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Trends in the evolution of
intronless genes in Poaceae

Yong Chen †, Ting Ma †, Tingting Zhang* and Lei Ma*

College of Life Science, Shihezi University, Shihezi, Xinjiang, China
Intronless genes (IGs), which are a feature of prokaryotes, are a fascinating group of

genes that are also present in eukaryotes. In the current study, a comparison of

Poaceae genomes revealed that the origin of IGs may have involved ancient

intronic splicing, reverse transcription, and retrotranspositions. Additionally, IGs

exhibit the typical features of rapid evolution, including recent duplications,

variable copy numbers, low divergence between paralogs, and high non-

synonymous to synonymous substitution ratios. By tracing IG families along the

phylogenetic tree, we determined that the evolutionary dynamics of IGs differed

among Poaceae subfamilies. IG families developed rapidly before the divergence

of Pooideae and Oryzoideae and expanded slowly after the divergence. In

contrast, they emerged gradually and consistently in the Chloridoideae and

Panicoideae clades during evolution. Furthermore, IGs are expressed at low

levels. Under relaxed selection pressure, retrotranspositions, intron loss, and

gene duplications and conversions may promote the evolution of IGs. The

comprehensive characterization of IGs is critical for in-depth studies on intron

functions and evolution as well as for assessing the importance of introns

in eukaryotes.

KEYWORDS

intronless genes, multi-exon genes, retrotransposition, relaxed selection pressure, gene
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1 Introduction

Intronless genes (IGs), which are associated with high transcriptional fidelity, are critical

for the regulation of important processes. They not only are a characteristic feature of

prokaryotes but also exist in eukaryotes (Jain et al., 2008), representing 2.7%–97.7% of the

genes in eukaryotic genomes (Louhichi et al., 2011). Because of the lack of introns, IGs can be

more efficiently transcribed than multiexon genes (MEGs) with at least one intron (Souza,

2003; Chorev and Carmel, 2012; Savisaar and Hurst, 2016). Moreover, they encode proteins

belonging to various large families, including G protein–coupled receptors, olfactory

receptors, histones, transcription factors, and the regulators of signal transduction and

development (Gentles and Karlin, 1999; Zhang and Firestein, 2002; Sakharkar et al., 2005).

IGs are a valuable genetic resource for in-depth studies of intron function and evolution. For

example, they may be used to clarify the importance of introns in eukaryotes.

Many studies have explored the origin of IGs in different evolutionary periods. Some

studies have attempted to make general conclusions regarding IGs in all eukaryotes by
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comparing deeply divergent species (Csűrös et al., 2007; Grau-Bové

et al., 2017). However, the long-branch attraction effect occurs when

widely divergent taxa or clades have many state changes, which can

lead to incorrect trees and inappropriate statistical analyses

(Felsenstein, 1978). In contrast, some studies focused on specific

species and provided detailed insights into the target organism (Jain

et al., 2008; Yan et al., 2014), but their findings may not be applicable

to other species because some evolutionary events may be restricted to

certain periods, whereas others may be specific to particular taxa

(Cohen et al., 2012). For example, many cases of intron gain and loss

have been investigated, but it remains unknown when these changes

occurred during evolution (Knowles and McLysaght, 2006; Carmel

et al., 2007; Roy and Penny, 2007). Meanwhile, different evolutionary

events may have occurred simultaneously within the same organism.

For example, some genomes may contain both intronless and intron-

rich copies of a particular gene (Liu et al., 2021).

Poaceae evolved into a distinct taxon 50–70 million years ago

(Mya). Its closely related and well-studied subfamilies (Stanley, 1999)

have enabled researchers to confidently determine the phylogenetic

relationships within clades (Soreng et al., 2015; Soreng et al., 2017;

