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Phylogenomic profile of exon-intron
organization across angiosperms, their
relationships with protein domains, and
functional implications
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Published online: 07 January 2026 Eukaryotic genes usually encode proteins and contain exons in different size,
including micro and small exon categories. However, genome-wide gene exon-
intron organizations and their conservation across angiosperms have not been
investigated. Among exons of protein-coding genes from 46 angiosperms and
four gymnosperms, ~35% are micro and small exons affecting most genes and
the remaining exons are defined here as medium, large, or super exons. Exon-
intron structural comparison using our new bioinformatic tool, ExonEvo,
reveals that, ~69% of conserved exons in homologous genes are found in two
or more major angiosperm subgroups, including ~47% as the seed plant-wide
conserved exons that are present in most genes in individual species. An
examination of domain-exon correspondence revealed that most conserved
protein domains match two or more conserved exon families and genes
encoding the same domain family members can have different domain-exon
correspondence. Moreover, most flower-preferential genes contain conserved
exons and most exons with exon skipping during splicing are shared by seed
plants, suggesting that alternative splicing of the exons could be a conserved
mechanism for regulating protein structure. Our phylogenomic landscape of
exon structure and domain-exon organization supports a model for con-
servation of exon/domain structure in relation to post-transcriptional regula-
tion of gene/protein function.

M Check for updates

Most eukaryotic genes have exons and introns and can have diverse  one or more functional domains, with lengths from ~35 to ~250 amino
exon-intron organization and functions. The introns are removed via  acids’. Domains have diverse activities, such as ligand binding, cata-
splicing to generate mature mRNAs; RNA splicing is essential for lysis, and macro-molecular interaction and often define conserved
proper expression of intron-containing genes and requires conserved  protein families across animals, fungi, and plants’. Gene family mem-
spliceosome and splicing factors'. Eukaryotic proteins generally have  bers are thought to be derived from a common ancestral gene and
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share one or more conserved domains, often with similar domain
organizations and similar known or predicted functions. Analyses of
genes in human and eight other eukaryotic genomes revealed that
exon boundaries often correspond closely to those of protein
domains®. In addition, transcripts with different combinations of exons
and/or different exon boundaries can be generated from the same
gene via alternative splicing, resulting in the production of distinct
protein isoforms with diverse domain structures’, including the pre-
sence/absence of all/part of domains. Therefore, splicing is a crucial
step for regulating gene expression and protein function. Further-
more, during evolution exon shuffling alters the number of exons (and
introns) of genes, thereby changing protein sequences and function®.
Thus, understanding the patterns of conservation and divergence of
exon sizes and their relationships to protein domains is an important
aspect of evolutionary analyses of gene structure and function.

Flowering plants (angiosperms) are the most species-rich group
of land plants, with over 370,000 species, and are the sister group to
gymnosperms (-1000 non-flowering seed plants, such as pine and
ginkgo)’ ™. Seed plants are also highly complex in structure and
function”” and are extremely important for the human society, pro-
viding foods, clothing, shelter, medicine and many other uses; they are
also crucial for the health of diverse ecosystems, supporting many
animals, fungi and other organisms'*®, In seed plants, exon lengths
range from one bp [e.g., in the Arabidopsis thaliana (Arabidopsis
hereafter for brevity) Anaphase Promoting Complex subunit 11 gene']
to >10 kb, with average exon lengths in specific plants spanning from
201 to 319 bp". The smallest group of exons with fewer than 51 bp has
been referred to as micro exon, found in both plants and animals'®*;
~8000 micro exons were detected in >6000 genes with introns in
Arabidopsis and -13,000 micro exons were detected in human
genes'®*, More recently, the next shortest exons (with 51-100 bp) have
been called small exons and 39,025 small exons were detected in
12,525 Arabidopsis genes™. Micro exons are found in Arabidopsis floral
homeotic genes (also called the ABCE genes), such as AG, AP1, AP2, and
AP3, and encode portions of DNA-binding or protein-interaction
domains™. These floral homeotic genes belong to the MADS-box and
AP2 gene families that have significantly higher frequencies of micro-
exon-containing genes®. Are the patterns of micro and small exons
conserved across flowering plants for floral homeotic genes and other
genes? To address the question, genome-wide patterns of the number
and size of exons need to be investigated in angiosperms.

Among angiosperms, alternative splicing of specific genes has
been described for several species, including Arabidopsis, rice, tomato,
soybean, cotton, Populus, and bamboo*°. A form of alternative spli-
cing, exon skipping, results in the lack of a specific exon in the mature
mRNA and leads to the absence or shortening of functional domains or
altered protein reading frame®. For example, the cotton Ga05g01029
transcript, including a 45-bp micro exon encoding part of the DNA-
binding AP2 domain, was detected in both vegetative and reproductive
organs; however, its isoform excluding this micro exon was detected in
vegetative organs (cotyledon, stem, root, leaf) but not in floral organs,
such as the sepal, petal, stigma, and anther (stamen)*’. DNA-binding
proteins often contain both DNA-binding and protein-interaction
domains. In some DNA-binding protein families, some paralogues are
truncated and lack some domain(s) and have been reported to mod-
ulate the function of other full-length paralogues® . It is possible that
isoforms lacking (part of) a domain due to alternative splicing can
affect the protein activities. For example, a SEP3 protein (an E-function
floral homeotic protein) lacking a portion of the K domain, which is
required for the formation of the quartet protein complex, due to the
skipping of a micro exon, was reported to affect flower
development®*%, In addition, the Arabidopsis GRP20 protein was
shown to be required for normal flower development and for proper
retention of micro exons in transcripts of several floral homeotic
genes, such as AG, AP1, AP2, AP3, and SEP3™. Also, the skip of micro

exons of these genes was found to cause floral phenotype changes
(e.g., SEP3 in ref. 36), showing the importance of micro exons in
function of these developmental regulators. Although the micro exons
in these floral homeotic genes and other members of the MADS-box
and AP2 gene families are conserved in representative
angiosperms*?, genome-wide exploration of conservation pattern of
micro exons and exons of other size groups across angiosperms is
needed to provide further understanding the evolution of gene
structures and their relation to functional domain.

Among protein-coding plant genes, ~62 % contain named protein
domains; -65 % of these domains belong to protein families that are
conserved across land plants and green algae from genomic analyses
of seven angiosperms and seven other green plants®’. Phylogenetic
analyses of specific gene families using plant genomes support general
conservation of structures (e.g., refs. 22,40-47). For example, phylo-
genetic analysis of 101 genes encoding ICK/KRP kinases from 38
angiosperms and two gymnosperms supports three clades named as
A, B, and C groups; all three groups share two exons encoding the
conserved CDK/cyclin interacting/inhibiting domain, whereas groups
A and B share two additional exons, but group C genes have a distinct
long exon®. Also, most members of the cytochrome P450 (CYP)
superfamily have similar exon-intron structures*’, but in pomegranate
some CYP75 paralogues lack an intron and have different expression
patterns during fruit development from other paralogues*’. However,
the variations in exon/intron structures for most angiosperm genes,
including those containing micro/small exons, are largely unknown.
Furthermore, regarding the relationship between exon-intron struc-
ture and their encoded protein domains, a comparison of seven
angiosperms and three other land plants identified 35 conserved exon
structures, including smaller micro exons of <=15 bp and their flanking
exon sequences, and presented information about the corresponding
domains such as AP2, peptidase, and gelsolin®®. A genome-wide
investigation of correspondence between exons and protein domains
across angiosperms can further facilitate the understanding of func-
tional similarities and differences among genes and through evolu-
tionary history and is now feasible with the publication of high-quality
sequenced angiosperm genomes, including >10 Telomere-to-
Telomere (T2T) genomes with assembled chromosomes (e.g.,
refs. 49-58).

RNA expression of genes provides valuable clues to gene func-
tions, including differential expression patterns related to organs and
environmental conditions. Specifically, expression patterns of genes
containing micro and small exons might suggest function in various
plant organs and can be influenced by various environmental cues. In
addition, alternative RNA splicing could affect micro and small exons
and support hypotheses about regulation of expression and protein
diversity for these genes®. One of major alternative splicing types
commonly found in plants, humans and other animals is exon skip-
ping. For example, the skipping of a micro exon in the SEP3 transcript
can lead to defects in flower development®**, Also, a conserved 9-base
micro exon in the Arabidopsis WRINKLED1 (WRII) gene belonging to
the AP2 family is important for fatty acid synthesis**. In particular,
because micro and small exons encode relatively short peptide
sequences, protein isoforms related to the presence/absence of micro/
small exon-encoded peptide regions might have relatively subtle
functional differences, in comparison to those involving larger exons/
domains. However, the landscapes of expression patterns of genes
containing micro/small exons vs exons of other sizes and alternative
splicing involving exons of different sizes are largely unknown in dif-
ferent plant organs.

To address the questions regarding genome-wide conservation
and patterns of angiosperm exon sizes, their relationships to protein
domains, expression of genes with exons of various sizes and their
alternative splicing, we selected genomes from 46 representative
angiosperms and four representative gymnosperms and profiled the
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exon sizes and numbers in protein-coding genes. In addition, we per-
formed phylogenomic analyses to estimate the conserved exons
shared by two or more homologous genes, particularly those across
seed plants or among angiosperms. Among these conserved exons,
their matched domains and the domain-exon correspondence were
analyzed. Then, we analyzed public RNA-Seq datasets to examine
expression patterns of genes containing conserved exons and to
detect alternative splicing of conserved exons. These results present a
comprehensive and global angiosperm evolutionary landscape of
exon structure and relationships to domain organization, with addi-
tional information on expression patterns of gene containing exons of
different sizes and provide valuable resources for diverse investiga-
tions of gene structure and function.

Results

Landscape of the number and size of exons among angiosperms
Relatively recent high-quality assembly of sequenced plant genomes
has provided accurate gene structure annotation for genome-wide
comparative examination of exons across angiosperms. To survey the
exon size distribution, here we selected 46 angiosperm genomes,
including 13 T2T genomes and 33 other high-quality genomes with
chromosomal assemblies and four gymnosperm chromosomal gen-
omes for comparison as outgroups (see methods and Supplementary
Data 1). We examined a total of 9,188,769 exons of protein-coding
genes from these 50 genomes and summarized the number of exons
per genome in range from 79,276 to 607,568 (median: 165,147)
(Fig. 1a-c, Supplementary Fig. 1; Supplementary Data 2), providing a
dataset for large-scale in-depth exon comparison.

To compare the exon length distribution patterns among these
genomes, exons were divided into five categories according to their
lengths (Fig. 1d and Supplementary Figs. 1 and 2). In addition to the
previously defined micro and small exons, for convenience, we refer-
red to the exons with length ranging from 101 to 200 bp as ‘medium
exons’, those from 201 to 500 bp as ‘large exons’, and those larger than
500 bp as ‘super exons’. Among 126,433 exons from 24,040 genes that
are annotated in the T2T Arabidopsis genome®, 6.2% (7865) were
micro exons, 28.3% (35,818) were small exons, 33.3% (42,050) were
medium exons, 22.2% (28,015) were large exons, and 10% (12,685) were
super exons (Supplementary Fig. 2). In the rice (Onyza sativa cv.
Japonica) T2T genome®, we detected 15,014 micro exons (6.5% of
230,786 exons), 53,135 (23%) small exons, 65,246 (28.3%) medium
exons, 56,350 (24.4%) large exons, and 41,041 (17.8%) super exons
(Fig. 1d, Supplementary Fig. 2). Patterns of exon distribution similar to
those in Arabidopsis and rice were also detected in other angiosperms,
with medium exons being the largest size category (median of ~32%)
among the five sizes (Fig. 1d). Across the 50 genomes examined here,
genes containing medium exon(s) account for ~58.5% of the protein-
coding genes in a genome (Supplementary Fig. 3a, b). Medium exons
encode peptides with 33-66 amino acids and preliminary analysis
suggested that they might frequently match the size range for
angiosperm protein functional units (domains). We examined all
annotated domains encoded by conserved exons in 1,528,298 genes
from 50 genomes, and found that medium exons represent 32.9%
(median value) of exons matching part(s) of and/or whole domains in
one of the genomes (Supplementary Fig. 4a, b). Medium exons
account for 18.5% of these exons matching >50% of a domain (Sup-
plementary Fig. 4c). Moreover, for 17 to 692 domain families
(depending on different angiosperm species), medium exons are
enriched (p-value <0.05 under two-sided hypergeometric test; see
methods) among all exons encoding all/part of domains; such domain
families include the MYB DNA-binding domain (PF13921), RRM 1
(PFO0076), and WD40 (PF12894) (Supplementary Fig. 4d, e). For
example, GO enrichment analyses of the Arabidopsis genes containing
medium exon(s) suggested that these genes are associated with GO
terms for growth (e.g., seed growth), response to stresses (e.g., cellular

response to heat), regulation of gene expression (e.g., RNA endonu-
clease activity), and others (Supplementary Data 3). The results imply
that the medium exons have a broad range of functions in plant growth
and adaptation.

Among the five categories, the micro and small exons together
account for ~-35% of all exons per genome (Fig. 1d). In particular, the
number of small exons per genome (median: 35,024; range from
22,970 to 160,327) is more than 3 times that of micro exons (median:
9757; range from 5174 to 49,288) (Fig. 1e and Supplementary Fig. 2; see
the previous paragraph for numbers of exons of different size cate-
gories in Arabidopsis and rice). Genes containing micro and/or small
exons represent ~53.5% of genes per genome (Fig. 1f), implying that the
micro/small exons might be important structure elements of angios-
perm genes. GO analyses of the Arabidopsis genes showed that GO
terms significantly enriched only in the micro exon containing genes
are related to growth (e.g., vegetative growth), regulation of gene
expression (e.g., cis-regulatory region sequence-specific DNA binding),
post-translational modification (e.g., proteasome binding), transport
(e.g., sucrose transport) (Supplementary Data 3). GO terms sig-
nificantly enriched only in the small exon-containing genes are related
to development (e.g., petal development, corolla development,
endosperm development), cellular process (e.g., meiosis Il cell cycle
process), protein modification (e.g., protein methylation), and others
(Supplementary Data 3). GO terms significantly enriched in above two
gene sets involve nucleosome assembly, protein refolding, vernaliza-
tion response, histone deacetylase activity, and others (Supplementary
Data 3). The GO enrichment results further suggest that micro/small
exon-containing genes have diverse and important functions.

