori algorithm 
(Nei and Gojobori 1986) implemented in the yn00 program 
of the PAML package (Yang 2007). (iv) Filtering: gene pairs 
with Ks values greater than 3.0 were excluded due to satu
rated substitutions at synonymous sites. The Ks distribution 
of the remaining gene pairs was then constructed. (v) Peak 
Identification: the peak of the Ks distribution was identified 
and the Ks value at this peak was used as a cutoff in subse
quent analyses. Next, we calculated the Ks value of each 
gene pair in the syntenic blocks of A. thaliana, G. max, 
and Z. mays following the previously mentioned steps. 
We then computed the median Ks values of all syntenic 
gene pairs within each syntenic block. Intragenomic synten
ic MIRNA pairs in A. thaliana, G. max, and Z. mays with me
dian Ks value less than their respective cutoff values were 
considered to be derived from recent, lineage- or species- 
specific WGDs. Conversely, syntenic MIRNA duplicates 
with median Ks values greater than their respective cutoff 
values were considered to be derived from shared WGDs 
of the pairwise species.

Cluster Analysis of MIRNA

To comprehensively and accurately identify the homolo
gous MIRNA cluster, we further conducted synteny ana
lyses using MCScanX with the maximum gap between 
the anchor genes to 50 (Wang et al. 2012). Following 
this, the homologous MIRNAs, which are inherited from 
the same ancestral encoding locus were grouped into the 
same cluster using a custom Python script. For MIRNA with
in the same species or branch (core eudicots or monocots), 
intergenomic and intragenomic syntenic MIRNA pairs with 
overlapping members were grouped into the same cluster, 
based on the synteny results with a maximum gap of 25 
genes. For MIRNAs of eudicot and monocot species, the 
paralogous and orthologous MIRNA pairs with overlapping 
members were group together if MIRNA from one lineage 
showed syntenic relationships with at least 2 species from 

the other lineage, based on the synteny results with a max
imum gap of 50 genes.

Identification and Classification of Target Genes Derived 
From Different Duplication Events

To identify target duplicates derived from various duplication 
events, we conducted the following analyses for each spe
cies: (i) detection of duplicate gene pairs: all duplicate gene 
pairs were identified using best reciprocal BLASTP align
ments (Camacho et al. 2009). (ii) Classification of duplicate 
gene pairs: these duplicate gene pairs were classified into 
3 categories: WGD-derived pairs—gene pairs with evidence 
of genomic synteny; tandem duplicated pairs—gene pairs lo
cated within 5 genetic loci of each other; other duplicate 
pairs—the remaining duplicate gene pairs. (iii) Target identi
fication: miRNA targets in each category were further iden
tified and considered as the target duplicates derived from 
the corresponding duplication events.

Expression Divergence and Functional Relevance 
Analyses of the Duplicated Gene Pairs With Different 
miRNA–Target Interaction Patterns

To better understand the significant roles of conserved 
miRNA in the regulatory network following WGDs, we es
timated the expression divergence and functional relevance 
of paralogous gene pairs with different miRNA-target inter
action patterns in A. thaliana. The steps were as follows: 
(i) expression data collection: SRA data files for transcrip
tomes of 4 tissues (flower, leaf, siliques, and seedling) of 
A. thaliana were downloaded from the Gene Expression 
Omnibus (GEO accessions GSE34318, GSE61545, and 
GSE49950) using “prefetch” command from sratoolkit.3.0.0 
and were further converted into FASTQ format with the 
“fastq-dump” command. (ii) Transcriptomic data analyses: 
these raw RNA sequencing reads were preprocessed using 
Trimmomatic (Bolger et al. 2014) to remove adaptor se
quences and low-quality reads. The clean reads were then 
mapped to the reference genome using HISAT2 with default 
parameters. The expression abundance values were calcu
lated using Stringtie (Pertea et al. 2016), and the abundance 
values from the 3 biological replicates of each sample were 
averaged to obtain the expression level of each gene. 
(iii) Retrieval of duplicated gene pairs: we retrieved duplicated 
gene pairs with miRNA-target interaction pattern a, b, d, and 
e for conserved miRNAs. (iv) Expression divergence analysis: 
for each duplicated gene pair, the fold change of RPKM va
lues between the 2 members in each tissue was calculated. 
Pairs with an absolute value of log2 fold change ≥1 in at least 
one tissue were considered to be differentially expressed. 
(v) Functional relevance investigation: to assess functional 
relevance, the functional annotation of the 2 members in 
each duplicated gene pair was compared based on the 
gene ontology (GO) annotations of A. thaliana download 
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from The Arabidopsis Information Resource (https://www. 
arabidopsis.org/) database. The 4 categories of duplicated 
gene pairs with different GO terms were identified, and these 
pairs were considered functionally divergent. (vi) Control ana
lysis: duplicated gene pairs without miRNA regulation were 
also identified and their corresponding analysis results were 
used as controls in subsequent comparative analyses.

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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