Soreng et al., 2022). Poaceae is also one of the most ecologically and

economically important plant families, accounting for 25%–45% of

the vegetation worldwide (Thomasson, 1980). Studying IGs in

Poaceae will clarify the evolutionary path that resulted in grasses

becoming one of the major plant families on Earth. In the present

study, we focused on the clades of Poaceae and tracked the parallel

large changes in IGs in the genomes of the related species

Brachypodium distachyon (Fox et al., 2013), Eragrostis curvula

(Carballo et al., 2019), Leersia perrieri (Loera-Sánchez et al., 2022),

Oryza sativa (Kawahara et al., 2013), Panicum hallii (Lovell et al.,

2018), Setaria italica (Bennetzen et al., 2012), Sorghum bicolor

(Paterson et al., 2009), Zea mays (Hufford et al., 2021), and

Oropetium thomaeum (VanBuren et al., 2015). We explored the

evolutionary branches with minimal changes in clades or specific

organisms. Furthermore, we precisely paired paralogous gene copies

in each genome according to the number of introns to assess the effect

of intron density on genes, thereby clarifying the evolutionary and

genetic mechanism associated with IGs. Finally, we propose a model

of the origin and expansion of IG families. The findings of our study

have clarified the evolutionary trajectories of IGs in Poaceae.
2 Results

2.1 Paralogy of intronless genes

We selected nine thoroughly sequenced genomes to represent

Poaceae, of which three were from species in the Pooideae and

Oryzoideae (PO) clade and six were from species in the

Chloridoideae and Panicoideae (CP) clade. The proportion of IGs

varies among grasses, ranging from 13% to 30% (Supplementary

Figure S1). Furthermore, IGs differ in terms of copy numbers. For

example, there are many distinct clusters of IGs in the gene family tree

of the Rx_N-terminal domain of E. curvula and Cytochrome_P450 of

S. bicolor (Supplementary Figure S2).

To investigate paralogy, we aligned the coding sequences of IGs to

their corresponding paralogs (Figure 1, Supplementary Table S1; see
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Methods). Of the 4,356–10,390 IGs in the nine species, most (51%–

89%) were mapped to their intronless paralogs, but 7%–22% were

mapped to one multiexon paralog and a few were mapped to two or

more multiexon paralogs. Accordingly, intronless paralogs appear to

have diverged substantially from multiexon paralogs, making it

difficult to trace them back to multiexon paralogs. This

phenomenon reflects the relatively high substitution rates for these

genes (Carvunis et al., 2012). This result is also consistent with the

gene family trees (Supplementary Figure S2), in which some

intronless paralogs were clustered together and some were even

nested under branches with multiexon paralogs.
2.2 Retrotransposon density around
intronless genes

The retrotransposable element composition of the flanking

sequences differed between IGs and MEGs (Figure 2 ;

Supplementary Table S2). In E. curvula, O. sativa, and P. hallii,

more retrotransposons were detected in the regions immediately

surrounding IGs than in the corresponding regions of MEGs. In B.

distachyon, the region immediately upstream of IGs had more

retrotransposons than the corresponding region of MEGs. In

contrast, the region immediately downstream of IGs had more

retrotransposons than the corresponding region of MEGs in

S. italica. In Z. mays, the 500 bp region immediately surrounding

IGs had a few more retrotransposons than the corresponding region

of MEGs.
2.3 Evolutionary trajectories of intronless
gene families

To study the evolutionary trajectories of IGs in Poaceae, we

reconstructed a tree representing the gene family history of grass

lineages (Figure 3). The 242 single-copy orthologous gene groups of

the nine Poaceae species were selected to reconstruct this

phylogenetic tree with two outgroups (Cinnamomum chinensis and

Arabidopsis thaliana). A family of IGs in a genome was defined as a

paralogous group in which 50%–70% of the genes did not contain

introns; the upper limit was set to exclude overly homogeneous

genetic structures that would have adversely affected reliability.

Orthologous groups of IGs should be present in 60% of the species.

The 548 IG families identified in modern species were subsequently

traced individually to the most recent common ancestor (MRCA).

To visualize the origin of IGs, we used a Sankey diagram to

present the flow rates of gene families along the tree (Figure 3A). Over

time, the IG families gradually emerged. For example, the MRCA had

only approximately 80 IG families, but some modern species had

more than 500 IG families. Furthermore, the increase in the number

of IGs differed slightly between the PO and CP clades (Figure 3A).

The number of IGs increased quickly before PO divergence and then

subsequently increased slowly. For example, in the clade with

O. sativa and L. perrieri, the IG families of the progeny of the PO

ancestor were approximately 18 times larger (50 + 42 vs. 4 + 1) than

that of the MRCA approximately 38 Mya. Moreover, the IG families

of the modern O. sativa and L. perrieri species were approximately
frontiersin.org
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1.75 times larger (78 + 70 vs. 50 + 42) and 1.60 times larger (81 + 80

vs. 50 + 42) than that of their Oryzoideae ancestor (one progeny of the

PO ancestor), respectively. The IG families in the CP clade expanded

slowly over time. For example, the earlier (approximately 38 Mya)

and most recent (approximately 22 Mya) ancestors of Panicoideae in

the CP node had a similar number of IG families.
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2.4 Bias of expansion over contraction

The trajectories in the tree revealed the expansion and contraction

history of the IG families (Figure 3A). The number of expanded IG

families at the MRCA was greater than the number of contracted IG

families at the node (PO: four expanded and one contracted; CP: 58
FIGURE 1

Paralogy of intronless genes (IGs). Coding sequences of IGs were aligned to their paralogs, including intronless paralogs and one, two, and three or more
multiexon paralogs. The number of IGs is indicated in parentheses above each bar, whereas the percentages of mapped IGs are provided on the bar. The
source data are provided in Supplementary Table S1.
FIGURE 2