Large and super exons account for ~23% of exons per genome
(Fig. 1d) and correspond to most (97.4% = 35.7% + 61.7%) genes without
introns (Supplementary Fig. 3c). For the 46 angiosperms analyses here,
the genes with a single exon (lacking an intron) account for 4.97%
~40.33% (median value: 21.21%) of all genes in each genome (Supple-
mentary Fig. 3d; Supplementary Data 2). For example, 5482 Arabi-
dopsis genes lack an intron, including 1570 with lengths of 200-500 bp
(large exons) and 3592 in the length range of super exons, accounting
for ~94% of these single exon genes (Supplementary Fig. 1 and Sup-
plementary Data 2). In rice (Oryza sativa ssp. japonica cv. Nipponbare,
T2T genome), 15,136 (26.39%) of 57,359 genes contain a single exon®,
with 6233 being large exons and 8176 super exons, accounting for 95%
of the rice single-exon genes, indicating that most intronless genes fall
in the large and super exon categories. In addition, the Chinese pine
(Pinus tabuliformis) genome, known as the largest seed-plant
sequenced genome to date”, includes 38,784 singe-exon genes (with
156-6807 bp of exon length) that account for 50.87% of 76,234 genes
(Supplementary Fig. 3d; Supplementary Data 2). Of the 38,784 single
exons, 37,370 (96%) are either large (19,933) or super (17,437) exons
(Supplementary Fig. 1 and Supplementary Data 2). Our results suggest
that these long single-exon genes are an important part of the genome.
GO terms significantly enriched in genes with a single large/super exon
include phloem development, mRNA transcription, signaling receptor
binding, ubiquitin-protein transferase activity, response to decreased
oxygen levels, and others (Supplementary Data 3). Their lack of introns
indicates that they are probably not regulated at the level of splicing,
further suggesting relatively uniform functions among organs and
growth conditions.

In intron-containing genes (median of -78.79% of all genes in an
angiosperm genome), the exons have a median length of 127 bp (ran-
ging from 110 to 151 bp among angiosperms) (Supplementary Data 2).
For example, the eudicot carrot (Daucus carota; T2T genome*’) has
28,606 (78.87%) intron-containing genes with a median exon length of
129 bp, including 19,380 genes with micro and/or small exons (Sup-
plementary Data 2). In the triploid banana (Musa acuminata; a mono-
cot) T2T genome®, 24,807 intron-containing genes from the
subgenome BXJ2 have a median exon length of 132 bp and 65% of these
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Fig. 1| Distribution of exon numbers in 50 species. a A phylogeny of 46
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terminal branches are species names, with two or more species from a family (see
taxonomic levels in Supplementary Data 1) showing in the same background color.
Each species corresponds to the information in its right following parts. b Bar-plots
of number of the protein-coding genes in each genome suggesting genomic
complexity across these species. See Supplementary Data 2 for number of genes
from each genome. ¢ Bar-plots of number of exons in protein-coding genes in each
genome showing a pattern similar to that in part b. The number of exons in each
genome can be found in Supplementary Fig. 2. d Bar-plots of percentage of exons
with different length ranges in each genome. Five colors represent five exon length
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small, medium, large, and super exons, respectively. See Supplementary Fig. 2 for
the number of exons in different size-categories. The distribution of number of
exons in each length category in each genome can be found in Supplementary
Fig. 1. e Bar-plots of number of micro (red bars) and small (blue bars) exons in each
genome indicating ~10 thousands of micro exons in most genomes and the small
exons are more than 3 times of micro exons. f Bar-plots of percentage of number of
genes with or without micro/small exons. Four colors represent four gene types as
shown below. Green bars represent genes including micro exons and excluding
small exons. Pink bars represent genes including small exons and excluding micro
exons. Blue bars represent genes with micro and small exons. Red bars represent
genes without micro and small exons. Source data are provided in a Source

Data file.
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genes carry micro and/or small exons (Supplementary Data 2). Mag-
noliids have a pattern similar to eudicots and monocots (Fig. 1b); for
instance, 70% of 27,730 avocado (Persea americana) genes®* include
micro/small exons (Supplementary Data 2). The above results indicate
that most of the protein-coding genes have introns, which depend on
proper splicing for function and can be regulated at the splicing level.
The possibility of alternative splicing can also increase the protein
structural and functional diversity of these genes. To test this, we
examined published alternative splicing datasets in Arabidopsis to
estimate the number of affected exons in different length categories.
Among 1531 exons exhibiting exon-skipping under 72-h heat stress
relative to control in Arabidopsis®®, 323 (21.1%) are micro exons, 780
(50.95%) small exons, 325 (21.23%) medium exons, 91 (5.94%) large
exons, and 12 (0.78%) super exons (Supplementary Data 4). The per-
centage (50.95%) of small exons among skipped exons is greater than
genome-wide percentage (28.32%) of small exons (two-sided hyper-
geometric test, p-value = L.11E-77; Supplementary Data 4). In another
study of poplar root transcriptome under lead stress relative to
control**, among 113 skipped exons, 19 (16.81%), 52 (46.02%), 28
(24.78%), 12 (10.62%), and 2 (1.77%) are micro, small, medium, large,
and super exons, respectively, suggesting that alternative splicing,
including those involving micro and small exons, contributed to
transcript/protein diversity in stress response. These cases further
suggest that micro, small, and medium exons likely represent fre-
quently skipped exons for increasing functional diversity.

Phylogenomic analyses of conserved exons among angiosperm
lineages

The above results of similar distributions among diverse angiosperms
of both exon sizes and genes containing either micro/small exons and
those containing a single large/super exon suggest possible evolu-
tionary conservation of exon organizations among homologous genes,
although these genes could differ in exon numbers and sizes (Fig.1). To
further detect the conservation of individual exons shared by genes of
different angiosperm subgroups, we compared the exons among
genes in an orthogroup with members related by gene ancestry (Fig. 2).
Conserved exons were previously examined by manually comparing
exon positions in multiple sequence alignments of the MADS-box*
and CYP75* gene families; in addition, conserved short micro exons
(<15bp) were determined along with the conservation of their
upstream and downstream exon sequences*®. However, an algorithm
for genome-wide detection of conserved exons among multiple spe-
cies is unavailable. To identify conserved exons, we performed phy-
logenomic analyses for orthogroups with >5 genes from >2 species
(including =1 angiosperm), generating 16,754 gene trees (see meth-
ods). The genes in these gene trees contain a total of 6,347,314 exons,
including 443,716 micro exons, 1,822,032 small exons, 2,123,073
medium exons, 1,345,267 large exons, and 613,226 super exons (Sup-
plementary Fig. 3). We define conserved exons between two or more
genes in the same orthogroup in three types: (1) highly conserved
exons as having at least 50% amino acid sequence similarity; (2)
moderately conserved micro exons with 30%-50% amino acid
sequence similarity and moderately conserved exons in four other
length categories showing at least 20% sequence similarity; and (3)
candidate conserved exons as exons if their flanking exons are con-
served as defined following criteria 1 or 2 (see methods). For statistics
of conserved exons across angiosperms (rather than a species), each
conserved exon family containing members from genes of an
orthogroup (referred to as “conserved exon” hereafter for brevity,
unless otherwise noted) is counted once regardless of the number of
genes containing the exon. Following these criteria, we developed a
new bioinformatic tool, ExonEvo, to identify conserved exons in
annotated genomes using phylogenomics (see methods). We then
used ExonEvo to compare genes in the above-mentioned gene trees
and identified 141,229 conserved exons (including 122,059 highly

conserved exons, 14,548 moderately conserved exons, and 4622 can-
didate conserved exons; Supplementary Fig. 5), each of which is pre-
sent in two or more genes from the 50 genomes. In individual species,
the conserved exons represent 69.8%-84.9% (median 79.9%) of total
annotated exons (Fig. 2a, b). Among these conserved exons, 14,107 are
micro exons (Supplementary Data 5), 44,336 small exons (Supple-
mentary Data 6), 45,961 medium exons (Supplementary Data 7),
27,364 large exons (Supplementary Data 8), and 9461 super exons
(Supplementary Data 9).

Among the 6347 Arabidopsis micro exons included in the phylo-
genomic analyses, 70.8% (4496) are conserved; phylogenomic results
also indicate 71.1% (7007) of 9861 micro exons in maize (Zea mays) are
conserved. Among the plant micro exons examined here by phyloge-
nomics, the conserved micro exons account for 31.6%-~74.1% (median:
60.55%) of the detected micro exons per species (Supplementary
Fig. 6a, b), suggesting that different lineages might have retained dif-
ferent numbers of micro exons during evolution (see below), although
it is possible that some species might also have gained some micro
exons. In addition, conserved small exons account for 67.8%-91.4%
(median: 85.7%) of the detected small exons per species (Supplemen-
tary Fig. 6c). For instance, 89.1% (30,069) of 33,747 detected small
exons in tomato (Solanum lycopersicum) are conserved and 91.3%
(30,294) of 33,183 detected small exons in barley (Hordeum vulgare)
are conserved. The higher percentage of conserved small exons than
that of the micro exons suggests that the small exons might have been
under greater selection possibly due to their greater structural and
functional contribution to the corresponding genes, whereas the
higher variability of micro exons among species might allow differ-
ential splicing diversity in a species/lineage-dependent manner. Fur-
thermore, the median percentage of the conserved medium, large, and
super exons per species was estimated as 82.3%, 70.2%, and 44.9%,
respectively (Supplementary Fig. 6d-f). The variability of the percen-
tage of conserved exons per species among five categories suggests
evolutionary plasticity of gene structures of different gene
orthogroups among angiosperm species.

Among these conserved exons, 14,107 conserved micro exons
were detected in 5762 orthogroups (containing a total of 182,094
genes, when counted separately for genes of individual species) from
across 50 seed plants included here (Supplementary Fig. 7). Among
these 5762 orthogroups, 80.9% (4659) have genes from at least one
angiosperm and one gymnosperm and are considered conserved
among seed plants. These 4659 seed-plant orthogroups contain
81.5% (11,502) of all conserved micro exons (Supplementary Fig. 7),
implying that most conserved micro exons are derived from the most
recent common ancestor (MRCA) of seed plants. In addition, con-
served small exons (44,336) were detected in 10,345 orthogroups
(containing 494,140 genes; Supplementary Fig. 7). A comparison of
these 10,345 orthogroups indicated that 76.9% (7953) of these
orthogroups have genes from at least one angiosperm and one
gymnosperm and that these 7953 orthogroups include 36,399 con-
served small exons, accounting for 82.1% of 44,336 conserved small
exons, again suggesting that most conserved small exons are derived
from the MRCA of angiosperms and gymnosperms. Moreover, con-
served medium exons were found in 12,119 orthogroups (containing
613,886 genes); conserved large exons were identified in 12,395
orthogroups (with 553,124 genes); and conserved super exons in
6453 orthogroups (243,260 genes; Supplementary Fig. 7). A com-
parison of orthogroups including conserved medium, large, and
super exons retrieved patterns similar to those for micro and small
exons: 9074 seed-plant orthogroups contain 80.2% (36,854) of all
conserved medium exons; 8802 seed-plant orthogroups include
74.1% (20,283) of all conserved large exons; and 4,102 seed-plant
orthogroups contain 65.3% (6175) of all conserved super exons.
Hence, most of the conserved exons are likely derived from the
MRCA of seed plants.
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To further investigate the conservation patterns of exons,
including those that are not found in both angiosperm and gymnos-
perm genes (as described above), we used ExonEvo to infer the MRCA
of the genes containing conserved exons in gene trees and to reconcile
the MRCA to the species tree (Supplementary Figs. 8-13). Among the
retrieved patterns, the largest group (median of 78.7% among species)
of the conserved exons are shared by seed plants (Fig. 2c), supporting
the above results of orthogroup analyses. Among the conserved micro
exons, 3411 exons were mapped to the MRCA of seed plants, 2353 to
the MRCA of angiosperms, 1292 to that of eudicots, 274 to that of

monocots, and 10,188 to other phylogenetic positions (Supplementary
Fig. 9). The pattern of conserved micro exons shared by seed plants
and various other groups implies that the retained exons have
experienced diverse retention and loss events across angiosperms
since they diverged from gymnosperms. In addition, our ExonEvo
analyses of phylogenetic positions of the small exons showed that
22,120 exons are shared by seed plants, 7596 by angiosperms (but not
gymnosperms), 3002 by eudicots, 1393 by rosids (124 +146 + 318) or
asterids (73 +485+247) (both largest eudicot subgroups), 5614 by
other groups represented by two or more species here, and 4515 by
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Fig. 2 | Summary of conserved exons in 50 species. a A phylogeny of angiosperm
species, with tree information same as that in Fig. 1a. b Bar-plot of the number of
conserved exons and others in orthogroups. Each bar represents the exon count
per species. Blue bars represent the number of conserved exons detected by our
ExonEvo. Red bars represent the number of non-conserved exons and possibly
failed exons for detecting conservation via ExonEvo. Summaries of conserved
exons in each length category in each genome can be found in Supplementary
Fig. 6. See micro, small, medium, large, and super conserved exons in Supple-
mentary Data 5-9, respectively. ¢ Bar-plot of number of the conserved exons with
different phylogenetic distribution. Seven colors of bars represent seven different
phylogenetic position categories of species shared an exon, as shown below. A
detailed distribution of the number of conserved exons mapped at different phy-
logenetic positions of species-tree can be found in Supplementary Figs. 8-13. The
largest part of bars in all species shows exons shared by seed-plants, suggesting
most exons seed-plants are conserved. d Bar-plot of number of genes including or

excluding conserved exons in each genome. Three colors of bars represent three
categories of genes including or excluding the seed-plant specific or other con-
served exons, as shown below. Red part represents the genes including the con-
served exons exclusively shared by seed-plants. Yellow part represents the genes
including the conserved exons mapped at seed-plant ancestor and that mapped at
other phylogenetic positions of species tree. The green part represents the genes
with conserved exons, excluding those mapped at the seed-plant ancestor. Genes
including the seed-plant specific conserved exons account for the large part of all
genes including conserved exons in each genome, suggesting the seed-plant spe-
cific conserved exons affecting most genes. e Bar-plot of number of the exons (part
of the red exons in part b) that are merged from two or more conserved exons. Five
colors represent five exon length ranges as shown below. A detailed example of the
exon merge can be found in Supplementary Fig. 15. Source data are provided in a
Source Data file.

paralogues within a single species (Supplementary Fig. 10). The diverse
conservation landscapes of the small exons across angiosperms sug-
gest that gene structures have changed involving small exons during
angiosperm evolution. ExonEvo analyses also suggested that 53.6%
(24,634) of all conserved medium exons, 45.8% (12,545) of all con-
served large exons, and 38.8% (3675) of all conserved super exons are
mapped to the ancestor of angiosperms and gymnosperms (Supple-
mentary Figs. 11-14), implying different retention patterns of these
three exon-size categories after angiosperms diverged from gymnos-
perms. Overall, 66,385 conserved exons were mapped to the MRCA of
seed plants, 26,454 to angiosperm ancestor, 1919 to gymnosperm
ancestor, 10,160 to eudicots, 2108 to monocots, 271 to magnoliids,
14,118 to different lineages, and 19,814 to other phylogenetic positions
(Fig. 3a and Supplementary Figs. 9-13). It seems possible that the
ancestral gene structure genes might be differentially retained during
evolution, allowing for changes in splicing and protein function.

