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Abstract

S-RNases are essential in the gametophytic self-incompatibility (GSI) system of many flowering plants, where they act as stylar-S
determinants. Despite their prominence, the syntenic genomic origin and evolutionary trajectory of S-RNase genes in eudicots have
remained largely unclear. Here, we performed large-scale phylogenetic and microsynteny network analyses of T2 RNase genes across
130 angiosperm genomes, encompassing 35 orders and 56 families. S-like RNase genes in Cucurbitaceae species phylogenetically
grouped with functionally characterized S-RNases in various species. Additionally, Cucurbitaceae S-like RNase genes showed conserved
synteny with Class I T2 RNase genes. From this, we inferred that the well-characterized S-RNase genes (belonging to Class III-A genes)
and Class I T2 RNase genes (located on duplicated genomic blocks) likely derived from the gamma triplication event shared by core
eudicots. Additionally, we identified frequent lineage-specific gene transpositions of S-RNases and S-like RNases across diverse
angiosperm lineages, including Rosaceae, Solanaceae, and Rutaceae families, accompanied by a significant increase in transposable
element activity near these genes. Our findings delineate the genomic origin and evolutionary path of eudicot S-RNase genes,
enhancing our understanding of the evolution of the S-RNase-based GSI system.

Introduction

RNases are integral to a variety of cellular processes, including
DNA replication, RNA metabolism, plant defense, and self-
incompatibility (SI) (Luhtala and Parker 2010; MacIntosh 2011).
The T2 RNase family, characterized by 2 conserved active sites,
is particularly widespread across organisms and plays essential
biological roles (Irie 1999). In plants, the RNase T2 gene family
has expanded significantly, with gene duplication and loss leading
to varying numbers among species (Maclntosh et al. 2010).
Phylogenetic analyses and intron count categorize these genes
into 3 distinct groups, Classes I, II, and III (Igic and Kohn 2001),

Rutaceae, Rubiaceae, and Cactaceae families, operates through
S-RNase-based mechanisms (Franklin-Tong and Franklin 2003;
Takayama and Isogai 2005; Hua et al. 2008; Asquini et al. 2011;
Liang et al. 2020; Ramanauskas and Igi¢ 2021). Type II SI, referred
to as sporophytic SI, exists in Brassicaceae and relies on S-locus re-
ceptor kinase and S-locus cysteine-rich proteins (Schopfer et al.
1999; Suzuki et al. 1999). Type III GSI, found in Papaver, is governed
by Papaver rhoeas stigma S (PrsS) and P. rhoeas pollen S (PrpS) pro-
teins (Foote et al. 1994; Wheeler et al. 2009). Type [V SI characterizes
the sporophytic heterostyly of Primula (Huu et al. 2020; Giacomo
et al. 2022). S-RNase-based GSI system is prevalent in eudicot spe-
cies, as listed above, where it is controlled by the S-locus, which in-

with S-RNase genes specifically classified under Class III. Despite
structural similarities, they exhibit notable differences in gene ex-
pressions and functions. While Class I and Class II T2 RNases are
involved in gene expression control and antimicrobial defense re-
sponses, S-RNases are key determinants in the GSI systems of nu-
merous flowering plant (angiosperm) lineages (Franklin-Tong and
Franklin 2003; Takayama and Isogai 2005; Hua et al. 2008; Asquini
et al. 2011; Liang et al. 2020; Ramanauskas and Igi¢ 2021).

The GSI mechanism serves as a widespread system that pre-
vents inbreeding and promote outcrosses in bisexual flowering
plant species (De Nettancourt 2001). Current knowledge identifies
4 types of SI systems (Zhao et al. 2022). Type I GSI, observed in var-
lous plant families like Rosaceae, Solanaceae, Plantaginaceae,

cludes S-RNase genes as female determinants and S-locus F-box
(SLF)/S-haplotype specific F-box (SFB) genes as male determinants,
respectively, during SI interactions (Takayama and Isogai 2005).
The coevolution of S-RNase and SLF/SFB genes is central to the
GSI system, which is thought to have evolved once in eudicots
(Steinbachs and Holsinger 2002; Vieira et al. 2008; Kubo et al. 2010).