Retrotransposon landscape surrounding genes. Retrotransposon density around IGs (red line) or multiexon genes (MEGs, blue line). The number of
retrotransposons was determined in 100-bp windows and averaged for every 500-bp window from the transcription start site to 4 kb upstream and from
the transcription termination site to 4 kb downstream. The data were normalized according to the number of IGs or MEGs. The left y-axis shows the
normalized density. The red area indicates that there are more retrotransposons for IGs than for MEGs in that region, whereas the blue area indicates the
opposite. The source data are provided in Supplementary Table S2. The differences in the number of retrotransposons between the IGs and the MEGs
were assessed by a two-sided paired Wilcoxon sign test. The right y-axis shows the P-value.
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expanded and 20 contracted). However, the reverse trend was

observed for the MEGs (PO: 37 expanded and 2,463 contracted;

CP: 34 expanded and 1,196 contracted). For most lineages, there were

more expanded IG families than contracted IG families (Figure 3A).

Conversely, there were fewer expanded MEG families than contracted

MEG families (Figure 3B), especially during species divergence

approximately 15 Mya. The IG families in seven of the nine (78%)

modern genomes tended to expand rather than contract, but the

MEG families in six of the nine (67%) modern genomes

contracted substantially.
2.5 Duplication of intronless genes

To elucidate the expansion patterns, genes were assigned to the

following five gene duplication events: tandem duplication (TD),

proximal duplication (PD), dispersed duplication (DSD),

transposed duplication (TRD), and whole-genome duplication
Frontiers in Plant Science 04
(WGD) (Supplementary Table S3; Figure S3). For most events in

the nine examined species, the median synonymous substitution rate

(Ks) was significantly lower for the IGs than for the MEGs (Figure 4A;

Supplementary Table S3; P < 0.05, two-sided paired Wilcoxon sign

test). Specifically, of the five duplication events, four in O. sativa, four

in B. distachyon, three in E. curvula, four in L. perrieri, five in O.

thomaeum, five in P. hallii, three in S. bicolor, four in S. italica, and

three in Z. mays had such a trend. Furthermore, the analysis of the

nine species revealed that DSD for five species, PD for six species, TD

for seven species, TRD for eight species, and WGD for eight species

also had such a trend. According to the molecular evolutionary clock

and the neutral theory of molecular evolution, some duplication

events may have occurred later for IGs than for MEGs in some

species. Because duplicated genes result in new genetic material

during the evolution of plants (Brosius, 1991), these results indicate

that gene-duplication events were crucial for the evolution of IGs.

We then analyzed WGD-derived homologous genes in Z. mays

and O. sativa. Using previously described methods (Sawyer, 1989;
A

B

C

FIGURE 3

Evolutionary trajectory of IGs in Poaceae. (A, B) Gene family expansion and contraction along the phylogenetic tree for IG and MEG families. The 242
single-copy orthologous gene groups of nine Poaceae species were used to reconstruct the phylogenetic tree with two outgroups (Cinnamomum
chinensis and Arabidopsis thaliana; not shown). The most recent common ancestors (MRCAs) of Poaceae represent the tree root. Three species are from
the Pooideae and Oryzoideae (PO) clade and six are from the Chloridoideae and Panicoideae (CP) clade. A Sankey diagram shows the flow rate of gene
families along the tree, where the width of each element is proportional to the expansion (red) and contraction (blue) of the gene family. The number of
genes in each family is displayed on the element. The fold change (expansion to contraction) in the number of genes in each family is shown in
parentheses. (C) Evolutionary history of intron gain and loss was reconstructed according to the Markov method (Csűrös et al., 2011). Edges are colored
according to the relative amount of intron gain and loss as indicated in the scatter plot in which each point corresponds to an edge in the tree. Gain% is
the percentage of introns gained in the given lineage from the parent node. Loss% is the percentage of the parental introns that were lost within the
same lineage.
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Wang et al., 2007; Qiao et al., 2019), we identified 635 WGD-derived

homologous gene quartets comprising two paralogs in the species of

interest and their respective orthologs in outgroup species

(Figure 5A). The densest Ks peaks were at higher Ks values for

paralogous pairs than for orthologous pairs (Figure 5B). This

indicates that most paralogs in each species were more similar to

their respective orthologs in the other species than to each other,
Frontiers in Plant Science 05
implying that most of them were derived from duplication events that

occurred before species divergence.