Among the 50 genomes, 913,316 genes have conserved exons;
7773~36,354 (median 12,989) genes in specific genomes contain seed
plant-wide conserved exons, representing 65.2%-95.6% (median
76.7%) of the annotated genes per genome (Fig. 2d). The seed-plant
conserved exons affect most genes and, therefore, likely have the
greatest importance in gene evolution. For example, 11,355 Arabi-
dopsis genes contain at least one seed-plant conserved exon; among
these 11,355 genes, 8090 genes only contain conserved exons that
are shared by seed plants, while the remaining 3265 genes also
contain conserved exons shared by other groups, such as angios-
perms. Inrice, 13,021 genes contain at least one seed-plant conserved
exon; among these 13,021 genes, 9361 genes only contain seed-plant
conserved exons, while 3660 genes also contain conserved exons of
other phylogenetic positions. Similar conservation patterns of exons
were found in other genomes, with most genes containing conserved
exons that are shared by seed plants (Fig. 2d). The results suggest
that the ancestral exon structures have been retained in most genes,
with likely conservation of possible splicing regulation and protein
isoforms.

In addition to the conserved exons, we also surveyed the exons
that are merged from two or more conserved exons [due to loss of
intron(s)] and retrieved 3236-~17,770 (median 5786) merged exons in
individual species (Fig. 2e). For example, genes encoding ubiquitin-
conjugating enzyme 19 (UBC19) have two conserved micro exons, two
conserved small exons, one conserved medium exon, and one con-
served large exon (Supplementary Fig. 15). Among these six exons
shared by seed plants, five conserved exons were merged into a large
exon in the grass UBCI9 genes (Supplementary Fig. 15), implying that
grasses might have lost the functional plasticity of ancestral UBC19
genes related to transcript/protein isoforms in comparison to other
seed plants.

As the seed-plant conserved exons are the largest group,
accounting for 47% of all conserved exons (Fig. 3a), we further

examined their retention in major groups of angiosperms, including
two major subclades of eudicots, rosids (such as Arabidopsis and
soybean) and asterids (such as tomato), other eudicots, monocots,
magnoliids, and other angiosperms. Among the seed-plant conserved
exons, numbers of exons in each of the five size categories shared by
various combination of the angiosperm groups are shown in Fig. 3b-e.
Specifically, 99% (65,722) of the seed-plant exons were detected in at
least one genome of core angiosperms (here including eudicots,
monocots, and magnoliids), while 85.3% (56,630) were detected in at
least one of the two basal angiosperm genomes (Fig. 3b). Small and
medium exons together represent the majority (70.4%; Fig. 3c) of seed-
plant conserved exons. Furthermore, 77.3% (51,309) of the seed-plant
conserved exons are retained in all six angiosperm groups (Fig. 3d),
including 2442 micro, 18,004 small, 19,478 medium, 9129 large, and
2256 super exons (Fig. 3e). Among 3411 micro exons, the largest por-
tion (2442) represents the conserved exons shared by all six angios-
perm groups (Fig. 3c-e). For instance, among the seed-plant homologs
of the Arabidopsis MKK6 gene (AT5G56580), the conserved micro exon
(EXON0044515; Supplementary Data 5) is detected in rosids (such as
Arabidopsis and apple) and asterids (such as tomato and kiwifruit),
other eudicots (such as Papaver), monocots (such as rice and maize),
magnoliids (such as avocado), and other angiosperms (such as
Amborella trichopoda). Among the remaining 969 (=3411-2442) micro
exons, 287 exons are detected in all but one group. For example, 127
exons are present in core eudicots and other angiosperms but absent
in early diverging eudicots (Nelumbo nucifera and Papaver somni-
ferum). Among the 127 exons, 41 were apparently merged with adja-
cent exon(s) with the loss of the intervening intron, resulting in longer
exons in N. nucifera and P. somniferum and retention of the protein
coding sequences. For another 42 exons that were absent in N. nucifera
and P. somniferum, the entire genes were not detected in these plants.
The remaining 44 (=127-41-42) conserved exons were part of members
of orthogroups, but the genomic sequences of the corresponding
genes in N. nucifera and P. somniferum lacked a detectable similar
sequence to the conserved exons, suggesting that the exons are not
required for the function of these early diverging eudicot genes. On
the other hand, 300 exons are detected in only one angiosperm group;
for example, 77 exons present in monocots but absent in other
angiosperm groups include 44 exons that were merged into long
exons in at least one other angiosperm groups, suggesting specific
retention in one group and fusion or losses in others during the
angiosperm history. Analyses of these 22,120 seed-plant conserved
small exons showed that the largest portion (18,004) represents the
small exons shared by all six angiosperm groups, again suggesting
angiosperm-wide retention of these small exons. Among 4,116 other
small exons, 1412 exons are absent in only one of the groups (including
370 ones merged into other exons in one corresponding group),
whereas 1022 exons are present in only one group (543 of them fused
into long exons in other groups), showing different retention and
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Fig. 3 | Comparison of the retention patterns of conserved exons among major
groups. a A pie chart of the percentages of the conserved exons mapped at dif-
ferent phylogenetic positions of the species tree, showing that most of conserved
exons are shared by seed plants. b Number of the 66,385 seed-plant conserved
exons retained at the MRCA of different angiosperm groups. Numbers above/
below a branch represent the number of conserved exons retained in at least one of
the descendant groups derived from this branch. The black number represents the
total number. Red, blue, orange, green, and purple numbers represent the number
of micro, small, medium, large, and super exons, respectively. ¢ A pie chart of the
percentages of the seed-plant conserved exons in different exon length categories.

d A pie chart of the percentages of the seed-plant conserved exons with different
retention patterns among six angiosperm groups. See these angiosperm groups in
part b. e An Up-Set plot of the number of seed-plant conserved exons retained in
different plant groups. Points below bars represent retention of the exon in dif-
ferent groups of seed plants. Lines joining different points represent different
retention patterns. The bar plot shows the number of exons with different retention
patterns. The largest number of conserved exons mapped at the MRCA of seed
plants represents these exons retained in all six angiosperm groups, indicating a
high degree of conservation. Five colors of the bars represent five exon length
categories as shown in the inset box. Source data are provided in a Source Data file.

fusion patterns of the ancestral exons among angiosperm groups. In
addition, analyses of three other exon-size categories revealed that
19,478 medium exons, 9129 large exons, and 2256 super exons are
shared by all six angiosperm groups, suggesting that all angiosperm
groups retained these exons after their ancestor diverged from
gymnosperms. Generally, 77.3% (51,309 =2442 +18,004 +19,478 +
9129 +2256) of the 66,385 seed-plant conserved exons are retained
in all angiosperm groups (Fig. 3b, ¢). Among the remaining 15,076
exons, 4675 seed plant conserved exons are detected in nearly all
groups but one group (1313 merged in one corresponding group),
while 3716 exons are detected in only one of the groups (1867
merged in other groups). The patterns imply that most of the seed-
plant conserved exons have been retained in all angiosperm
groups, likely allowing the conservation of possible regulation at

the splicing level during the diversification of the vast number of
angiosperms.

Diverse patterns of conserved exons corresponding to protein
domains

As both exons and protein domains have variable sizes, there could be
several possible corresponding relationships between exons and their
encoded protein domains. Sequences of two or more exons might
encode a single domain, or a single (relatively large) exon could
encode an entire domain. Conversely, a single exon can encode por-
tions or all of multiple domains. When a domain is encoded by (parts
of) multiple exons, it could have structurally different isoforms due to
alternative splicing involving one or more of the corresponding exons,
with potentially different functions. On the other hand, a domain
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Fig. 4 | Domains encoded by conserved exons. a Summary of conserved exons
matching domains. Four categories of the correspondence are illustrated here.
Category-I represents a domain matching two or more exons. Category-II repre-
sents a domain encoded by a single exon. Category-IIl represents an exon encoding
at least one whole domain and matching part of other domains. Category-IV
represents an exon encoding two or more whole domains. See examples of Cate-
gory-1, IL 11I, and IV in Supplementary Figs. 16-19. To the right of these illustrations
are the number of conserved exons, domains and domain families in each category.
The number within parentheses represents the number of conserved exons shared
by seed plants. See Supplementary Data 10 for the exon-domain correspondence in
genes from 50 genomes. b Venn diagram of domain families among four categories
suggesting different patterns of exon splicing. Families overlapped two or more
categories implying that exon structures matching domains have evolved to be
diverse in responsible for the possible different splicing roles (Supplementary
Figs. 20-26). ¢ Venn diagram of domains matching micro, small, and/or other

An |-2 case

AP2 (PF00847)

| |
wris [ HIHH

# Number of domain families

0 G
Domains encoded by

(parts of) exons except
micro and small exons

(I-3)

\%

Domains encoded by
(parts of) small
exons but
not micro exons (I-2)

Domains encoded
by (parts of) micro
exons (I-1)

An |-3 case
WRKY (PF03106)

| ]
S — T —

conserved exons in each category of part a. Red, orange, and blue circles represent
the domains matching micro, small, and other conserved exons, respectively. The
green background of venn diagram represents the domains matching micro exons
in category-I (I-1). The pink background of venn diagram represents the domains
matching small exons but not micro exons in category-Il (I-2). The yellow back-
ground of venn diagram represents the domains matching conserved exons
excluding the micro and small exons (I-3). d Examples of domain-exon corre-
spondences in I-1, I-2, and I-3. In each case, top orange box represents the focal
domain that matches micro (red box), small (blue boxes), medium (green box),
and/or large (purple box) conversed exons. Left: an I-1 case for the RNA recognition
motif (RRM_1) domain in ELF9 (EARLY FLOWERINGY) gene. Medium: a case of I-2 is
for the AP2 domain in WRIS gene, a homologous gene of AM-induced AP2 tran-
scription factor. Right: an example of I-3 for the WRKY DNA-binding domain in
WRKY40 gene.

encoded by a single exon would have a uniform structure in all tran-
scripts containing the exon with the same function. However, the
genome-wide patterns of correspondence between exons and
domains have not been reported in part due to the lack of analyses of
the conservation of exons. In addition, different gene families can have
similar sequences of a shared domain that is characterized by a PFAM
profile. We defined a domain family as containing domains detected in
one or more orthogroups using the same PFAM profile. The domain
from each orthogroup is referred to as a member of the domain family.
Whether different members of the same domain family can have dif-
ferent patterns of domain-exon organization is not clear on a genome
level across many angiosperms, even though such knowledge can help
us understand possible exon splicing patterns concerning domain
functions. The above results on angiosperm exon conservation pro-
vide an opportunity to explore the evolutionary patterns of domains
encoded by conserved exons in angiosperms. We found that 106,809
(=92,868 + 6400 + 5087 + 2454; ~76%) conserved exons have anno-
tated domain information (Fig. 4a), whereas 34,420 (-24%) conserved

exons with annotated open reading frames for protein-coding
sequences (including 17,288 exons being the first or last exons in
genes and 17,132 exons in other positions) do not match annotated
domains (not even “functional unknown domains”); these conserved
protein-coding regions could be added to future domain databases
using updated gene annotation algorithms or supported by new
functional studies.