Extensive exploration of the T2 RNase gene, encompassing
S-RNase genes, has been conducted across diverse plant species,
including representatives of Poaceae, Brassicaceae, Rutaceae,
Fabaceae, Rosaceae, and Plantaginaceae (Igic and Kohn 2001;
MacIntosh et al. 2010; Morimoto et al. 2015; Liang et al. 2017;
Azizkhani et al. 2021; Vieira et al. 2021; Zhu et al. 2023). A consid-
erable number of studies have notably emphasized the origin and
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Figure 1. Phylogenetic relationships among subclasses within the 3 major classes of the RNase T2 gene family in 130 angiosperm species. The
phylogenetic tree, reconstructed using full-length protein sequences of the RNase T2 gene family and ML method with 1,000 bootstrap replications,
delineates the 3 major classes—Class [, Class II, and Class III—further divided into 7 subclasses. The scale bar represents the number of amino acid
substitutions per site. Colored dots represent different plant lineages: superrosids (light pink), superasterids (purple), basal eudicots (blue), monocots
(light green), magnoliids (purple), and basal angiosperm (magenta). Bootstrap support values are indicated for key nodes in the ML tree.

functional divergence of S-RNase from T2-type RNases. These in-
vestigations employ phylogenomic approaches that leverage
available genomic resources, compare genomic synteny, and
infer phylogenetic relationships (Vieira et al. 2008; Lv et al. 2022;
Zhao et al. 2022).

While the recent evolution of S-RNase genes of SI systems in eudi-
cots is widely acknowledged, the precise evolutionary processes
leading to the current phylogenetic grouping of S-RNases from the
entire T2 RNases family remain elusive. Synteny information holds
crucial importance in comparative genomic research, providing in-
sights into gene origins. A microsynteny network, complementing
phylogenetic analyses, reveals profound positional relationships be-
tween subfamilies at the genomic structure level (Zhao and Schranz
2017; Zhao and Schranz 2019). Here, we leverage genomic data from
130 angiosperm species to conduct a comprehensive synteny anal-
ysis of the RNase T2 gene family, with a particular focus on unravel-
ing the genomic origin and evolutionary trajectories of S-RNases.

Results

Phylogenetic analysis of the RNase T2 gene family
in angiosperms

In our study, we analyzed the RNase T2 gene family across 130
fully sequenced plant species, representing diverse lineages
and groups of flowering plants (Supplementary Fig. S1 and

Table S1). Our analysis identified a total of 1,366 T2 RNase genes
(Supplementary Table S2).

We compared the number of T2 RNase genes identified in our
study with those reported in previous publications (Zhu et al. 2020;
Lvetal. 2022; Zhaoetal. 2022) and found a high degree of consistency
(Supplementary Fig. S2). The maximum likelihood (ML) phylogenetic
tree was reconstructed using the protein sequences of all identified
T2 RNase genes, as well as the protein sequences of the S-RNase
genes with reported functions (Fig. 1; Supplementary Table S3).
This tree classified these genes into 3 main clades: Class I, Class I,
and Class III (which includes S-RNase), aligning with the current phy-
logenetic framework (Igic and Kohn 2001; Zhao et al. 2022).
Additionally, we further subdivided these classes into 7 major sub-
classes (Fig. 1; Supplementary Fig. S3A).

The 3 classes of T2 RNase genes showed distinct evolutionary
patterns across angiosperm lineages. Class I genes were found in
all major angiosperm groups, including eudicots, magnoliids,
monocots, and the Amborellales, Nymphaeales, and
Austrobaileyales (ANA) grade, suggesting their preservation
throughout angiosperm evolution (Fig. 1; Supplementary Fig. S3B).
Class II genes were present in core angiosperms, except for the
ANA grade. In contrast, Class III genes, including S-RNases, were ex-
clusive to eudicots, with some lineages showing gene absence or
loss, such as Brassicaceae and Asteraceae (Supplementary Fig. S3B).

The RNase T2 gene family copy numbers varied significantly
among angiosperm taxa, even within the same family, ranging
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from 3.3 copies in basal angiosperms to 12.9 copies in superaster-
ids (Supplementary Fig. S3B). Notably, some species like Durango
root and cotton contained a higher number of genes, while others
like jujube and begonia had only 3 genes each (Supplementary
Fig. S3B).

The distribution of gene types within the RNase T2 gene family re-
vealed a higher number of Class I (677 genes) and Class III (470 genes)
genes compared with Class II (219 genes). This suggests a relatively
limited representation of Class II genes and a notable expansion of
ClassIgenes during plant evolution (Supplementary Fig. S3B). Our ob-
servations indicate a moderate positive correlation between the gene
numbers of Class I and Class II (Supplementary Fig. S4). However, we
found weaker correlations between Class I and Class III genes and be-
tween Class II and Class III genes (Supplementary Fig. S4).