Interestingly, WGD events affected the whole genome (Adams

and Wendel, 2005), but the Ks density peaks for WGD differed

between IGs and MEGs (Figure 4A). This difference may be at least

partly related to WGD-related “erosion.” Earlier research revealed

that WGD events are commonly followed by the loss of most
A

B

FIGURE 4

Distribution of Ks (A) and Ka·Ks−1 (B) values for the IGs and MEGs derived from gene duplications. Dispersed (DSD), proximal (PD), tandem (TD),
transposed (TRD), and whole-genome (WGD) duplications. Violin plots present the kernel probability density distribution. The overlaid boxplots present
the data range and the distribution spread. The horizontal inner line represents the median value. The bars range from the 25th (bottom) to the 75th (top)
percentile and the vertical lines represent 95% confidence intervals. Divergence time (T) was calculated as Ks·(2r)−1, where r is the neutral substitution
rate (6.50 × 10−9). Asterisks represent significant differences (two-sided paired Wilcoxon sign test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
The source data are provided in Supplementary Table S3.
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duplicated genes over a few million years (Lynch and Conery, 2000;

Weisman et al., 2020). This loss occurs in an episodic manner

(Bowers et al., 2003; Jiao et al., 2014). Successive WGD events are

often separated by tens of millions of years, preventing them from

providing a continuous supply of variants available for adaptations to

changing environmental conditions. The erosion may be associated

with genomic modifications (e.g., chromosomal rearrangement, gene

loss, gene conversion, subgenome dominance, and a divergent

expression of duplicated copies) (Adams and Wendel, 2005; Jiao

and Paterson, 2014; Wendel et al., 2016). The erosion was revealed by

the higher Ka·Ks−1 values for IGs than for MEGs in most

species (Figure 4B).

We also investigated the gene conversion–related erosion effect

on WGD-derived duplicates. Gene conversions can increase the

number of low-divergence paralogs and affect the evolution of

various multigene families (Sawyer, 1989; White and Crother, 2000;

Mondragon-Palomino and Gaut, 2005). Gene conversions reportedly

occurred after the species divergence when the paralogs were more

similar to one another than to their cross-species orthologs (Wang

et al., 2007). We estimated the gene conversion rates of duplicated

genes derived from Poaceae r-WGD events in Z. mays and O. sativa.

The Ks values were used to represent the evolutionary distance, and a

bootstrap test was performed to evaluate the significance of putative

gene conversions. We determined that paralogous gene were affected

by gene conversions (Figure 5C). For example, the conversion

between MEGs and MEGs occurred most frequently in Z. mays

(Figure 5C). These results imply that gene conversion may be one

of the mechanisms that alter paralog compositions and Ks

distributions after WGD events.
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2.6 Relaxed selection pressure on
intronless genes

Although most paralogous gene pairs for the five duplication

events had Ka·Ks−1 values less than 1, the selection pressure was more

relaxed for the IGs than for the MEGs for most of the duplication

events in the nine species (P < 0.05, two-sided paired Wilcoxon sign

test; Figure 4B). For example, of the five duplication events, five in O.

sativa, four in B. distachyon, four in E. curvula, five in L. perrieri, four

in O. thomaeum, four in P. hallii, four in S. bicolor, five in S. italica,

and three in Z. mays tended to be associated with relaxed selection

pressure. In addition, of the nine species, DSD for seven species, PD

for six species, TD for eight species, TRD for eight species, and WGD

for nine species exhibited the same tendency. These findings suggest

that IGs derived from most duplication events were under relaxed

selection pressure.
2.7 Intron loss in Poaceae

Using the Markov model (Csűrös et al., 2011), we reconstructed

the evolutionary history of intron gain and loss. Our analysis

indicated that intron loss was the main process in most Poaceae

lineages (Figure 3C). To further explore how gene structures evolved,

we grouped paralogous gene pairs into the following three sets:

intronless (IG vs. IG), transition (IG vs. MEG), and multiexon

(MEG vs. MEG) (Figure 6B). The first and third sets were used to

detect the divergence among intronless paralogs or multiexon

paralogs. The second set (IG vs. MEG) reflected the transition state
A

B

C

FIGURE 5

WGD-derived homologous gene quartets. (A) Relationships among the homologous gene quartets for Zea mays and O. sativa. Solid and dashed lines
represent the paralogous and orthologous relationships between the WGD-derived genes, respectively. (B) Ks distributions for the WGD-derived gene
pairs among homologous gene quartets. The number of pairs is shown to the right of the distribution panel. (C) Gene conversion. Conversion rates are
provided in the panel. Zm, Z. mays; Os, O. sativa; IG, Intronless gene; MEG, multiexon gene; D, distance.
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between intronless and MEGs. The Ks distribution trends varied

among the three sets (Figure 6A, Supplementary Figure S4). For most

species, the Ks values were typically lower for the intronless (IG vs.

IG) set, whereas the Ks values tended to be higher for the multiexon

(MEG vs. MEG) set, implying that most intronless paralogs were

created later than the multiexon paralogs. The transition state links

the conversion of IGs into MEGs. Hence, it is possible that MEGs may

evolve into IGs following the loss of introns.

To further clarify how introns are lost, gene families at the

transition state were divided into four subfamilies of genes

containing zero, one, two, and three or more intron(s) (Figure 6B).