According to the relative positions between exons and their
corresponding domain, we assigned exons into four categories of
“domain-exon organization” (Fig. 4a; see Supplementary Data 10
for the correspondence in individual conserved exons in 50
genomes). As an example, in seed plant homologs of the MALE
STERILITY 2 (MS2)®*, a region of ~-912-bp encoding a NAD_bind-
ing_4 domain (an essential domain for MS2 gene function®) cor-
responds to 6 conserved exons shared by seed plants
(Supplementary Fig. 16). Such a pattern of multiple exons
encoding a domain is referred to as category-l here. Among
106,809 conserved exons with annotated domain information,
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92,868 exons (including 54,195 exons mapped at the MRCA of
seed plants) belong to category-l and represent the largest frac-
tion of all conserved exons that matched domains. These exons
match 46,399 domains, which belong to 10,765 domain families
according to sequence similarity and Pfam definitions (Fig. 4a).
The functions of most domains in angiosperms are probably
conserved based on their matched conserved exons. In addition,
we defined the pattern of a single exon matching only one whole
domain as category-Il (Fig. 4a). For example, sequences (138 bp)
of a single exon (in median length of 212 bp) shared by angios-
perms encodes a MYB DNA-binding domain (PF00249; Supple-
mentary Fig. 17). Category-Il includes 6400 conserved exons
encoding 6400 domains of 3661 domain families (Fig. 4a),
representing the second largest portion of all conserved exons
that matched domains. Furthermore, we also observed cases
where a single exon matches multiple domains (Fig. 4a). For
instance, in angiosperm WRKY37 genes (Supplementary Fig. 18),
the WRKY DNA-binding domain (PF03106) is encoded by a por-
tion of a conserved medium exon (138 bp) shared by angiosperms
and a portion of a 538-bp super exon, which also includes
sequences encoding another domain (similar to Hidl: High-
temperature-induced Dauer-formationl; PF12722) with a signal-
ing function in worms. Such a pattern of an exon encoding at
least one whole domain and part of another domain is defined
here as category-lll (Fig. 4a). To avoid overlapping definitions,
domains entirely encoded by category-Ill exons are referred to as
category-lll domain(s), whereas the domains partially encoded by
category-Ill exons and partially by additional exon(s) are assigned
to category-l. There are 5087 category-lll exons and they encode
11,455 domains of 3422 domain families (Fig. 4a). When a single
exon encodes multiple whole domains and does not match any
part of other domains, the correspondence was referred to as
category-1V (Fig. 4a). An example of category-1V can be found in
AUXIN RESPONSE FACTOR (ARF) genes (functioning in flora
development, such as the ref. 66) with a super exon of 1101 bp
conserved among seed plants; regions of this super exon with
306bp and 252bp encode, respectively, a B3 DNA-binding
domain (PF02362) and an ARF domain (PFO06507) (Supplemen-
tary Fig. 19). Category-IV has 2454 exons that encode 6692
domains of 2777 domain families (Fig. 4a). These four categories
provide a general portrait of relationships between conserved
exons and their encoded domains in seed plants.

Homologous genes encoding members of the same domain
family can have different exon-intron structures; therefore, domains
with different domain-exon categories (as described above) can be
encoded by homologs and belong to the same domain family. To
probe the evolutionary dynamics of exon-intron structure, we com-
pared exon/domain categories among domain families and obtained
the overlap between the four sets of domain families. Among 13,463
domain families recognized in the PFAM database and observed here
(Fig. 4b), 8495 (-63.1%) have only one category of exon-domain cor-
respondence (Categories-l, II, 1lI, and IV with 6227, 889, 779, and 600
families, respectively); whereas only 524 (-3.9%) domain families have
all four categories, with the remaining families having two or three
categories (Fig. 4b). Thus, most of domain families have only one
category of exon-domain correspondence, suggesting a high degree of
evolutionary stability of exon-intron structure. Specifically, 6227
domain families are only found in category-l, such as the NAC domain
(PF01849). The domains in these families match multiple exons and,
hence, might have evolved to have diverse functions due to possible
alternative splicing of exons. Also, 889 families have only category-II
domains corresponding to a single exon, implying that these families
might have more similar functions in comparison with the families with
domains matching multiple exons (category-I). Further, 779 and 600
families were only detected in category-lll and category-1V,

respectively (Fig. 4b), suggesting that two or more domains encoded
by the same exon are functionally related or coupled.

Although only ~37% of the domain families analyzed here include
two or more categories of exon-domain correspondence, these
domain families include homologous genes with different exon-intron
structures, suggesting that different gene members might have dif-
ferential regulation in splicing. Specifically, different members of the
Homeodomain (PFO0046) family were found for each of the four
categories. In category-l, for example, the SAWADEE HOMEODOMAIN
HOMOLOGI (SHHI) genes (Supplementary Fig. 20) contain a 46-bp
micro exon and an 86-bp small exon encoding parts of the home-
odomain and function upstream in the RNA-directed DNA methylation
pathway in Arabidopsis®’. Other members of this family, such as the
angiosperm WOX4 genes (Supplementary Fig. 21) belong to category-
II, with a conserved large exon, part of which encodes the home-
odomain of WOX4 proteins. In Arabidopsis, the WOX4 gene acts to
mediate the response of the cambium to auxin®® and in Populus WOX4
regulates cell division in the vascular cambium®’. For category-lll, the
homeodomain is encoded by a conserved medium exon (Supple-
mentary Fig. 22) in seed-plant homologs of the LATE MERISTEM
IDENTITY1 (LMII) gene that modulate the organ shape, such as stipule
proportions in Arabidopsis by regulating endoreduplication’®. An
example of a category-IV homeodomain is that encoded by a large
exon conserved among angiosperms (Supplementary Fig. 23) in the
ZHDS8 genes [the orthologues in the G13 clade of ZHD gene family
tree”]. The rice ZHD8 gene (AGIS 0s04g031270 = LOC 0Os04g35500 =
0s04g03477) expression was up-regulated under cold, drought, and
ABA stresses’?, suggesting a role in abiotic stress response. In addition,
the AP2 domain (PFO0847) family includes members in categories-, -Il,
-Ill, and -IV. For instance, in category-I, the AP2 domain corresponds to
two micro exons and one small exon in the AP2 genes (Supplementary
Fig. 24); for category-Il, the AP2 domain is encoded by part of a super
exon in ERF23 genes conserved in seed plants (Supplementary Fig. 25);
for category-lll, the AP2 domain is encoded by a conserved super exon
(EXON0026954) in seed plants; in category-IV, an AP2 domain corre-
sponds to a portion of an angiosperm super exon in the RAV3 genes
(Supplementary Fig. 26). We found 522 other domain families with
members in each of the four exon-domain categories (Fig. 4b), such as
the MYB-like (PF00249) and helix-loop-helix DNA-binding domains
(PF00010), protein kinase domain (PF0O0069), RNA recognition motif
(RRM_1; PFO0076), and leucine rich repeat (PF13516). Similarly, other
domains families with members in two or three categories include the
cytochrome P450 domain (PFO0067), the sugar (and other) trans-
porter (PFO0083), ubiquitin-conjugating enzyme (PF00179), and the
universal stress protein family (PFO0582). These results with families
of homologous protein domains belonging to two to four exon-
domain categories suggest that domains with similar molecular
activities might be encoded by transcripts that could have different
exon splicing patterns. It is possible that the variability of exon struc-
tures within the same domain family allow some members to have a
stable protein structure, thus function, but facilitate other members to
have structural/functional isoforms.

Protein isoforms that differ due to the presence or absence of
relatively short peptides encoded by micro or small exons could differ
in some functional aspects, but not losing all protein activities. To
estimate the number of micro, small, and other exons encoding
domains, we compared the exons among the four categories (Fig. 4¢).
In category-l, 1728 domains correspond to genic regions containing
both micro and small exons, and exon(s) of other size(s); for example,
the alternative splicing regulator domain (PF09750) in SRI16 genes
corresponds to five seed-plant conserved exons (Supplementary
Fig. 27), including one micro exon, one small exon, two medium exons,
and one large exon. Including of other subcategories, 5606
(=2475+595+808 +1728; Fig. 4c) domains correspond to genic
regions with micro exons (for convenience, referred to as I-1) and
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possibly exons of other sizes. A case of I-1 is the RRM_1 domain
matching four (one micro, two small, and one medium) conserved
exons in ELF9 gene (Fig. 4d). Among those lacking micro exons, 17,777
(=8670 +9107) domains match regions with small exons (called 1-2;
e.g., the AP2 domain in WRIS gene; Fig. 4d) and possible others; and
genic regions for 26,338 domains lack micro and small exons (referred
to as I-3; e.g., the WRKY domain in WRKY40 gene; Fig. 4d). In short,
23,383 (=5606 +17,777) domains correspond to regions with micro
and/or small exons and represent 47% of the domains in category-l,
making alternative splicing of these micro/small exons a possible
regulatory mechanism of domain structures. In addition, medium,
large, super exons contribute to the domains of category-IV and most
of the domains in category-Il and category-lll (Fig. 4c).

To obtain additional clues about the molecular functions of
domains in different categories of exon organization, we examined
various GO terms of these domains (methods) and present those
associated with relatively large numbers of domains (Fig. 5a). Among
these, 23 GO terms are enriched in domains matching gene regions
containing micro exons, small exons, or other exons (as classified
above), suggesting that domains with various categories of exon
organization might be preferentially involved in specific functions
(Fig. 5a). Among domains related to the regulation of gene expression,
the RNA recognition motif (RRM_1) corresponds to a total of 479
conserved exons found in each of four categories, with 60.8% (291)
being micro and small exons in category-I (Fig. 5a). For example, ELF9
and its homologs contain an RRM_1 domain that corresponds to one
micro, two small and one medium exons all shared by seed plants and
belong to the hnRNP-like gene family with function in regulating spli-
cing in Arabidopsis’ (Supplementary Fig. 28). In addition to RRM1, the
protein family of the RRM domain (CL0O221) also includes the RRM_2
through RRM_10 domain types that are present in a variety of RNA-
binding proteins with implications in regulation of alternative
splicing™. In addition, the WRKY domain for DNA-binding is related to
stress response and highly conserved in plants”; different members of
the WRKY domain family belong to the domain-exon categories-I, II, III,
but lack correspondence to micro exons and are not found in
category-IV (Fig. 5a). Specifically, in seed-plant homologs of the rice
WRKY45/75 genes functioning in drought and salt resistances’, the
WRKY domain corresponds to two conserved exons (one medium and
one large) (Supplementary Fig. 29); similarly, in seed-plant homologs
of the Arabidopsis WRKY18 gene related to pathogen defense”, the
region for the WRKY domain matches a large exon and a medium exon
(Supplementary Fig. 30). Another domain related to the regulation of
gene expression is the K domain (PF01486), which is a highly con-
served domain encoded by MIKC-type MADS-box genes™®. The K
domain is enriched (p-value=4.58E-6<0.01; two-sided hypergeo-
metric test) in domains in category I-1 with micro exons and small
exons (Fig. 5a), suggesting that alternative splicing of micro/small
exons could contribute to diverse regulatory roles of genes containing
this domain. For instance, the angiosperm AGLI7-like genes’ contain
one micro exon and four small exons for the K domain (Supplementary
Fig. 31), suggesting the K domain in the AGL genes might be regulated
by splicing® in a way conserved among seed plants.

Among domains with GO terms for post-translational modifica-
tion, protein kinase domain (Pkinase; PFO0069) corresponds to 1780
conserved exons in all four categories, including 1136 exons from I-1
and I-2 (Fig. 5a). It is possible that splicing of micro and small exons
contributes to the structure plasticity of Pkinase. For example, PHO-
TOTROPIN 2 (PHOT2) is a membrane-bound serine/threonine protein
kinase that also functions as a blue light photoreceptor®. The PHOT2
gene region for the Pkinase domain corresponds to 10 conserved
exons (including one micro, four small, and five medium exons) shared
by seed plants (Supplementary Fig. 32). NIMA-related serine/threonine
kinases (NEKs) can regulate cell growth, microtubule organization, and
stress responses®. The Pkinase domain of NEK1/3/4 genes correspond

to 13 (five micro, seven small, and one large) exons conserved in seed
plants (Supplementary Fig. 33). The difference in domain-exon orga-
nization between PHOT2 and NEK1/3/4 genes imply that regulation
involved micro and small exons (such as alternative splicing) might be
relevant for functional diversity of protein kinases. Different organi-
zations of micro/small exons encoding (part of) a domain are also
observed for other domains, such as the serine carboxypeptidase
(PF00450), the ubiquitin carboxyl-terminal hydrolase (UCH) domain,
and the cullin domain (PFO0888) (Fig. 5a).

Among domains related to protein-protein interactions, the leu-
cine rich repeat domain (LRR_8; PF13855) corresponds to 606 con-
served exons found in each of four categories (Fig. 5a). In particular,
nucleotide-binding leucine-rich-repeat (NLR) genes, the largest family
of plant disease resistance genes, contain a C-terminal LRR_8 domain
that can recognize pathogen-derived effectors®**°, Among NLR genes,
LRR_8 domains are encoded by conserved exons of categories-IIl and
IV, where the exons also correspond to a conserved NB-ARC domain
(PFO0931; see examples in Supplementary Data 11). The results suggest
that exons encoding the LRR_8 domain are conserved specifically
among NLR genes. The length variation of exons corresponding to the
LRR_8 domains (Supplementary Data 11) may contribute to the
diversification of these domains for recognizing different pathogen
effectors®. In addition, the SET domain (PFO0856) with an annotated
activity of protein methylation corresponds to 204 conserved exons,
including 47 exons belonging to I-1 (Fig. 5a), suggesting that splicing
of micro and/or small exons might contribute to the structure plas-
ticity of this domain family. Several SET domain proteins catalyze
histone methylation®, including the Arabidopsis ATXR5/ATXR6 for
histone-3-lysine-27 mono-methylation, which affects transposon
activity and genome stability®. In ATXRS/ATXR6 genes, one large and
two medium exons shared by seed-plants encode the SET domain
(Supplementary Fig. 34). The angiosperm ATXR5 and ATXR6 gene
clades likely resulted from a gene duplication of an angiosperm
ancestral gene that probably had the same exon-intron structure
corresponding to the SET domain (Supplementary Fig. 34). In addi-
tion, alternative splicing of ATXRS transcripts was detected with
impact on the domain structure®.