We classified the tree into 7 major subclasses based on the phy-
logenetic relationships: Class I-A, Class I-B, Class 1I, Class III-A
(which includes the reported S-RNase genes), Class III-B, Class
I1I-C, and Class III-D, (Fig. 1; Supplementary Fig. S5, A and B).
Within Class III genes, we analyzed the protein motif differences
across subclasses. While no distinct motifs were identified specif-
ically for Class III-A genes (Supplementary Fig. S6), the motif com-
positions of Rosaceae S-RNases differed greatly from those of other
reported S-RNases (Supplementary Fig S6). Additionally, we high-
lighted the phylogenetic group containing reported S-RNases and
S-like RNases from various species (Supplementary Fig. S7). To val-
idate the function of representative reported S-RNases, we exam-
ined their expression and genomic arrangements alongside SLF
genes (Supplementary Figs. S8 and S9).

Five types of gene duplication events wereidentified in the RNase
T2 gene family across 130 angiosperm species (Supplementary
Fig. S10). Different modes of duplication contributed to the
amplification of specific gene classes in various plant lineages.
Whole-genome duplication (WGD) and tandem duplication (TD)
events were major drivers for Class I gene expansion, particularly
in Brassicaceae, Cleomaceae, and Gossypium. Transposed duplica-
tions (TRDs) primarily contributed to the expansion of Class Il genes
in families like Rosaceae and Fabaceae. Dispersed duplications
(DSDs) were the main forcein the evolution of Class Il genes, includ-
ing S-RNases (Supplementary Fig. S10 and Tables S4 and S5).

Conservation of genomic contexts reveals shared
ancestry between Class III-A S-like RNase genes in
Cucurbitaceae and Class I T2 RNase genes

We extracted the T2 RNase subnetwork from the phylogenomic
microsynteny database using all candidate T2 RNase genes. The
network consisted of 793 nodes (T2 RNase genes) and 19,873 edges
(syntenic relationships) (Supplementary Fig. S11 and Table S6).
Using the infomap cluster algorithm, we identified 67 synteny
clusters. Class I genes showed more interconnections compared
with other classes, suggesting a stronger preservation of synteny.
In contrast, Class III genes predominantly formed small-sized
clusters, indicating their active evolution of genomic contexts
(Supplementary Fig. S12A). Furthermore, Class III displayed the
lowest gene syntenic retention rate (number of genes in synteny
network relative to genes from the phylogenetic clade) and aver-
age clustering coefficient (Supplementary Figs. S12 and S13).
Mapping syntenic relationships of T2 RNase genes onto their
phylogenetic tree revealed a general association between synteny
and phylogenetic classifications (Fig. 2A). Comparatively, fewer
syntenic connections were observed for Class III genes (Fig. 24),
where synteny still supported the classification of the 4 subclasses
(Supplementary Fig. S14). The relatively low support values of the
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phylogenetic clades suggest a complex history of duplication, loss,
and sequence divergence within this class (Supplementary Fig.
S15). Notably, we observed significant syntenic conservation be-
tween some Class III-A genes and Class I T2 RNase genes
(Fig. 2A). Delving into the details of the relevant synteny clusters,
we identified specific synteny between Class III-A genes in
Cucurbitaceae, such as those found in Cucumis sativus, Citrullus
lanatus, and Cucurbita maxima, and Class I genes from other angio-
sperm species (Fig. 2B; Supplementary Fig. S16A).

The phylogenetic tree of Class III genes showed that all
functionally characterized S-RNase genes were belong to the
Class III-A branch (Fig. 3A; Supplementary Fig. S7). Notably,
Cucurbitaceae T2 RNase genes clustered closely with reported
Maleae S-RNase genes, supported by high bootstrap support val-
ues (99%) (Fig. 3B; Supplementary Fig. S7). This finding suggests
that these Cucurbitaceae Class III-A T2 RNase genes can be iden-
tified as S-RNase putative orthologs based on phylogeny. However,
as S-RNase-based gametophytic SI (GSI) does not apply to
Cucurbitaceae species, which predominantly bear unisexual flow-
ers, we refer to these genes as S-like RNase genes.

We further investigated the phylogenetic distributions of the
Class III genes from all the 29 species with unisexual flowers in
our dataset (Fig. 3C). The result showed that only 7 species con-
tain genes from the Class III-A clade (Fig. 3C); however, only the
genes from Cucurbitaceae species can be found in the synteny
network.