For rice, the Ks values for the MEGs tended to decrease as the number

of introns decreased (Figure 6C), implying that the introns were

gradually lost over time. In addition, the purifying selection pressure

was weaker for the IGs than for the multiexon groups (P < 0.05, the

two-sided paired Wilcoxon sign test on Ka·Ks−1 values; Figure 6D).

These phenomena were also observed for some other species

(Supplementary Figure S5). Thus, compared with younger genes,

older genes may contain more introns. This is because the exon–

intron architecture increases genetic complexity and highly complex

genes develop over a long evolutionary period (Carvunis et al., 2012;

Werner et al., 2018). Therefore, we speculated that through the loss of

introns, intron-rich genes evolved into intron-poor genes, which then

became IGs.

To further elucidate the origin of IGs, we evaluated the divergence

among paralogous gene pairs containing the same number of introns

(Figure 6E). In rice, the Ks values were lower for the genes with one or

two introns than for the genes with three or more introns (Figure 6E).
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In addition, the median Ka·Ks−1 values were higher for the IGs than

for the MEGs (Figure 6F, Supplementary Figure S6), suggestive of a

gradual relaxation of the selection pressure during the transition from

an intron-rich state to an intron-poor state. The decrease in the

number of introns may have had beneficial effects on some gene

functions, thereby enhancing the ability of organisms to cope with

biotic and abiotic stresses (Chen et al., 2021).
2.8 Gene ontology enrichment analysis

We performed a Gene Ontology (GO) enrichment analysis to

assess whether IGs and multiexon genes have different biological

functions (Figure 7A, Supplementary Figure S7). Significantly

enriched GO terms were identified for the IGs but not for the

MEGs, reflecting the functional diversity between the two gene

types in Poaceae. Some of the enriched GO terms assigned to the

IGs are commonly enriched among the genes in Poaceae genomes

(Figure 7B), including three molecular function terms (enzyme

inhibitor activity, glutathione oxidoreductase activity, and uridine

diphosphate (UDP)-glycosyltransferase activity) and two biological

process terms (negative regulation of catalytic activity and response to

auxin). These genes are involved in fundamental enzymatic processes

that affect plant growth, biotic and abiotic stress responses, and the

regulation of gene expression. Additionally, several other GO terms,

including protein ubiquitination, defense response, acyltransferase

activity, and transfer group, were also common among the genes in

most genomes.
D

A B

E F

C

FIGURE 6

Distribution of the Ks and Ka·Ks−1 values for the paralogous pairs in rice. (A) Density plot of the Ks values for three paralogous sets: intronless [IG vs. IG],
transition (IG vs. MEG), and multiexon (MEG vs. MEG). (B) Paralogous pairing strategy. (C, D) Paralogous pairs between IGs and MEGs with one, two, and
three or more intron(s). (E, F) Paralogous pairs of genes with the same number of introns. The boxplots present the median, upper, and lower quartiles
and 95% confidence intervals for Ka·Ks−1. Points indicate outliers in the data. Asterisks represent significant differences (two-sided paired Wilcoxon sign
test: *P < 0.05, **P < 0.01, and ***P < 0.001).
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2.9 Low intronless gene expression levels

We compared the transcriptional patterns of IGs and MEGs using

expression data for rice and maize. A total of 189 rice genes (94 MEGs

and 95 IGs) and 125 maize genes (80 MEGs and 45 IGs) annotated with

the GO term UDP-glycosyltransferase activity were investigated. Overall,

the IGs were expressed at lower levels than the MEGs (Figure 8,

Supplementary Figure S8). More specifically, in seven rice tissues, the

median expression level was much lower for the IGs than for the MEGs

(P < 0.05, two-sided paired Wilcoxon sign test) (Figure 8). The same

trend was observed for 6 of 10 maize tissues (Supplementary Figure S8).

Furthermore, in all seven rice tissues, the IG expression levels had higher

peaks and narrower expression widths than the MEG expression levels

(Figure 8), which is similar to the findings of an earlier study (Sakharkar

et al., 2005). These results may reflect the limited diversity in the

expression levels of intronless isoforms. This is also in accordance with

the results of another previous study (Werner et al., 2018) that concluded

that newer genes are expressed at lower levels than older genes. The

observed differences in expression levels are consistent with the potential

neofunctionalization (or pseudogenization) of newer genes that are

evolving neutrally.
Frontiers in Plant Science 08
3 Discussion

Plants have a wide variety of exon–intron frameworks that differ

in terms of the number, length, and structure of introns. Some studies

examined the diversity in all eukaryotes, including plants, to explore

the sources of these differences (Csűrös et al., 2007; Grau-Bové et al.,

2017), which resulted in broad conclusions for highly diverse species.

However, extremely large evolutionary distances may result in long-

branch attraction effects. Moreover, the diversity among a limited

number of species may be insufficient for statistical analyses. In the

present study, we focused on the Poaceae clade to generate important

insights into this plant family. The study findings may be useful for

tracking parallel large changes occurring in related organisms.