Another group of GO terms are for metabolism of small mole-
cules, such as the cytochrome P450 domain (p450; PF00067), which
corresponds to 727 conserved exons found in category-l, II, or IV
(Fig. 5a). Exons in category-I account for 95.2% (692 including 261
from I-1 and 1-2) of all conserved exons matching p450, suggesting
that most of the p450 domains are encoded by multiple exons
(including micro and/or small exons). Proteins with the p450 domain
belong to the largest plant superfamily for enzymes and are involved
in numerous reactions that are important for development and
environmental responses’. The presence of micro/small exons in
CYP genes suggests possible plasticity for CYP transcript and catalytic
diversity of the encoded proteins. In addition, the DEAD/DEAH box
helicase (DEAD; PF00270) family corresponds to 354 conserved
domain-exon organizations in categories-l, II, and IV. Proteins with
the DEAD domain include those regulating miRNA biogenesis in
Arabidopsis, such as DEAD-BOX RNA HELICASE 27 (RH27) function-
ing in pri-miRNA processing’® and RH6/RH8/RH12 regulating the
formation of the Dicing body (D-body, for miRNAs generation)®. In
seed-plant RH27 genes (Supplementary Fig. 35), the DEAD domain
corresponds to six exons conserved in seed plants, including one
micro, two small, two medium, and one large exons. On the other
hand, the DEAD domain in RH6/RH8/RHI12 (Supplementary Fig. 36)
corresponds to three large exons conserved in seed plants, offering
possible difference in the regulation of exon retention and protein
activity. Furthermore, the peroxidase domain (PFO0141) has been
found in genes of bacteria, fungi, plants that play important roles in
response to drought and other environmental stressess’. Our ana-
lyses retrieved the peroxidase domain corresponding to 315
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Summary of molecular functions and enrichment of domains
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conserved exons in categories-l, I, and Il (Fig. 5a); 76.2% (240) of the
matched exons are from the I-3 subcategory, implying that the
relatively long exons can offer more stable peroxidase domain
structure for diverse stress responses. The Ras family (Ras; PFO0071)
is part of the GTPase superfamily and also involved in response to
diverse stresses. It matched 237 conserved exons in category-I and Il
(Fig. 5a), with 136 exons in I-2, implicating that the splicing of small
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exons could affect Ras transcript structural plasticity with possible
links to diverse functions.

Examination of conserved exon lengths for multiple of three

If alternative splicing leads to skipping of an internal exon in a protein
coding region of the transcript, whether the number of nucleotides in
the skipped exon is multiple of three (MT) or not (NMT) can affect the
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Fig. 5 | Functions of domains and the length of their corresponded exons.

a Summary of molecular functions and enrichment of domains. Left are the major
functional types. For each type, top 3-6 domain families ranked by the number of
conserved exons are shown here. To the right of domain families are bar-plots of
percentage of exons matching different categories. Six colors of bars represent
conserved exons in three sub-categories of category-I and three other categories.
The total number of conserved exons is shown to far right. For p-value of enrich-
ment using the two-sided hypergeometric probability, we only present the value
less than 0.05. Red numbers are p-value of <0.01. b Summary of exons with length
being a multiple of three (MT) or not (NMT) investigated for domains of category-l.
Left is a model of domain-exon correspondence. Inter exons are investigated to
estimate the number of exons in MT. Domains are clustered into four types (from A
to D) based on the investigated exons. Right is the bar-plot of number of domains.
Colors of bars represent the domain types. These bars are compared according to

the number of exons investigated per domain. ¢ Biological functions of genes
encoding domains in each type named in part b. Colors of boxes correspond to the
colors of domain types in part b. Gene names are listed in boxes (see details in
Supplementary Data 12). d Comparison of domains with at least one investigated
exon in MT and other exons in NMT. For each of two domain types, the domains are
grouped by their matched exons that are included or exclude micro/small exons.
Numbers represent the number of domains. The number in round parentheses
represents the p-value of <0.05 (two-sided hypergeometric test). e AGL17
(AGAMOUS-LIKE 17) gene. f MKKI (MITOGEN ACTIVATED PROTEIN KINASE KINASEI)
gene. Investigated exons in parts e and f are placed in a red dotted rectangle, with
red, blue, green, and purple boxes representing micro, small, medium, and large
exons (see their length below). Top orange box represents the focal

domain. Source data are provided in a Source Data file.

reading frame of downstream exonic sequences and thus protein
sequence. To examine the distribution of exon length in this aspect, we
counted MT and NMT exons, with a null hypothesis of exons having 1/3
chance being MT. For domains encoded by multiple exons, the
absence of an MT exon in a transcript would not affect the protein
(domain) sequence encoded by downstream exons, but the skipping
of an NMT exon would. In individual genomes, more than one third of
exons in each size category are MT, although MT micro, small, and
medium exons are fewer than half (Supplementary Fig. 37); for large
and super exons, MT exons are greater than half, in part because many
of them are for genes lacking introns. In addition, we examined exons
being MT or NMT for different categories of the domain-exon orga-
nization (Fig. 5b). We subdivided category-I according to MT or NMT
status of the intervening exon(s), resulting in 4 groups (Fig. 5b): Group
A with all exons being MT (see green bars), group B with all exons being
NMT, and groups C (one exon being MT, see orange bars) and D (two
or more exon MT, see blue bar). A total of 5890 domain-exon types
(=1472 + 491 + 353 + 771 + 918 + 1885; median value among 50 species
shown in Fig. 5b) contain one or more MT exons, which could be
skipped while retaining the reading frame of the downstream exons
(see domain counts from individual species in Supplementary Fig. 38).
On the other hand, group-B domain-exon structures (total
2931=1814 + 681 + 436 in median investigated among 50 species; the
pink bars in Fig. 5b and Supplementary Fig. 38) contain all intervening
exons being NMT, which, when skipped, would cause a frame shift in
downstream exons. These four groups of domain-exon organizations
are found in genes related to regulation of expression (Fig. 5¢), such as
the ATRX7 genes encoding the SET domain (group-A), the RH9 genes
for the DEAD domain (group-B), the JANUS genes coding for the RRM_5
domain (group-C), and the UBPI2 genes for the UCH domain (group-
D). The four groups are also found in genes for development/repro-
duction, stress responses, immunity, and signaling (Fig. 5c; see other
examples in Supplementary Data 12), suggesting that they offer a
potentially common modulation of domain-exon structures via spli-
cinginavariety of plant genes. Furthermore, we compared the number
of domains that correspond to intervening MT exon(s) (Fig. 5d-f). For
domain-exon type I-1 (with micro exon, Fig. 4c), the fraction of domain-
exon structures containing intervening MT micro exon(s) in group-C
(13.6%; 229/1690; Fig. 5d) is higher than expected (p-value =3.1E-3;
FDR-BH). Similarly for domain-exon type I-2 (with small exon, but not
micro exon, Fig. 4c), the fraction of MT small exon(s) (48.9%; 827/1690;
Fig. 5d) is higher than expected (p-value =1.2E-29; FDR-BH). In addi-
tion, for domain-exon organizations with only medium or large exons,
the fraction of MT exons (37.5%; 634/1690; Fig. 5d) is less than
expected (p-value =4E-37; FDR-BH).

Expression of genes containing conserved exons among

major organs

To gain clues about differential functions of genes containing con-
served exons on a genome-wide scale, we analyzed transcriptomic

data of the flower, fruit, and at least one of the root, stem and leaf from
Arabidopsis, apple, watermelon, soybean, grape, tomato, Papaver,
maize, wheat, pineapple, and Amborella trichopoda (see methods, also
for analyses of alternative splicing as described in the next section).
Specifically, for genes with likely functions in the flower, we identified
preferentially expressed genes (PEGs) with a higher level of expression
in the flower than one or more other tissues (see methods; Supple-
mentary Data 13). For example, analyses of Arabidopsis transcriptomic
data identified, respectively, 4960, 4944, and 3729 floral PE, in com-
parison with the root, leaf, and fruit (Supplementary Fig. 39). Then we
counted the number of PEGs containing at least one conserved exon
that were identified here and retrieved 3241 (65.3%), 3175 (64.2%), and
2248 (60.3%) floral PEGs that contain conserved exons and showed
higher expression relative to root, to leaf, and to fruit, respectively
(Supplementary Fig. 39). Among the conserved exons in these PEGs,
>72% are conserved across seed plants; for example, 2363 (74.4%) of
3175 floral PEGs to leaf include the seed-plant conserved exons (Sup-
plementary Fig. 39), suggesting that most of these PEGs could be
regulated by conserved splicing processes. Similarly, in maize con-
served exons are present in 3791 (67.7%) of 5600 floral PEGs to root,
2718 (63.6%) of 4273 floral PEGs to stem, 2133 (68.1%) of 3130 floral
PEGs to leaf, and 5477 (68.5%) of 7995 floral PEGs to fruit (Supple-
mentary Fig. 39). Among the maize PEGs with conserved exons, >70%
have at least one exon shared by both angiosperm(s) and gymnos-
perm(s) (Supplementary Fig. 39). Patterns similar to those in Arabi-
dopsis and maize were also found for the other nine species analyzed
here, suggesting that most floral PEGs relative to the other tissues
examined here are conserved at the splicing level across seed plants
for the development and physiology of reproductive structures.

To gain clues about the possible molecular/biochemical functions
of the PEGs with conserved exons, we examined domain families in
these floral PEGs with conserved exons and detected the domains in
PEGs from each dataset (Supplementary Fig. 40a). For example, we
investigated 4390 domain members of 1963 domain families in 4944
Arabidopsis floral PEGs relative to leaf and found that 180 domain
families are enriched, each with a significantly (two-sided hypergeo-
metric test; p-value < 0.05; Supplementary Fig. 40a) greater percen-
tage in these PEGs than the genome-wide percentage of the family (see
methods). These enriched families include the domain families
described in the previous section, such as LRR and K-domain. We then
examined the domains in floral PEGs in all 11 species and retrieved
~3209 (median) domain members in floral PEGs relative to leaf, ~2718
(median) to stem, ~2832 (median) to fruit, and ~4261 (median) to root
(see individual numbers in Supplementary Fig. 40a). Using enrichment
in at least four species (including at least one eudicot and at least one
monocot) as a cutoff, we obtained 147, 40, 164, and 135 enriched
families, respectively, in floral PEGs relative to root, to stem, to leaf, or
to fruit (Supplementary Data 14). Among these enriched protein
domain families, 24 families are present in all four PEG patterns
(Fig. 6a; Supplementary Data 14), such as K-domain (MADS) family,
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a Enriched domain families shared by different PEG sets

Patterns  Number Examples (see more protein domain families in Supplementary Data 14)

24 K-domain (PF01486), Amino acid transporter (PF01490), Sugar transporter (PF00083), Major facilitator superfamily (PF07690)
26 MYB DNA-binding (PF13921), Homeobox KN (PF05920), Aux/IAA structural (PF02309), Universal stress protein (PF00582)

7 Protein tyrosine & serine/threonine kinase (PF07714), Ca2+/phospholipid-binding C2 (PF00168), NAC-domain (PF02365)

25 Kinesin (PF00225), Primary annexin domain, BTB domain (PF00651), Cellulose Synthase (PF03552), MLO family (PF03094)
21 ABC transporter (PF00005), lon transport (PF00520), CCT domain (PF06203), Cyclic nucleotide-binding domain (PF00027)

31 p450 domain (PF00067), Heavy metal domain (PF00403), Aminotransferase class | and Il domain (PF00155)

69 Pkinase (PF00069), Histone (PF00125), DNA-methylase structure domain (PF00145), peroxidase domain (PF00141)

L] 66 Na+/H+ exchanger domain (PF00999), Short-chain dehydrogenase (PF00106), B-box-type zinc finger domain (PF00643)
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ABCE genes and other MADS-box genes

Fig. 6 | Protein domains encoded by flower-preferential genes in comparison at
least one other organ. a Enriched domains encoded by preferentially expressed
genes (PEGs) in the flower containing the conserved exon. Domain families enri-
ched in >3 genomes are shown on the right, while their presence among specific
sets of PEGs is indicated by black dots (see below for details) on the left with the
background of green, blue, pink, orange bars, which respectively denote the cor-
responding PEGs in the flower relative to the leaf, stem, fruit, and root. b Domains in
six specific PEGs. ATKI, Arabidopsis Kinesinl. CENH3, CENTROMERIC HISTONE H3.
FUL, FRUITFULL. PHOT2, PHOTOTRORPIN 2. LUT1, LUTEIN DEFICIENT 1. AUX1, AUXIN
RESISTANT 1. Colored boxes represent focal exons, with their size ranges explained
to the right. Exons with length being a multiple of three (MT) or not (NMT) are
indicated with red or blue lines, respectively, below the exons. ¢ Domain-exon
correspondence patterns for K-domain in MADS-box genes related to flower
development. The left tree illustrates the phylogenetic relationships among major
MADS-box subfamilies, with the tip labels showing representative Arabidopsis

names. Color branches represent the ABCE genes. To the right of phylogeny are the
domain-exon correspondence in the ancestral gene model of each subfamily
group. Colored exon boxes and red/blue lines below them have the same meaning
as in part b. To the right of gene models are box-plots of gene expression levels
[measured by loglO(TPM +1) in flowers] of genes in 11 angiosperms. Three addi-
tional sets of box-plots on the right are for the Log2 (fold changes in TPM) (LFC) of
expression in the flower relative to leave, stem, and root, respectively. Box plots
show the median (center line), interquartile range (box bounds), and whiskers
extending to the smallest and largest values within 1.5 x IQR from the quartiles.
Outliers beyond the whiskers are included in the source data but not displayed
here. Kruskal-Wallis test between the ABCE genes and other MADS-box genes
support greater changes of the expression of the ABCE genes than that of others (P-
value <2.2e-16, 1.7e-4, 7.9e-6, 1.7e-6, respectively). Source data are provided in a
Source Data file.

Nature Communications | (2026)17:106

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66816-3

with the known conserved functions of the K-domain-containing genes
in flower development®®, and the sugar transporter domain for
transport of sugar and other carbohydrates (e.g., proteins encoded by
the SWEETII and SWEETI2 genes™), suggesting that these conserved
functions (in four or more species) are floral preferential to each of the
other four organs. The p450 (e.g., RED ELONGATED 1, Brassinosteroid-
6-Oxidase 2 genes) and 30 other domain families are enriched in floral
PEGs relative to fruit but not to other tissues (Fig. 6a). These diverse
functional domains with conserved exons suggest that their functions
are likely conserved across angiosperms, potentially revealing new
molecular mechanisms for development and physiology.