We depicted some representative conserved synteny blocks be-
tween Class I1I-A S-like RNase genes in Cucurbitaceae (e.g. cucum-
ber csa_338820) and corresponding Class I T2 RNase genes from
various species, including basal angiosperms and eudicots
(Fig. 3D; Supplementary Fig. S16B). We then investigated the ex-
pression pattern of these Cucurbitaceae S-like RNase genes and
the syntenic Class I T2 RNase genes. Compared with the S-RNase
genes from apple, pear, and peach, the nonfunctional putative or-
thologs of Class III-A S-like RNase genes in C. sativus (e.g.
csa_338820) exhibit low expression, which is similar toits syntenic
Class I T2 RNase gene (csa_285040) (Fig. 3E). This suggests little
functional divergence occurred between Cucurbitaceae Class
I1I-A S-like RNase and Class I T2 RNase genes.

The Class III S-like RNase genes of C. sativus
represent duplicates retained from the gamma
triplication event

We exploit phylogenetic analysis and ancestral synteny block re-
construction to study the origin of Cucurbitaceae Class III-A S-like
RNase genes and Class [ T2 RNase genes. Again, Cucurbitaceae T2
RNase genes can be classified into 3 classes, while collinear syn-
teny blocks were found between Class III genes and Class I T2
RNase genes, for example between the gene pairs of csa_338820
and csa_285040 (C. sativus) and cla_016996 and cla_010187
(Ci. lanatus) (Fig. 4A).

The synonymous nucleotide substitution rate (Ks) distributions
of intragenomic syntenic gene pairs within tested Cucurbitaceae
genomes of C. sativus, Ci. lanatus, and Cu. maxima revealed a con-
sensus pattern of 2 polyploidization events (Fig. 4B). Specifically,
the Ks~1.5 peaks correspond to the reported cucurbit-common
tetraploidization event (CucWGD1) (Fig. 4B) (Ma et al. 2022), while
the Ks~2.0 peaks caused by the whole-genome triplication (gam-
ma) event shared in core eudicots (Jiao et al. 2012). Considering
the Ks values of the “Class III-A S-like RNase & Class I” syntenic
pair we have pinpointed, namely 1.99 for csa_338820 and
csa_285040 and 2.21 for cla_016996 and cla_010187, it is plausible
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Figure 2. Phylogenomic synteny network analysis of the RNase T2 gene family in 130 angiosperm genomes. A) The ML gene tree of the RNase T2 gene
family with syntenic relationships between the genes. Notably, synteny relationships show links between Cucurbitaceae Class III-A genes and Class I
genes. B) Syntenic relationships for Class I and Class I1I-A T2 RNase genes within the phylogenomic context. The nodes are labeled and colored
according to species IDs and clades on the right panel. Node shapes denote different phylogenetic clades or classes.

to conclude that the origin of Cucurbitaceae Class III-A S-like
RNase genes can be traced back to the gamma triplication event.

Moreover, when mapping C. sativus genome to Ancestral Core
Eudicots Karyotype (ACEK), C. sativus gene csa_338820 (positioned
on Chromosome 3) and Class I T2 RNase gene csa_285040 (posi-
tioned on chromosome 5) correspond to Chromosomes 3 and 17
of ACEK, respectively (Fig. 4C). This result again suggests their ori-
gin from the eudicot gamma triplication event.

Noteworthy lineage-specific gene transpositions
of S-RNase and S-like RNase genes, which are
accompanied by transposable element activities
acCross angiosperms

We identified 67 synteny communities from the synteny network
of the RNase T2 gene family. Class III genes (including S-RNases)
from Rosaceae, Rutaceae, Solanaceae, and Malvaceae formed dis-
tinct synteny clusters specific to their family, as did Class II (S-like

RNase) genes observed in Brassicaceae, Cucurbitaceae, and
Poaceae (Fig. 5A; Supplementary Table S7).

As an example, a detailed synteny network analysis was per-
formed for the T2 RNase genes in 11 representative Rosaceae spe-
cies. The synteny network is comprised of 138 nodes and 239
edges, and 12 clusters were identified (Supplementary Tables S8
to S10). Phylogenetic and synteny analysis was performed to eluci-
date their evolutionary relationships (Fig. 5B; Supplementary Figs.
S17 and S18). Of note, S-RNase genes from Maleae species (Malus
domestica, Pyrus communis, and Eriobotrya japonica), comparing
with other Rosaceae species (Gillenia trifoliata, Prunoideae, and
Rosoideae species), cluster in a specific synteny context and orthol-
ogous group (Fig. 5B; Supplementary Figs. S19 to S21 and Tables S11
and S12). Besides Rosaceae, we also find such lineage-specific gene
transpositions of the S-like RNase genes within Class III-A in
Solanaceae (Fig. 5C) and Rutaceae species (Fig. 5D) as well.