Several earlier studies suggested that intron loss has been the

dominant evolutionary trend rather than intron gain (Stajich and

Dietrich, 2006; Carmel et al., 2007; Worden et al., 2009), but it

remains unclear why gene families in a given genome simultaneously

contain both intronless and intron-rich gene copies. In the current

study, we tracked the evolutionary history of gene families in Poaceae

lineages, which provided relevant insights into the origin, expansion,

and contraction of IG and MEG families over a particular timescale.

In addition, we carefully paired paralogous copies in each genome to

assess their diversity and examine the timing of the associated gene

duplication events.
3.1 Intronless genes may be derived from
multiexon genes that have lost introns

After surveying the genomes of representative species, we revealed

that the median Ks values were lower for IGs than for MEGs

(Figures 4, 6) in some species. Similar results were obtained in

previous studies (Zhong et al., 2018; Zhu et al., 2018; Liu et al.,

2021). This Ks pattern suggests that IGs may be younger than MEGs.

The same trend was also observed for the gene families containing

both intronless and multiexon paralogs. In some species, a decrease in

the number of introns in genes was associated with a decrease in the

peak Ks value (Figures 6A, C). In other words, compared with the

older genes, younger genes have fewer introns. Furthermore, a

decrease in the number of introns decreased the synonymous

variations (Figure 6E), indicative of a general trend toward intron

loss. Moreover, in genomes, the proportion of IGs was lower than that

of MEGs (Supplementary Figure S1), which is consistent with

previously reported findings (Yan et al., 2014). Thus, compared

with MEGs, IGs have a shorter history and are less abundant in

genomes. It is possible that IGs originated from MEGs that

lost introns.
3.2 Splicing, reverse transcription, and
retrotransposition

Because of alternative splicing, the number of introns for a given

gene varies from isoform to isoform (Cazorla et al., 2000). In addition,

genes from a large family are usually scattered throughout the genome

and may vary regarding the number of introns (Liu et al., 2014). These
A

B

FIGURE 7

Enriched Gene Ontology (GO) terms. (A) Top 15 enriched GO
terms among the B. distachyon (IGs, right) and MEGs (left). The
color scale represents the P- values for the enrichment test. The
number next to each bar represents the gene count for that GO
term. (B) Intersection of the top 15 enriched GO terms for the IGs
in nine Poaceae species. Bar colors represent the three subsets
where all 9 (red), 6–8 (yellow), and 1–5 (black) species intersect.
The common GO terms in at least six species are shown in the
panel with colored squares.
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two phenomena may be related. The spliceosome processes the

primary messenger ribonucleic acid (mRNA) sequence of genes,

and it is influenced by gene promoters, cellular molecules, and

other signals (Spellman et al., 2007), which ultimately affects which

exons are included in the final mRNA. Alternative splicing can lead to

changes in protein size (e.g., the inclusion/exclusion of specific

regions). These alternatively spliced sequences may be reverse-

transcribed to DNA by reverse transcriptases (Esnault et al., 2000).

The DNA fragments are then inserted into the original chromosome

at a different location or into a different chromosome via

recombination with the assistance of repetitive sequences or

transposable elements. Our results clearly show that the abundance

of retrotransposable elements near the gene body is greater for IGs

than for MEGs in some species (Figure 2), implying that the

transposition to a new chromosomal position occurs more easily

for IGs than for MEGs. Spliced mRNAs lack introns, which means

that recombinations involving reverse transcribed copies will result in

intron-poor genes. Additionally, IGs are mainly derived from the

transposition of duplicates (Figure 4), which is mediated by DNA- or

RNA-based transposable elements and leads to gene pairs consisting

of ancestral and novel loci (Wolfe, 2007; Wang. et al., 2012).
3.3 Retrotransposition and duplication may
drive the increase in the number of
intronless genes

In the current study, IGs were included in many distinct clusters

in the gene family tree (Supplementary Figure S2). Related IGs may

arise from the duplication of a “seed” gene. We speculated that

retrotransposition and duplication events may be among the main

drivers of the substantial increase in the number of IGs in Poaceae.

Duplication events result in a dramatic increase in the number of

genes (Clark and Donoghue, 2018) and are closely related to

environmental changes, such as geological expansion (Barker et al.,
Frontiers in Plant Science 09
2016) and temperature fluctuations (Smith et al., 2017). Hence, they

were crucial for the stress resistance of Poaceae and facilitated

species expansion.
3.4 Relaxed selection pressure is conducive
to intronless gene evolution