We further explored possible association of domain-exon struc-
ture and possible alternative splicing with differential expression,
especially that involving genes encoding protein domains belonging to
enriched families, using domain-exon types as described in the above
section (Fig. 5b). We found that among those floral PEGs relative to
only one of the four other tissues (Supplementary Fig. 41), >92%
(median) of the corresponding domain-exon organizations are in
category-l (Supplementary Fig. 40b), greater than the genome-wide
percentage of this category (Fig. 4). Among these category-l domains
encoded by floral PEGs, >66% match three or more exons, including at
least one intervening exon in MT (Supplementary Fig. 40c). Specifi-
cally, a Kinesin domain is encoded by eight conserved exons of the
Arabidopsis ATKI gene (with a crucial role in meiotic spindle
morphogenesis’) and its seed-plant homologs (Fig. 6b; Supplemen-
tary Fig. 42). Among these six intervening matched exons for the
domain, three medium exons are in MT (multiple of three nucleotides)
and three other exons (one small, one medium, and one large) are in
NMT (non-MT). Another example is CENTROMERIC HISTONE H3
(CENH3), which is an essential component of the specialized nucleo-
somes in the kinetochore and required for chromosome segregation
during cell division, and is regulated by phospohrylation®”. The CENH3
histone domain matches five conserved exons, including three inter-
vening exons, one small MT and two NMT (Fig. 6b). The results suggest
that alternative splicing skipping some of these MT-exons could
shorten the corresponding protein domains without affect down-
stream sequences, providing a possible mechanism to regulate the
activities of the domain.

Genes containing micro and small exons are known to be
important for plant development and stress responses; some of these
genes exhibit preferential expression patterns relevant to their
functions®. One group of well-studied genes with micro exons is MIKC-
type MADS-box genes including floral homeotic genes of the ABCE
model; these genes encode proteins with the K-domain (for keratin-
like) in angiosperm. For example, the A-class gene APETALAI (API) and
its paralogue FRUITFULL (FUL) contain six conserved exons, including
two intervening micro exons in MT and two intervening small exons in
NMT (Fig. 6b; Supplementary Fig. 43). In Arabidopsis FUL gene affects
many key genes for flower development®®. The K-domain family is also
enriched in ginkgo genes, such as homologs (evm.model.chr1.1358 and
evm.model.chr1.1364; Supplementary Fig. 44) of Arabidopsis AGL2/4/9
[SEPALLATA1/2/3 (SEP1/2/3); E class] genes required for all floral organ
development®. Phylogenetic analyses of seed-plant SEP genes placed a
duplication in the ancestor of angiosperms, likely as part of the
angiosperm polyploidization event (Supplementary Fig. 44) and
angiosperm SEP homologs are expressed in the floral meristem and
multiple floral organs'®. The K-domain corresponds to six conserved
exons in SEP genes, where two intervening micro exons are in MT and
one small exon in NMT, somewhat different from those in A-class
genes (Fig. 6¢). We noted that angiosperm ABCE genes exhibit sig-
nificant higher expression levels in the flower than other MADS-box
genes (p-value <0.01 under Kruskal-Wallis Test; Fig. 6c). Similarly,
among floral PEGs, ABCE genes also have a significantly greater
increases in expression than other MADS-box genes (Fig. 6¢). We
compared the likely ancestral (commonly shared) gene models of

different MADS-box subfamilies and found that K-domain in different
MADS-box subfamilies matches 5-6 conserved exons (see the corre-
spondence between conserved exons and K-domain in genes from 11
angiosperms in Supplementary Fig. 45). For example, C-class genes
(AG/SHP) have six (two micro, three small, one median) exons and AP3
homologs have (two micro, three small) exons (Fig. 6c). Similar gene
structures were found in non-ABCE MADS-box genes, such as TM3 (six
exons) and AGLI2 (five exons). It is striking that all MADS-box genes
described here contain an internal micro exon in MT (42 bp) encoding
part of the K domain (Fig. 6¢), suggesting a possible conserved splicing
regulatory mechanism. Micro exons are unusually short and thus lack
space to accommodate important cis-elements for splicing; therefore,
they might require special regulation including specific splicing fac-
tors. This idea is supported by the recent discovery that the Arabi-
dopsis GRP20 protein is required for the normal retention of a micro
exon in several MADS-box genes (API, SEP3, SEP4, AG, STK, and AP3)*.
The affected micro exons have 42 nucleotides, allowing the transcripts
lacking the micro exon to be translated into proteins with a K-domain
that is shortened by 14 amino acids. It is known that the K-domain is
important for protein-protein interactions (such as dimerization
between AP3 and PI, or higher order protein complex formation'"’),
making it possible that a shortened K-domain might alter the pool of
MADS-box protein complexes and thereby affecting flower
development.

Auxin is an important plant hormone and regulate multiple
developmental processes'®”. Among PEGs is the AUXIN RESISTANTI
(AUXI) gene encoding an auxin influx transporter with a conserved
Aa_trans domain (Fig. 6b; Supplementary Fig. 46). The Aa_trans
domain matches six internal exons in AUXI homologs in most cases,
but in Solanaceae and monocot species there is only one exon corre-
sponding to the last two of the six exons in AUXI homologs of other
species (Supplementary Fig. 46). Among the six exons, the first (3’) and
last (5') are in MT and others in NMT (Fig. 6b). Other PEGs related to
development and metabolism with internal exons in MT encode the
Pkinase domain, such as the PHOT2 genes mentioned in above section
(Fig. 6b; Supplementary Fig. 32) and the Arabidopsis LUTEIN DEFI-
CIENTI (LUTI) gene encoding a heme-containing monooxygenase with
a p450 domain'® (Fig. 6b; Supplementary Fig. 47).

Conserved exons affected by exon skipping and functional
implications in flower development

Alternative splicing is a crucial mechanism that increases the diversity
of protein isoforms in eukaryotic organisms’. Genes containing con-
served exons and with expression in multiple tissues and organs could
have alternatively spliced transcripts, including those due to exon
skipping, thereby increasing the functional diversity of their protein
products. The results reported in the above sections indicate that most
plant genes are conserved across angiosperms and encode protein
domains matching multiple exons, suggesting that regulation by
alternative splicing could affect their domain structure and function.
However, whether alternative splicing affected conserved exons and
patterns of alternative splicing that might affect specific conserved
domain families are largely unknown.

To address these questions, we analyzed alternative splicing
events affecting protein-coding exons using rMATS (see methods) in
comparison with the annotated exon-intron structure, by analyses of
RNA-seq datasets of 11 angiosperms (Arabidopsis thaliana, apple,
soybean, watermelon, tomato, grape, Papaver [poppy], maize, wheat,
pineapple, and Amborella trichopoda), which were selected to repre-
sent angiosperm diversity and for their available high-quality datasets.
We found a total of 40,416 exon skipping events in root transcripts (10
species), 26,650 in stem transcripts (7 species), 58,224 in the leaf
(11 species), 52,095 in the flower (11 species), and 47,003 in the fruit
(11 species) (Supplementary Fig. 48). Among these skipped exons,
small exons are the largest class and are enriched in each tissue of each
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species relative to the proportion of small exons among intron-
containing genes from the respective species (Supplementary Fig. 48).
Super exons are the smallest class among skipped exons in all tissues
and large exons are the second-smallest class in most tissues (Fig. 7a,
Supplementary Fig. 48); it is possible that the absence of a super exon
can cause a severe functional defect of the protein, so such skipping is
not beneficial to plant fitness. We also found other types of alternative

splicing (A3SS and ASSS, Supplementary Fig. 49). However, intron
retention results are prone to false positives due to incompletely
spliced transcripts, thus not examined here.

We next investigated the extent of exon skipping that affected
members of conserved exon families. In the floral transcriptome of a
particular species the 11 angiosperms investigated here, 610-10,957
(median of 3850) events affecting conserved exons were detected,
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Fig. 7 | Domains matching conserved exons undergoing skipping during spli-
cing in different tissues. a Bar-plot of median value of number of seed-plant wide
conserved exons (purple), other conserved exons (orange), and non-conserved
exons (green) skipped in different species. See details of each species in Supple-
mentary Fig. 48. b Bar-plot of number (see the right numbers) of conserved exons
skipped in at least two species. Different colors of bars represent exon length
categories as shown below. ¢ Bar-plot of number (see the right numbers) of con-
served exons in part b matching domains. Colors of bars represent different exon-
domain correspondence in Fig. 4a. Most of these exons match the category-I (blue

bars). d Bar-plot of number of conserved exons in part c in length being a multiple
of three or not. Orange bars represent exons in length being a multiple of 3. Green
bars represent exons in length being not a multiple of 3. e Major molecular function
categories of domains corresponding to conserved exons with exon skipping sig-
nals. Left are five molecular function categories of domains. To the right of domain
names are bar-plot of total count (see the right numbers) of exons. See more

domain families in Supplementary Fig. 51. To the right of bars are domain examples
showing the position of skipped exons within coding region for domains. See more
examples in Supplementary Data 16. Source data are provided in a Source Data file.

with a combined total of 40,732 events (Supplementary Data 15).
Similarly, thousands of exon skipping events were detected in the
other tissues, with a total of 36,367 and 45,748 skipping events,
respectively, detected in the fruit and the leaf and affecting conserved
exons (Supplementary Data 15). The large fractions of conserved exons
experiencing exon skipping suggest that alternative splicing (espe-
cially exon skipping) might be a conserved regulatory mechanism for
these exons and that proteins encoded by transcripts lacking the exon
might have a different function from proteins encoded by the full-
length transcripts.

To identify shared exon skipping among the 11 species, we sear-
ched for the conserved exons that were skipped in a focal tissue in at
least two species and found 6275 such skipped exons in root, 3106 in
stem, 10,447 in leaf, 8977 in flower, and 7655 in fruit (Fig. 7b; see
individual exons in Supplementary Data 16), suggesting that many of
the exon skipping events are conserved to some extent. In individual
species, about 50.3%~68.8% (median of 60.7%, in a species) of skipping
events in the flower affected conserved exons in two or more species.
In addition, among 36,367 skipping events affecting conserved exons
detected in the fruit, 50.9%~64.6% (median of 57.2%, in a species) of
them were shared by two or more species. Among 45,748 skipping
events in the leaf affecting conserved exons, 55.8%-68.8% (median of
65.3%) of events detected in individual species were shared by two or
more species. Specifically in the Arabidopsis flower, 675 skipping
events were detected that affected individuals of conserved exons,
including 235 events detected only in Arabidopsis and 440 (65.2%)
events shared by Arabidopsis and other species. For example, a con-
served exon (EXON0O070818) in seed-plants homologs of AT1G44760,
which is a proposed target gene of AP1 and AP3', was found to be
skipped in the flower of Arabidopsis (Exon 2 in ATIG44760.2), soybean
(Exon 2 in GmWS82.14G142700.1), and wheat (Exon 2 in
TraesCSIB03G0773200.1) (Table 1; see affected exons in Supplemen-
tary Data 16). Some exon skipping events were also shared by two or
more the other 10 species analyzed here, such as the 409 events in
tomato and other species (Table 1). For instance, members of the
conserved exon family (EXON0023600) in angiosperm homologs of
ARF8 (AT5G37020), which has regulatory role in stamen elongation in
Arabidopsis'®, were skipped in the flower of tomato (Exon 2 in
Solyc03g031970.4.1) and grape (Exon 2 in both Vitis12g00136.t01 and
Vitis10g01227.t01) (Table 1 and Supplementary Data 16).

For exons skipped in the Arabidopsis flower, we found that 126 of
145 micro exons, 376 of 425 small exons, 150 of 188 medium exons, 21
of 29 large exons, and 2 of 4 super exons were conserved exons and
that the seed-plant wide conserved exons account for 77.8% (98 of
126), 85.4% (321 of 376), 86% (129 of 150), 85.7% (18 of 21), and 100% (2
of 2) of conserved micro, small, medium, large, and super exons,
respectively, that were skipped in the flower (Supplementary Fig. 48).
Similar patterns were also found in other species. In general, seed-
plant wide conserved exons are the majority (>52%) of micro, small,
and medium exons affected by skipping in at least one tissue (Fig. 7a,
Supplementary Fig. 48). In each tissue >56% of these exons are micro
or small exons (Fig. 7b), implying that skipping particularly involving
micro and small exons contributed substantially to transcript/protein
diversity. In addition, a total of 17,032 conserved exons skipped in at

least two species account for ~43% of these 39,721 conserved exons
with skipping event detected in at least one of these 11 species (Sup-
plementary Data 17), suggesting that skipping of conserved exons are
conserved across angiosperms.

Splicing can be regulated via cis elements in introns*'%, To gain
possible clues about introns, we also investigated the combined length
of two introns flanking an exon affected by skipping and found that the
median value of intron length increased from micro exons to longer
ones in each of the 11 species, such as 684 bp, 813 bp, and 1068 bp,
respectively, for median intron length corresponding to micro, small,
and other conserved exons that were skipped in at least one tissue
(Supplementary Fig. 50). In each of five exon size categories, the
combined length of flanking introns for conserved exons that were
skipped in at least one tissue is longer than that for all genome-wide
exons (Supplementary Fig. 50), suggesting that exons regulated by
exon skipping might be regulated by cis elements in flanking introns,
similar to the cis-elements reported for regulating splicing'®. In addi-
tion, the shorter intron length flanking conserved micro and small
exons (Supplementary Fig. 50) suggest that they might be regulated
via different mechanisms, such as cis elements found in exons and
specific RNA-binding protein(s), as recently reported”.