These findings suggest a frequent gene transposition of Class
III-A S-RNase and S-like RNase genes in eudicot lineages. Upon
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in Fig. 1. The scale bar represents the number of amino acid substitutions per site. Functional characterized S-RNase genes are marked in red, while
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closer inspection, long terminal repeat (LTR) retrotransposons
and terminal inverted repeats elements were found adjacent to
S-RNase genes in several plant genomes, including M. domestica
(Rosaceae), Citrus maxima (Rutaceae), Solanum lycopersicum
(Solanaceae), Antirrhinum hispanicum (Plantaginaceae), and Coffea
canephora (Rubiaceae) (Supplementary Figs. S22 and S13). These
findings highlight the impact of transposable elements (TEs) on
lineage-specific transposition of S-RNases and S-like RNases, as
well as the decreased synteny for Class III genes.

Discussion

GSI is a reproductive mechanism in plants that prevents self-
fertilization and promotes genetic diversity by enabling pollen
recognition and rejection. S-RNases, which are key components

of this system, act as pistil-expressed genes that degrade incom-
patible pollen RNA to enforce SI. However, the origin of S-RNases
has long been enigmatic. Understanding their evolution provides
crucial insights into plant reproductive biology by uncovering
their genomic history and shedding light on how they have diver-
sified across species. This knowledge clarifies the genomic basis of
pollen recognition and rejection systems, enhancing our under-
standing of species-specific reproductive adaptations and the evo-
lution of alternative mating strategies, particularly in plants
where GSI is not applicable, such as those with unisexual flowers.

Conserved synteny found between Class III-A
S-like RNase and Class I T2 RNase genes
Phylogenomic synteny analysis is becoming a crucial tool
for elucidating the conserved gene order across multiple
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Figure 4. Dating of the Class III-A and Class I T2 RNase syntenic gene pairs in Cucurbitaceae species. A) ML gene tree of the RNase T2 gene family,
integrated with syntenic relationships among genes in the studied Cucurbitaceae species. The phylogenetic tree is rooted with Class [ genes serving as
the outgroup. The scale bar represents the number of amino acid substitutions per site. Functional S-RNase genes are highlighted with red labels and
black stars. B) Distributions of synonymous substitution rates (Ks) among collinear genes of the compared genomes. The curve is fitted using Gaussian
mixture model, with peak values indicated in dashed line. The Ks peaks around 1.5 correspond to the cucurbit-common tetraploidization event
(CucWGD1), while the peaks around 2.0 correspond to the whole-genome triplication event (gamma) in core eudicots. C) Homologous gene dot plots
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of C. sativus Class III-A S-like RNase gene (csa_338820) and Class I T2 RNase gene (csa_285040) in ACEK are indicated by gray dashed box.

genomes, inferring functional relationships, and investigating
the evolutionary lineage of genes (Ruelens et al. 2013; Zhao
et al. 2017; Schultz et al. 2023). Despite the abundance of
research on S-RNase genes in certain plant families such as
Rosaceae, Solanaceae, and Rutaceae, our study uncovered con-
served syntenic relationships between Cucurbitaceae Class
III-A S-like RNases, which are orthologous to functionally

characterized S-RNases (Fig. 3; Supplementary Fig. S7), and
Class I T2 RNase genes (Fig. 2). The obtained results have con-
siderably enriched our understanding of complex evolutionary
trajectories, shedding light on the existence of genomic “fos-
sils,” or remnants from previous evolutionary stages found
within the well-conserved synteny in Cucurbitaceae species
genomes.
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Most species within the plant kingdom traditionally exhibit bi-
sexual flowers (Matthews and Endress 2004). Yet, the evolution of
different mechanisms aimed at curtailing self-fertilization further
corroborates the inherent tendency of flowering plants to promote
cross-pollination. This promotes increased genetic diversity and
the fitness of their offspring. The Cucurbitaceae family, compris-
ing of important vegetables and melons, exhibits unisexuality
across most of its member species, indicating a potential link be-
tween S-RNase genes and the loss of SI (Boualem et al. 2015). It
seems likely that Cucurbitaceae species have evolved to prevent
self-pollination, exhibiting mechanisms such as monoecy, pro-
tandry, and dioecy (Steinbachs and Holsinger 2002). As a result,
the S-RNase-based GSI mechanism, prevalent in certain plant
families, probably carries less relevance (Boualem et al. 2015).