The selection pressure following gene duplication events dictates

whether genes are retained or lost (Cheng et al., 2018). Gene copies

produced by duplication accumulate sequence changes, and, in many

cases, the accumulation is highly heterogeneous. Copies then gradually

deviate from their paralogs (Holland et al., 2017). Compared with

MEGs, the larger Ka·Ks−1 values of IGs indicate that they were exposed

to relaxed selection pressure (Figures 4, 6). The loss of introns over time

has resulted in more efficient transcription (Chen et al., 2021). Earlier

research confirmed that transcriptional efficiency increases as the

transcript length decreases (Stanley, 1999).
3.5 Model of the origin and evolution of
intronless and intron-poor genes

We developed a model presenting the origin and evolution of

intronless and intron-poor genes (Figure 9). Briefly, a gene copy is

transcribed into a primary RNA sequence that is spliced to remove

introns during the production of multiple mature RNAs. The number

of introns in a mature RNA varies. The generated RNA sequences are

then reverse-transcribed into DNA fragments that are subsequently

inserted into new chromosomal locations. New genes duplicate over

time, producing subfamilies comprising variable gene copies. Because

they were derived from the same progenitor gene, they often have

related biochemical functions. This model is supported by the

findings of previous studies (Brosius, 1991; Wang et al., 2006; Bai

et al., 2008; Kaessmann et al., 2009; Panchy et al., 2016).
FIGURE 8

Comparison of the IG and MEG expression levels in rice tissues. The dotted line represents the median normalized expression level. The rug on the
horizontal axis shows the density. The P-value for a two-sided paired Wilcoxon sign test is provided.
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4 Conclusion

The origin of IGs may be mediated by ancient RNA splicing,

reverse transcription, and recombination. The typical features of the

rapid evolution of IGs include the following: recent duplication event,

variable copy numbers, low divergence between paralogs within a

genome, and high non-synonymous-to-synonymous substitution

ratios. A genome-wide analysis of IG families and their

phylogenetic relationships revealed the evolutionary dynamics of

IGs in various Poaceae subfamilies. Under relaxed selection

pressure, retrotransposition, intron loss, and gene duplication and

conversion may accelerate the expansion of IG families. Our findings

provide critical insights into the evolutionary trajectory of IGs

in Poaceae.
5 Materials and methods

5.1 Sequence data

Annotated genome sequences were downloaded from public

databases, including Ensembl (http://plants.ensembl.org/) and

Phytozome (http://www.phytozome.net/). The following nine plants

were selected as representative Poaceae species: B. distachyon (2n =

10) (Fox et al., 2013), E. curvula (2n = 20) (Carballo et al., 2019), L.

perrieri (2n = 24) (Loera-Sánchez et al., 2022), O. sativa (2n = 24)

(Kawahara et al., 2013), P. hallii (2n = 18) (Lovell et al., 2018), S.

italica (2n = 18) (Bennetzen et al., 2012), S. bicolor (2n = 20) (Paterson

et al., 2009), Z. mays (2n = 20) (Hufford et al., 2021), and O.

thomaeum (2n = 18) (VanBuren et al., 2015).
5.2 Data extraction and processing of
intronless genes and multiexon genes

The IGs in the nine species were obtained using the General

Feature Format Version 3 (GFF3) file. First, genes that contain the

line “CDS” were extracted from the GFF3 file. Redundant sequences

representing the same loci were excluded. Genes containing only one

line for “exon” were extracted from each genome and used as
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candidate sequences for further analyses. If there was only one line

for “exons,” the coding sequence was considered to lack introns and

the gene was designated as intronless. Because mitochondrial and

chloroplast DNA do not contain introns, genes labeled “MT” and

“PT” were deleted. Genes that were not mapped to chromosomes

were also eliminated. To ensure that IGs were accurately identified, all

candidate genes were verified using the SMART online tool (http://

smart.embl-heidelberg.de). Finally, a non-redundant IG data set for

nine Poaceae species was generated. After excluding the IGs, the

remaining genes were considered to be potential MEGs. The longest

coding sequences were selected as the representative transcripts to

generate MEG data sets for the subsequent analyses. The number of

introns in each coding gene was extracted from the GFF3 file using

the Python script (https://github.com/irusri/Extract-intron-

from-gff3).
5.3 Identification of paralogy

We aligned the coding sequences of the IGs to their paralogs using

the following parameters of GAMP: –min-intronlength 9 -z

sense_force –min-trimmed-coverage 0.7 –min-identity 0.7 (Wu and

Watanabe, 2005). For each species, we built a GFF3 file containing

information regarding the homology between IGs and MEGs

(Supplementary Table S1).
5.4 Analysis of gene family expansion
and contraction

The Arabidopsis thaliana, Cinnamomum chinensis, and

Amborella trichopoda genes were selected as outgroups. The

homologous groups of the nine species were clustered on the basis

of protein sequences using OrthoFinder (Emms and Kelly, 2015). The

phylogenetic tree for the selected species was reconstructed using

RAxML (Stamatakis, 2014) according to the optimal amino acid

model (JTT+I+G+F) inferred by ProtTest (Posada, 2011) for the 242

single-copy homologous gene families generated by the cluster

analysis of homologous proteins. The CAFE software was used to

detect significant gene family expansions and contractions (P = 0.05)
FIGURE 9

Model of the origin and evolution of intronless and intron-poor genes.
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(Bie et al., 2006). Additionally, R8s was used to calibrate the