To assess possible impact of exon skipping on the molecular
functions of protein domains, we examined the conserved exons
affected by exon skipping and detected 6023 (96% of 6275) exons in
root, 2999 (96.6% of 3106) in stem, 10,014 (95.9% of 10,447) in leaf,
8617 (96% of 8977) in flower, and 7325 (95.7% of 7655) in fruit matching
domains (Fig. 7c), suggesting >95% of conserved exons skipped in two
or more species affect domains. Indeed, the majority of those exons
correspond to domains in category-I (Fig. 7c), implying that skipping
micro and/or small exons could affect most of the domains encoded
by multiple exons, at least one of which are affected by exon skipping.
Investigation of the skipped exon in MT or NMT suggests that 38.1%
~41.7% of exons matching domains are in MT (Fig. 7d), implicating
skipping these MT exons would not alter the downstream protein
reading frame. In addition, the annotated functions of these domains
include regulation of gene expression (e.g., K-domain, RRM), post-
translational modification (e.g., Pkinase, Ser-Thr/Tyr kinase), protein-
protein interactions (e.g., LRR, Kinesin), small-molecule metabolism
(e.g., P450, Small GTPase), and transport (e.g., Sugar_tr) (Fig. 7e). Our
results suggest that exon skipping probably affects domains with a
variety of molecular functions in each tissue examined here. In parti-
cular, among conserved exons matching the K-domain in SEP4, an 82-
bp exon experienced skipping in the flower and fruit, especially skip-
ping differentially in flower in Arabidopsis and in flower and fruit in
wheat (Fig. 7e). Another case is for conserved exons matching Pkinase
in WNK8 gene, where a 38-bp exon was excluded in transcripts of
different tissues (Fig. 7e). Among conserved exons matching LRR in
BAK7 gene, a 72-bp exon underwent skipping in leaf and fruit (Fig. 7e).
The number of skipped exons matching a domain family and enriched
families against all members of the family in genome varies from dif-
ferent tissues (Supplementary Fig. 51), implying tissue-specific varia-
tion in proteins. Particularly, among those top 10 largest domain
families, the k-domain is enriched in those conserved exons skipped in
flower and fruit but not in other tissues (Supplementary Fig. 51),
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stamen elongation in Arabidopsis'®

AP3 (AT3G54340), one of class B genes for petal and stamen

development'®

Exon4 skipped in PS0622810.1-mRNA-1

818 EXONO0063870 Small Angiosperms

37

189

poppy

In Arabidopsis YAB5 (AT2G26580) functioning in early anther

development'®®

Exon 4 skipped in TraesCS5B03G0939600.1

Micro Seed-plants

EXONO034035

1757 2527

4284

wheat

A homologs of HUAT (AT3G12680) acting in the C function in flower'®’

Exon 2 skipped in Zm00014ba381110.1
Exon 4 skipped in Aco007079.1.v3

Large Angiosperms

EXONO099045
EXONO038400

2297
2565

1553

1885

3850
4450

maize

FERRETIN 1/3 functioning in iron homeostasis that is central to flower

development and fertility'®®

Seed-plants

Small

pineapple

A homolog of FUL (AT5G60910) modulating the flower development™®®

Exon 6 skipped in AmTr10g00432.1

Micro Seed-plants

4885 2203 2682 EXON0028293

Amborella

EDIOS, Events detected in one species. See Supplementary Data 5-9 for specific exon members of the conserved exons in individual genes. See Supplementary Data 16 for exons skipped in different species.

supporting its key role in regulating flower and fruit development via
exon skipping.

Discussion

Our phylogenomic analyses of exon landscapes across 46 angiosperms
and 4 gymnosperms provide distribution profiles in five different
length categories, including previously proposed micro and small
exons, and present their conservation among seed plants, angios-
perms, and angiosperm subgroups on gene structure and domain-
exon correspondences. Among the five length categories, medium
exons are the largest (32%) and contribute to ~25% (median) of genes;
they are annotated to have crucial functions for plant development
and response to diverse stresses (for example, MPK6, ETR1, ABI1, TOCI,
CHL3, IRT1, MYB75, DMT1, and JARI). Micro and small exons
(accounting for ~-8% and ~27% of all exons, respectively) are found in
~54% of genes and represent important structural elements of plant
genes. Many of the micro/small exon-containing genes are important
regulators of gene expression and other cellular processes (such as
FLC, FT, COPI, HYS, PINI1, ABI5, AGAMOUS, PIN2, WUS1, and PIF4), with
various biological functions. Large or super exons are present pre-
dominately in genes without introns (e.g., RP1, BRI1, EIN3, SUN6, CBF3,
GAl, RGA1, UBQIO, CBF1, and SHR), suggesting that they are not
affected by regulatory mechanisms at the splicing level. Most exons
are shared by angiosperms and gymnosperms and these widely con-
served exons contribute to ~76.7% of genes per genome. Analyses of
protein domains encoded by conserved exons revealed that the vast
majority of protein domains (category-I) match three or more exons.
Among the exons with detected exon skipping, small exons are the
largest fraction from previous studies and our analyses here, with
additional ES events affecting micro and median exons, potentially
allowing for different isoforms of protein domains to be translated
from alternatively spliced transcripts. The information presented on
conserved exons, their relationships to protein domains and their
possible regulation by alternative splicing provide many hypotheses
on regulation of gene expression and protein function, to be tested by
further molecular genetic studies.

Our comparative analyses of exons across 50 seed plants revealed
that a large majority of each of the four smaller size categories are
conserved (with median values of 60.55%, 85.7%, 82.3%, and 70.2% for
micro, small, medium, and large exons, respectively). However, only
44.9% of super exons are conserved; this relatively low proportion was
puzzling at first and led to further examinations. One contributing
factor is that some super exons correspond to two or more smaller
exons in other genes of the same orthogroup and our definition of
conserved exons would exclude such super exons from conserved
exons when they only appear in one species. From 50 genomes we
detected 823~4341 non-conserved exons per species (median of 1334),
which correspond to two or more conserved exons in other genes of
the same orthogroup, with a combined total of 76,762 non-conserved
super exons for the 50 species. These non-conserved super exons
probably resulted from fusion of two (or more) conserved exons via
loss of intron(s) during angiosperm evolution, suggesting that poten-
tial alternative splicing of the ancestral (unfused) exons is not part of
mechanisms regulating the transcript isoforms for the relevant
exon(s). Analyses of all exon size categories revealed that 59,338
conserved exon families contain at least one member that was fused in
one or more of the 50 species and also exhibit alternative splicing in
one of the 11 species analyzed here (Supplementary Fig. 52a-c). In
individual species, such fused exons account for ~65% (Supplementary
Fig. 52d) of all exons likely fused from conserved exons (Fig. 2e), again
suggesting changes in potential alternative splicing during angiosperm
evolution for exons of different size.

A relatively large number (246,011 of 928,992 in total) of super
exons correspond to intronless genes, which might be generated via
reverse transcription and insertion into the genome and include
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possible pseudogenes'”’ ', which possess sequence features, such as

poly-A tracks near the 3’ end and portions similar to repetitive ele-
ments. Among intronless genes, sequence conservation and detect-
able expression support functional genes'*”"'°, whereas pseudogenes
might have accumulated mutations and sequence divergence. As the
Chinese pine genome" has an unusually large number (17,437) of super
intronless genes, we investigated these genes for the properties as
possible evidence of pseudogenes and found that 13,975 (80.1% of
17,437) lacked characteristics of processed pseudogenes, including
913 conserved exons (Supplementary Data 18). The remaining 3,462
(19.9%) super intronless genes have features that could be associated
with processed pseudogene, including 203 conserved exons/genes.
The conservation of these 203 intronless genes suggests that they
might be functional, similar to known functional intronless genes from
genetic studies and supported by our observation that 182 of the 203
conserved intronless genes showed detectable expression in at least
one of four organs (megagametophyte, leaf, stem, and needle; Sup-
plementary Data 18). The remaining 21 (=203-182) conserved intronless
genes did not have detectable expression in the four organs,
accounting for ~1.9% of 1116 (=913 +203) conserved super intronless
genes, which were included in the subsequent analyses of conserved
exons (Supplementary Data 18). Among 3259 (=3462-203) non-
conserved intronless genes with pseudogene-like features,
2666 showed detectable expression in at least one organ, whereas the
remaining 593 showed no detectable expression in any of the four
organs and are candidate processed pseudogenes, corresponding to
less than 3.4% of 17,437 super intronless genes in Chinese pine, and
require further annotation using additional RNA-Seq datasets in future
studies.

Our analyses of alternative splicing found that the conserved exon
shared by multiple species can be commonly skipped in some of these
species. For such conserved exons with skipping in one of five tissues,
more than half are micro or small exons (Fig. 7b). Most of those con-
served exons match domains that are encoded by multiple micro and/
or other exons. It is likely that skipping such conserved exons is a
common mechanism for protein diversity across species. In addition,
other alternative splicing mechanisms, such as alternative 3’ splice site
(A3SS) and alternative 5’ splice site (AS5SS), were also found to alter
exon size, including thousands of conserved exons that were shor-
tened by A3SS, including 14,506 and 13,848 conserved exons in the
flower and fruit, respectively, and shared by two or more species
(Supplementary Fig. 49; also for A5SS). In short, 47,708 (-45%) and
29,955 (-28%) of 105,971 conserved exons present in at least one of the
11 angiosperms were affected by A3SS and ASSS, respectively (Sup-
plementary Data 17). These results suggest that A3SS and A5SS events
are also conserved alternative splicing mechanisms contributing to
protein diversity across species. Further analyses of the conserved
exons affected by A3SS/ASSS events indicate that nearly half of them
have the altered length in MT in at least one species, implying that
shortened exon size would not result into reading frame change in
downstream domains (Supplementary Fig. 49). In general, our exon
conservation investigation has a broad evolutionary implication in
exon skipping and other alternative splicing mechanisms in plants.
Alternative splicing contributes to some genes in a genome with two or
more annotated transcripts; to estimate possible effect of alternative
transcripts on the analyses of exon conservation, we examined the
Arabidopsis genome with highly accurate annotations (Supplementary
Data 19). Among the 18,197 Arabidopsis genes (in the 10,216 HOGs)
included in our comparative analyses, 8015 genes have >=2 transcripts
per gene and include 5762 genes with a total of 14,150 alternatively
spliced exons®’. In 3489 of these alternatively spliced genes, the
longest transcript also has the longest coding region and most longer
exons; however, for 2273 genes, the longest transcript has a shorter
coding region with either fewer (1,110 genes) or shorter (1163 genes)
exon(s). We examined 4433 exons from these 2273 genes, including

2672 exons with altered length ranges or intron retention and 1,761
additional exons that did not correspond to exons in the longest
transcripts (see details in Supplementary Data 19). We assessed
sequence similarity between these 4433 exons and the protein-coding
sequences of other genes within their respective orthogroups (Sup-
plementary Data 19), revealing that 2585 exons showed no similarity to
other exons, whereas 952 exons matched individual conserved exons.
These two types did not affect the overall analyses of conserved exons.
In addition, 896 exons each matched two or more exons from different
conserved exon families, suggesting that these 896 exons might have
been the result of intronless in Arabidopsis (or a group including
Arabidopsis). The analyses using the longest transcript did not include
these 896 exons among the conserved exons, accounting for ~1.1% of
82,271 conserved individual exons in the Arabidopsis genome. Because
our results on conserved exon families contain members from multi-
ple genes, the annotation differences of this small number of genes do
not affect the main conclusions of this study.

Our exon conservation, gene expression, and alternative splicing
analyses also have implications in the evolution of gene families rela-
tive to the flower development, especially the MADS-box gene family
that has been functionally verified in Arabidopsis, rice, and other plants
(e.g., refs. 22,93,94,111,112). We analyzed the angiosperm MADS-box
homologs by comparing their gene structures with reference to the
gene phylogenetic positions and found that the MADS-domain mat-
ches the conserved medium exon across these homologs (Supple-
mentary Fig. 45), representing a case of Category-Il of the domain-exon
correspondence illustrated in Fig. 4a. The K-domain corresponds to 5
or 6 conserved exons, with the first and last exons being typically small
and medium exons, respectively (Supplementary Fig. 45). For most
angiosperm ABCE genes and other related MADS-box genes, two of the
intervening exons (for the K-domain) are small exons, but they are
merged into a single medium exon in AGL32 homologs. Also, nearly all
these MADS-box genes contain two intervening micro exons (namely,
‘MI’ and ‘M2’; Supplementary Fig. 45), except in many ANRI homologs,
where the last micro exon (M2) is replaced with a small exon. M1 and
M2 in the ABCE genes are relatively frequently skipped in several
species in the flower than other genes (Supplementary Fig. 45),
implying that the skipping of micro exons have contributed to the
protein diversity in relation to the flower development.

Our results provide genome-wide resources for gene structure
annotation in genome projects by comparison between homologous
genes in an orthologous group to optimize gene structures. For exam-
ple, among homologs of the MS2 gene, which is required for normal
anther development, most seed plant genes have 9 exons, representing
a likely ancestral gene structure (Supplementary Fig. 16). However, in
coffee two annotated adjacent genes™ on chromosome 6 are found
here to be homologous to MS2: one of these (GSCOCT00040587001)
has 4 exons corresponding to the four upstream ancestral MS2 exons
and the other (GSCOCT00040586001) has 5 exons corresponding to the
five downstream ancestral exons. Our results support a likely gene
model that combines the two coffee genes into a single gene, with 9
exons similar to other angiosperm MS2 homologs. As new plant genome
sequences are generated rapidly, our genome-wide landscape of gene
structures across angiosperms supports in gene model prediction in
plant genome projects. The detailed profiles of conserved exons and
their encoded protein domains can serve to inform a variety of com-
parative and evolutionary analyses of gene families that perform diverse
molecular functions. Future analyses at the genome/transcriptome scale
in many more angiosperms can provide more insights into the evolution
of gene structure and alternative splicing.