Within this evolutionary context, the well-preserved conserva-
tion of genomic context (synteny) within the Cucurbitaceae spe-
cies offers compelling evidence that the Class III-A genes,
inclusive of S-RNase genes, and Class I T2 RNase genes are dupli-
cates originated from the eudicot gamma triplication. The study
thereby underscores the presence of unisexual flowers and the ab-
sence of an S-RNase-based GSI mechanism, or similar reproduc-
tive systems, as likely contributing factors to such genomic
conservation. These findings contribute valuable insights to

our understanding of gene evolution mechanisms and plant
reproductive system adaptations.

Impact of TEs to S-RNase evolution

DSD mode contributes most to Class III genes, which indicate
their frequent transpositions. Moreover, we identified lineage-
specific clusters of Class III-A genes in families like Rosaceae,
Solanaceae, and Rutaceae, hinting at notable lineage-dependent
transposition events of S-RNase and S-like RNase genes. The
Maleae-specific gene cluster seemingly aligns with the Maleae-
specific WGD event in Rosaceae (Velasco et al. 2010; Xiang et al.
2017).

TEs have often been implicated in inducing dispersed genes
and transpositions, thus influencing gene composition, function,
and as a result, the evolution of plant genomes (Lisch 2013). The
insertion of a MITE transposon near the S-RNase promoter re-
sulted in the loss of SI traits in Rutaceae lineage (Hu et al. 2024).
The proximity of LTR transposons to the S-RNase genes, particu-
larly in the Rosaceae lineage, emphasizes the potential of these
TEs to facilitate gene rearrangements and the transposition of
S-RNase genes, either by introducing them to new genomic land-
scapes or by displacing them from their initial positions, thus
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contributing to the formation of 2 lineage-specific genomic con-
texts in Maleae and Prunoideae.

Interestingly, the diversity in operational mechanisms within
the GSI system, characterized by differential pollen recognition
in 2 major branches of Rosaceae (Maleae and Prunoideae), ap-
pears to be driven by divergence in their syntenic genomic con-
texts (Akagi et al. 2016; Ashkani and Rees 2016; Fujii et al. 2016;
Matsumoto and Tao 2016). The significant genomic disparities in-
troduced by TE insertion within S-RNase genes likely contribute to
the mechanistic diversity observed within pollen recognition
processes.

Conclusion

Previous research has shown that Class I T2 RNase genes are
present across all major land plant lineages, originating in bryo-
phytes, while Class II T2 RNase genes emerged later, restricted
to seed plants (Ramanauskas and Igi¢ 2017). Building on this foun-
dation, our study integrates a phylogenomic approach with
synteny-based analysis to propose a detailed model for the origins
and evolutionary trajectory of S-RNase genes, drawing on the ob-
servations discussed above (Fig. 6). We revealed that Class III-A
S-like RNase genes in Cucurbitaceae and Class I T2 RNase genes
are duplicates originating from the core-eudicot gamma triplica-
tion event. Furthermore, we highlighted the distinct genomic
landscapes shaping S-RNases and S-like RNases within Class III-A
across different angiosperm lineages. This comprehensive

understanding of T2 RNase gene evolution enhances our knowl-
edge of plant reproductive biology and evolutionary genetics.

Materials and methods

Plant genome resources and identification of the
RNase T2 family genes

In our study, we analyzed 130 fully sequenced and annotated plant
reference genomes across various taxa: 66 superrosids, 23 superas-
terids, 5 basal eudicots, 25 monocots, 6 Magnoliids, and 4 basal
angiosperms. Within the basal angiosperms, predating the mono-
cot—eudicot divergence, we incorporated Amborella trichopoda, Euryale
ferox, Nymphaea colorata, and N. thermarum (Supplementary Fig. S1).

Genome annotations and coding sequences (CDSs) were down-
loaded from established repositories like NCBI, Ensemble, GigaDB,
CoGe, and Phytozome and specific databases such as GDR, Sol
Genomics Network, Citrus Genome Database, and others (refer
to Supplementary Table S1 for detailed links). We processed anno-
tated protein sequences and genome annotation files to include
gene positional data from each genome. Species names were ab-
breviated into 3- or 4-letter codes and paired with their respective
protein IDs. Details of the genomes and their associated informa-
tion are provided in Supplementary Table S1.