divergence time (Taylor and Berbee, 2006) according to the

following constraints: (1) the divergence time for A. thaliana and

O. sativa was 152 Mya (Magallóan and Sanderson, 2010), and (2) the

divergence time for Z. mays and S. italica was 23.4 Mya (Pessoa-Filho

et al., 2017). An orthogroup with 50%–70% of its genes lacking

introns was inferred to be an orthogroup of IGs. A total of 548 IGs

were screened from homologous groups using this criterion. The

branch-specific intron gain and loss rates were calculated using the

default parameters of the Malin software (Csűrös, 2008). The intron

sites evolved independently according to the Markov model

(Steel, 1994).
5.5 Analysis of gene duplications and
selection pressures

Different gene duplication patterns were identified using

DupGen_finder (Qiao et al., 2019). First, an all-vs.-all local BLASTP

search was performed using protein sequences to screen for potential

homologous gene pairs in each genome (E < 1e-10, top 5 matches, and

m8 format output). Then, the A. thaliana protein sequence was

selected as the outgroup and the DupGen_finder-unique program

was used to identify five gene duplication events (i.e., TD, PD, DSD,

TRD, and WGD). The detect_gene_conversion pipeline (Qiao et al.,

2019) was used to identify homologous gene quartets and analyze

gene conversions.

The synonymous substitution rate (Ks) and the non-synonymous

substitution rate (Ka) for the duplicated gene pairs were calculated

using KaKs_calculator 2.0 and the NG model (Wang et al., 2010)

(Supplementary Table S3). The Ks values were converted to

divergence times using the formula T = Ks·(2r)−1, where T is the

divergence time and r is the neutral substitution rate (6.50 × 10−9)

(Gaut et al., 1996).
5.6 Analysis of functional enrichment and
gene expression

Functional enrichment was assessed via an over-representation

analysis. All enrichment analyses were performed using a

hypergeometric test (P < 0.05). The default parameters of the

ClusterProfiler R package were applied to analyze and visualize data (Yu

et al., 2012). Rice and maize tissue-specific expression data were obtained

from the Expression Atlas platform (https://www.ebi.ac.uk/gxa/home).
5.7 Examination of retrotransposon density

A retrotransposon model file was obtained from the Dfam database

(https://www.dfam.org/home). On the basis of the similarity search

algorithm of the Hidden Markov model, the nucleotide sequences (6

kb) upstream and downstream of genes were examined for the presence

of Copia and Gypsy retrotransposons using the nhmmscan program of

HMMER (E < 1e-10) (Supplementary Table S2). The number of

retrotransposons was determined for 100-bp intervals from the

transcription start site to 4 kb upstream and from the transcription
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termination site to 4 kb downstream. The data were normalized

according to the number of IGs or MEGs.
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Csűrös, M., Rogozin, I. B., and Koonin, E. V. (2011). A detailed history of intron-rich
eukaryotic ancestors inferred from a global survey of 100 complete genomes. PLos
Comput. Biol. 7 (9), e1002150. doi: 10.1371/journal.pcbi.1002150

Emms, D. M., and Kelly, S. (2015). OrthoFinder: Solving fundamental biases in whole
genome comparisons dramatically improves orthogroup inference accuracy. Genome Biol.
16 (157), 157.

Esnault, C., Maestre, J., and Heidmann, T. (2000). Human LINE retrotransposons
generate processed pseudogenes. Nat. Genet. 24 (4), 363–367. doi: 10.1038/74184

Felsenstein, J. (1978). Cases in which parsimony and compatibility will be positively
misleading. Systematic Zoology 27 (4), 401–410. doi: 10.1093/sysbio/27.4.401

Fox, S. E., Preece, J., Kimbrel, J. A., Marchini, G. L., Sage, A., Youens-Clark, K., et al.
(2013). Sequencing and de novo transcriptome assembly of brachypodium sylvaticum
(Poaceae). Appl. Plant Sci. 1 (3), 1200011. doi: 10.3732/apps.1200011

Gaut, B. S., Morton, B. R., and Mccaig, B. C. (1996). Substitution rate comparisons
between grasses and palms: Synonymous rate differences at the nuclear gene adh parallel
rate differences at the plastid gene rbcL. Proc. Natl. Acad. Sci. United States America 93
(19), p.10274–10279. doi: 10.1073/pnas.93.19.10274

Gentles, A. J., and Karlin, S. (1999). Why are human G-protein-coupled receptors
predominantly intronless? Trends Genet. 15 (2), 47–49. doi: 10.1016/s0168-9525(98)
01648-5
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