Methods

Genome data and source

We downloaded 13 Telomere-to-Telomere genomes and 37 genomes
assembled in chromosome-scale from published genome databases
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(see details in Supplementary Data 1). These 50 genomes represent 46
angiosperms (28 eudicots, 4 magnoliids, 12 monocots, 2 early-
diverging groups) and 4 outgroups (gymnosperms)’--5760-62113-152
Particularly, to reduce the computation time, we selected chromo-
somes 1-14 and the Y chromosome of Diospyros kaki**, the sub-
genome BXJ2 of Musa acuminata®, and the subgenome B of Triticum
aestivum'. According to the longest mRNA of each gene annotation in
the genome annotation (GFF), protein-coding sequences and their
translated proteins were used for phylogenomic analyses.

Orthogroup inference and phylogenetic analyses

We used diamond v2.1.8.162"° and OrthoFinder v2.5.5"* to analyze
protein sequences of the 50 genomes to generate phylogenetic hier-
archical orthogroups with the default MCL inflation value (I=1.5).
Specifically, a species-tree (Fig. 1) was selected from the resolved
familial relationships among seed-plants from the OneKP project’. The
species-tree was used as the reference tree for clustering orthogroups
by OrthoFinder v2.5.5 with the MSA model, a more accurate way to
detect orthogroups from gene trees inferred with default
parameters™. To reduce computation cost, we also used PhyloMCL
v2.0"> to cluster each orthogroup including >200 genes into smaller
orthogroups. Among the inferred orthogroups, to reduce the com-
putation time, we selected orthogroups with >=6 genes from
>=3 species (including >=1 angiosperm) for downstream gene tree
analyses. In addition, protein sequences of each orthogroup were
aligned by PASTA v1.8.6"° with running in three iterations, each of
which include tree inference by FastTree v2.1.11", sequence align by
MAFFT v7.505"¢, and alignment merge by MUSCLE v3.8.31°. Aligning
coding DNA at the amino acid level shows strong phylogenetic signals
because the phylogenetic signals from DNA sequences are more
rapidly than that from their encoded protein sequences'. Therefore,
we used custom script to backtranslate from the protein sequence
alignment into nucleotide sequences'. Removal of poorly aligned or
incomplete sequences compared with the rest of multiple sequence
alignments can increase the accuracy of resulting gene trees'*”. Hence,
we used trimAl v1.4.rev22'¢* with the specific option (automatedi) for
Maximum Likelihood trees, the residue overlap threshold of 0.7 and
the sequence overlap threshold of 75 to trim the nucleotide sequence
alignments. The trimmed alignments were used to construct Max-
imum Likelihood gene tree by IQ-TREE v2.1.2'** with 1000 ultrafast
bootstrap replicates’* and the substitution model of GTR + G.

In addition, each orthogroup was annotated based on genes from
Arabidopsis (https://www.arabidopsis.org/index.jsp)'®®, rice (http://
www.ricesuperpir.com/web/nip/geneExpression)*, and/or tomato
(https://solgenomics.net/ftp/tomato_genome/annotation/ITAG4.1_
release/)”.

Exon Evolution

Exons were selected from the protein-coding regions in all 50 genomes
because most published genomes did not include the UTR annota-
tions. For the gene with coding strand, exons were ordered by their
annotated positions from lowest to highest; otherwise, exons from
genes with template strand were ordered by their positions from
highest to lowest. We defined the conservation of two exons according
to their amino acid sequence similarity, exon length and position.
Specifically, the amino acid sequence similarity of any two exons was
estimated by amino acid substitution matrices in BLOSUM-62°°, The
sequence similarity of exons A (from gene-1) and B (from gene-2) was
defined as the ratio of the same or similar amino acids counts between
the two exons to the number of amino acids in exon-A that were
aligned to the amino acids in exon-B (excluding gaps) in the amino acid
alignment among gene-1, gene-2, and other homologous genes in an
orthogroup. We estimated the similarity between exon-A and exon-B,
when there is a difference in length between the two exons less than
20% of the longer exon, and defined exons with >50% similarity as

highly conserved exons. We also compared their flanking closest exons
(if occurred) and defined such exons with flanking conserved exons as
candidate conserved exons. For micro exons, we proposed exons in
the similarity range from 30% to 50% as moderately conserved exons.
For other exons, we proposed exons in the similarity range from 20%
to 50% as moderately conserved exons. According to the defined
conservation, we newly developed a software (ExonEvo) to detect the
conserved micro/small exons between any two genes in gene tree of
orthogroup. Phylogenetic positions of the conserved exons were
estimated by the relationships between species (Fig. 2). Specifically, a
seed-plant conserved exon was defined as at least one gene from
angiosperms and one gene from gymnosperms. An angiosperm-pan
conserved exon was defined as the exon shared by any two following
groups: (1) eudicots and/or magnoliids; (2) monocots; (3) Nym-
phaeales; and (4) Amborellales. A gymnosperm-pan conserved exon
was defined as the exon shared by genes mapped at the MRCA of
Pinales, Cupressales, Cycadales and Ginkgoales. Exons shared by only
one species were defined as lineage-specific exon. Finally, we esti-
mated the number of conserved exons in each gene tree and their
phylogenetic positions.

Gene ontology analyses

An orthogroup represents a set of homologous genes, with similar
functions derived from their common ancestor, and GO terms of their
consensus sequence could implicate possible functions of the
orthogroup'®’. To compare GO annotations of orthogroups included
genes with focal micro and/or small exons, we used the hmmemit tool
in HMMER package v3.4'® to infer the consensus sequences of
orthogroups. Among sequences in an orthogroup, genes with possibly
false or incomplete assembly and annotation could result into deletion
or insertion regions in multiple sequence alignments and long terminal
branches in gene tree. To reduce putatively negative effects of such
noise sequence signals on the consensus sequence, we selected
terminal branches ten times longer than their sister branches in gene
tree and ranked them by their branch length from maximum to mini-
mum. Among the descending sorted branches, we iteratively removed
any branch two times longer than the average value (in 95% confidence
interval) of the length of retained branches in gene tree until the
average value did not change. Protein sequence alignments of retained
genes were analyzed by using hmmemit with the simple majority-rule
to generate a consensus sequence. In addition, we applied online
InterPro (https://www.ebi.ac.uk/interpro/search/sequence/) to predict
GO terms via searching 17,649 consensus sequences against default
databases and mapping hits to InterPro2GO database'**""", generating
GO terms for 66.4% (11,724) of all consensus sequences. Among GO
terms annotated by using known knowledge (basic-go database ver-
sion: releases/2024-03-28; http://purl.obolibrary.org/obo/go/go-basic.
0bo)"*'”, we selected the ones belonging to the ‘Molecular Function’
category (corresponding to 8,188 orthogroups) for downstream ana-
lyses. Multiple GO terms derived from an ontology could be annotated
on an orthogroup; to simplify the GO classification, we grouped the GO
terms into regulation of gene expression, protein regulation and
modification, metabolism, small-molecule metabolism, nucleic acid
metabolism, interaction of proteins, transport, and other category. We
used clusterProfiler v4.3.3 to perform enrichment analyses. For GO
enrichment analyses, we retrieved the published Arabidopsis genome
annotation package (org.At.tair.db, version 3.18.0; https://
bioconductor.org/packages/release/data/annotation/src/contrib/org.

At.tair.db_3.18.0.tar.gz).

Conserved domain analyses

To investigate the correspondence of conserved exons with
protein domains, we utilized the hmmsearch tool in HMMER
package v3.4 to align protein sequences against the Pfam database
v37.0 (releases/2024-04-09; https://ftp.ebi.ac.uk/pub/databases/
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Pfam/releases/Pfam37.0/Pfam-A.hmm.gz) with the E-value cutoff of
0.0001. To reduce computation time, we removed redundant domain
names, when two or more domains were annotated for the same
sequence region, by selecting the domain with the longest coverage.
To include the domains frequently described in literatures and to
reduce the number of predictions on a given sequence region, we
compared such domains in same length, retrieved their literature
records in the Europe PMC (https://europepmc.org/; retrieved on
2025-01-15), and preferred to select domains with higher records other
than other domains. We also preferred to use the annotated domain
other than the unannotated one (DUF). To reduce alternative PFAM
annotations that are predicted on different exons matching a con-
served exon, we retrieved a total of 22,702 InterPro accessions and
their associated 22,950 PFAM accessions from the InterPro database
(releases/2025-02-03;  https://ftp.ebi.ac.uk/pub/databases/interpro/
current_release/interpro.xml.gz) and used the unique InterPro acces-
sion to replace one or more homologs PFAM accessions. Specifically,
162 individuals feature at least two PFAMs per InterPro accession.

In addition, GO annotations of an InterPro group, defined as
unique protein homologous genes matching the Pfam-based domains,
were retrieved from the InterPro2GO database v99.0 (releases/2024-
03-27; https://ftp.ebi.ac.uk/pub/databases/interpro/releases/99.0/
interpro2go). GO terms were corresponded to each Pfam member
according to the respective InterPro group (releases/2024-03-27;
https://ftp.ebi.ac.uk/pub/databases/interpro/releases/99.0/interpro.
xml.gz). GO terms belonging to the ‘Molecular Function’ category in
the basic-go database (releases/2024-03-28) were used for further
comparison.

Gene expression analyses
To infer functional implications of conserved exons, we analyzed RNA-
Seq datasets of 11 species that have publicly available transcriptomic
datasets from flower, fruit, and at least one of three other tissues (root,
stem, and leaf), with each tissue having >=3 replicates released on the
same SRA project in NCBI, totaling 178 transcriptomic datasets (see
Supplementary Data 13 for accession numbers of transcriptomes in
NCBI). We used fastq-dump v3.0.10 to retrieve RNA-Seq reads and
remove technical reads (parameters: --skip-technical --readids --read-
filter pass --dumpbase --split-3 -clip). The generated reads were pro-
cessed by fastp v0.24.0"* with default parameters to filter out low-
quality reads. Resulted reads were analyzed by kallisto v0.50.1'° to
calculate transcript per million (TPM) values of genes. For each data-
set, we used R-packages DESeq2 v1.42.1 and tximport v1.30.0 to esti-
mate the number of differential expressed genes between two tissues
(p-value < 0.05 under False Discovery Rate test). Among these differ-
ential expressed genes, we selected preferentially expressed genes
(PEGs) that have a high fold change (>2) of expression in the flower
relative to one of other tissues. These PEGs were further filtered out to
contain at least one conserved exon in a PEG for downstream analyses.
To compare the domain-exon correspondence in the conserved
exon-containing PEGs, we performed enrichment analyses for each
species. Among PEGs for a pair of tissues with conserved exons, we
compared the ratio of members of a domain family to all domains; the
ratio was compared to that for all exon-containing genes to generate a
p-value by a two-side hypergeometric test. A domain family with a p-
value < 0.05 was selected as an enriched family. In addition, to com-
pare the expression pattern between ABCE genes and other MADS-box
genes across angiosperms, we performed the Kruskal-Wallis test in R
using distinct genes within each subfamily as replicates.

Detection of alternative splicing events

To detect alternatively spliced exons in development of different tis-
sues, we retrieved the RNA-Seq data that were used in the above sec-
tion. For each species, those clean reads were mapped to the
corresponding reference genome sequence by using HISAT2 v2.2.17

with default parameters. Alignments of reads against the genome
sequence were transformed into Binary Alignment/Map (BAM) format
files by using SAMtools v1.21"7. To detect transcripts, we utilized
StringTie v2.2.3"® to analyze those BAM files under the reference
genome guide and to merge those transcripts from different tissues
into a non-redundant dataset of transcripts. To detect alternative
splicing events between one tissue and one of other tissues, we used
rMATS v4.3.0"”° with the parameters (--variable-read-length --novelSS)
to compare those transcripts. We also filtered out the average inclu-
sion and skipping junction number of <5 and required the PSI value of
>0 and <1 for a focal tissue (see PSI in ref. 179). The alternative splicing
events (including exon skipping, alternative 3’ splice site, and alter-
native 5 splice site) of exon of a gene in corresponding tissue, we
detected at least two kinds of transcripts with and without exons in
this gene.

Detection of processed pseudogenes

Processed pseudogenes are characterized by the loss of introns, the
presence of poly(A) sites near the 3’ end, and, frequently, the presence
of repeat elements. To detect potential processed pseudogenes from
genes lacking introns, we focused on the Chinese pine genome with
publicly available repeat element annotations. We examined exons
annotated with repeat elements and identified poly(A) signals that
predicted in plant genomes'® within a 200-bp region near the 3’ end.
We employed Kallisto v0.50.1'” to estimate the gene expression levels
of the those single-exon genes (see Supplementary Data 13 for acces-
sion numbers of transcriptomes in NCBI). Single-exon genes featuring
repeat elements, poly(A) motifs, a TPM value <1 were proposed as
potential processed pseudogenes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The accessions in Supplementary Data 1 and 13 are available in NCBI
and other public databases. Specific databases used in our analyses
include the Arabidopsis genome annotation package (https://
bioconductor.org/packages/release/data/annotation/src/contrib/org.
At.tair.db_3.18.0.tar.gz), and the basic-go database (releases/2024-03-
28; http://purl.obolibrary.org/obo/go/go-basic.obo), the InterPro2GO
database v99.0 (releases/2024-03-27; https://ftp.ebi.ac.uk/pub/
databases/interpro/releases/99.0/interpro2go), and the respective
InterPro  group (releases/2025-02-03; https://ftp.ebi.ac.uk/pub/
databases/interpro/current_release/interpro.xml.gz). Datasets includ-
ing the sequence alignments, gene tree files of orthogroups, and the
conserved exons and their matched domains in 50 genomes are
available on FigShare (https://doi.org/10.6084/m9.figshare.28683905.
v3). Source data are provided with this paper.

Code availability

The ExonEvo for estimating the conserved exons among homologous
genes is available at https://github.com/TaikuiZhang/ExonEvo and
code ocean (https://doi.org/10.24433/C0.4085198.v1).
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