Base on previous studies (Zhu et al. 2020; Lv et al. 2022;
Zhao et al. 2022; Zhu et al. 2023), we identified T2 RNase family
genes by using the seed alignment file of the T2 RNase domain
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(PF00445) from the Pfam database to construct a Hidden Markov
Model file. Potential candidates were initially identified using
HMMER3.0 (Finn et al. 2011) with the default inclusion threshold
(E-value < 1E-3). To ensure the completeness and accuracy of
the results, the presence of the characteristic T2 RNase domain
in the protein sequences was further verified using the SMART da-
tabase (https://smart.embl.de/) and Pfam (http:/pfam xfam.org/).
Additionally, protein sequences were analyzed with InterProScan
(version 5.60) using the parameters (-appl Pfam, SMART,
SuperFamily -dp -f tsv -goterms -iprlookup) (Jones et al. 2014),
and only those sequences containing T2 RNase domain were re-
tained. Correlation and statistic tests were performed using the
“stats” package in R (v4.2.3). For a comprehensive list of the
RNase T2 gene family members across 130 angiosperms genomes,
please refer to Supplementary Table S2.

Phylogenetic reconstruction

We obtained the amino acid sequences of reported S-RNase and
S-like RNase genes from GenBank (https:/www.ncbi.nlm.nih.gov/
genbank/) and listed them in Supplementary Table S3. For the
large-scale phylogenetic gene tree of the RNase T2 gene family
across 130 angiosperm species, full-length amino acid sequences
were aligned with MAFFT (v7.475), with the parameters (-localpair
-maxiterate 1000 —thread 20 —reorder) and the L-INS-I strategy
(Katoh and Standley 2013). The alignment was subsequently man-
ually curated in MEGA (v11) to remove gaps and discard sequen-
ces lacking conserved motifs (Tamura et al. 2011). Optimal
amino acid substitution models were determined using the
ModelFinder algorithm in IQ-TREE (-m MF -T AUTO). The “WAG
+R8” model was identified as the best-fit model for the RNase T2
gene family across the 130 species (Nguyen et al. 2015;
Kalyaanamoorthy et al. 2017). The ML phylogenetic tree was com-
puted with IQ-TREE (v2.0.3) with the following parameters: -m
WAGH+RS -alrt 1000 -bb 1000 -nt 10 (Lin et al. 2013). For the small-
scale phylogenetic tree of 11 Rosaceae species, the analysis was
performed with IQ-TREE (v2.0.3) using the parameters: -m VT
+R6 -alrt 1000 -bb 1000 -nt 10. The resulting ML gene trees were vi-
sualized and annotated using the online tools iTOL v5 (https://itol.
embl.de/) and Figtree v1.4.4 (http:/tree.bio.ed.ac.uk/software/
figtree/) (Letunic and Bork 2021).

Determination of gene duplication modes

The origins of T2 RNase genes in each species were categorized into
5 different modes of gene duplication: WGD, TD, proximal duplica-
tion (PD), TRD, and DSD. This classification was performed using
DupGen_finder (https:/github.com/qgiao-xin/DupGen_finder) with
the default parameters (Qiao et al. 2019) (Wang et al. 2012).

Specifically, tandem duplicates (TDs) refer to homologous gene
copies located adjacent to each other on the same chromosome.
Proximal gene pairs (PD) are nontandem pairs separated by 10
or fewer genes on the same chromosome. TRD, often labeled as
“transposed,” entails distally located pairs where one gene is syn-
tenic and the other is nonsyntenic. This arrangement creates a
gene pair comprising an ancestral and a novel locus. DSD events
generate 2 gene copies, which are neither adjacent nor syntenic.

Any remaining duplicates that did not fall under WGD, TD, PD,
or TRD were considered as dispersed duplicates. The precedence
of duplicated genes was established as follows: WGD >TD >PD >
TRD > DSD. Singleton genes, which lack homologous counterparts
in the target species, were not classified as a type of duplication.
The results of this categorization are provided in Supplementary
Tables S4 and S5.
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Synteny network analysis and phylogenomic
profiling of synteny clusters

The SynNet construction pipeline (https:/github.com/zhaotao1987/
SynNet-Pipeline), developed by Zhao and Schranz (2017), was em-
ployed to build synteny networks, which encompass intra and in-
tergenome synteny comparisons and synteny relationships
among all the genes from the studied angiosperm genomes. The
first step involved an all-against-all reciprocal comparison of pro-
tein sequences from each of the 130 angiosperms species under
study using Diamond v3.3.2 (Buchfink et al. 2015). Next, we used
MCScanX to calculate genomic collinearity (i.e. conserved gene
order and content across multiple species genomes) between
all pairwise genome combinations under default parameters
(minimum match size for a collinear block =5 genes, max gaps al-
lowed =25 genes) (Wang et al. 2012).

Following that, with the gene list of all candidate T2
RNase genes, a subnetwork specifically for the T2 RNase genes
was extracted from the entire synteny network database
(Supplementary Table S6). Each node in this subnetwork repre-
sents a gene, edges signify syntenic connections between genes,
and edge lengths are meaningless (unweighted). To cluster the
network, we implemented the Infomap algorithm (map equation
framework) (Rosvall and Bergstrom 2008). The R package “igraph”
was used to perform network statistical analysis. The resulting
T2 RNase gene family synteny network was visualized and ana-
lyzed using Cytoscape v.3.8.0 (Shannon et al. 2003) and Gephi
(Bastian et al. 2009).

We used the iTOL v5 web server (https:/itol.embl.de/) to map
syntenic relations onto the constructed phylogenetic tree. We as-
sessed the copy number of syntenic genes across species within
each community. These profiles, illustrating the count of syntenic
T2 RNase genes in each genome for each synteny cluster, were or-
ganized and visualized using “Jaccard” distance and “ward.D”
clustering. Detailed information about the synteny network anal-
ysis and resulting profiles are provided in Supplementary Tables
S7 to S10.

We displayed notable microsynteny contexts across species us-
ing MCscan (Python version) implemented in the JCVI package
(https:/github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version)
(Tang et al. 2015). Further details can be found in Supplementary
Table S11.

Ortholog identification and phylogenomic
profiling of orthologous clusters

The Rosaceae dataset in this study consisted of 11 genomes,
representing 3 subfamilies: Amygdaloideae (M. domestica,
Py. communis, E. japonica, G. trifoliata, Prunus persica, P. mume,
and P. salicina), Rosoideae (Rubus occidentalis, Rosa chinensis, and
Fragaria vesca), and Dryadoideae (Dryas drummondii). We used
OrthoFinder (version 2.5.2) with the parameters (-S diamond
-M msa -A mafft -I 1.5) to identify orthologous gene groups (or-
thogroups) from the protein sequences of these 11 Rosaceae spe-
cies (Emms and Kelly 2019).

From this analysis, we obtained a phylogenomic profile
matrix comprising 28,069 nonredundant multigene clusters (or-
thogroups). Each orthogroup and each synteny cluster were anno-
tated with the number of represented species to determine the
dissimilarity among all the clusters. We then computed a dissim-
ilarity index and executed hierarchical clustering using the
“ward.D” method. The resulting cluster heatmap was visualized
using “pheatmap,” and detailed information about the identified
orthogroups can be found in Supplementary Table S12.
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Synonymous substitution rates (Ks) calculation
and identification of transposons

For the Cucurbitaceae genomes, Ks dot plots were generated using
the WGDI v.0.62 toolkit (Sun et al. 2022). Density distribution
curves for Ks values were created using Kspeaks (-kp), and multi-
peak fitting was performed with PeaksFit (-pf). The estimated
mean peak values from these curves were used to date WGD
events. For ACEK mapping, the “-icl” parameter was applied to
identify collinear genes between ACEK and specific species, and
the “-km” parameter was used to map ACEK. Finally, WGDI with
the “-d” parameter and the ancestor_left (C. sativus) was used to
produce the homologous dot plot.

We utilized the extensive de novo TE annotator (EDTA v1.9.4),
with the parameter: —sensitive 1 —anno 1, to identify TEs (Su
et al. 2021). Only intact TEs were considered for our study.
Detailed information about the Ks values in the compared
Cucurbitaceae genomes and the identified TEs can be found in
Supplementary Table S13.

Gene expression analysis

The RNA-Seq data for this study were obtained from the NCBI
SRA database (https:/www.ncbi.nlm.nih.gov/sra). We performed
quality control on the raw reads using Fastp v.0.12.4, applying pa-
rameters (-f 12 -F 12 -1 50) to ensure data cleanliness and high
quality (Chen et al. 2018). The cleaned, high-quality reads derived
from the samples were then mapped to the CDSs of the annotated
genes in the reference genomes using Kallisto v.0.46.2 (Bray et al.
2016). The transcripts per million values were used to quantify the
expression levels of genes within tissues. Comprehensive details
regarding the RNA-seq data used can be found in
Supplementary Table S14.

Annotations of the S-locus in various species
Annotations of the S-locus were based on previous studies
(Lv et al. 2022; Zhao et al. 2022). The GSI S-locus comprises of
S-RNases and closely linked SLFs. Detailed information regarding
the identified S-locus is provided in Supplementary Table S15.

Accession numbers

Sequence data from this article can be found in the GenBank/
EMBL data libraries under accession numbers listed in
Supplementary Table S3.
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