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Summary

Eukaryotic genes can be classified into intronless (no introns), intron-poor (three or fewer introns 

per gene), or intron-rich. Early eukaryotic genes were mostly intron-rich, and their alternative 

splicing into multiple transcripts, giving rise to different proteins, might have played pivotal roles 

in adaptation and evolution. Interestingly, extant plant genomes contain many gene families with 

one or sometimes few sub-families with genes that are intron-poor or intronless, and it remains 

unknown when and how these intron-poor or intronless genes have originated and evolved and 

what their possible functions are. In this study, we identified 33 such gene families that contained 

intronless and intron-poor sub-families. Intronless genes seemed to have first emerged in early 

land plant evolution, while intron-poor sub-families seemed first to have appeared in green algae. 

In contrast to intron-rich genes, intronless genes in intron-poor sub-families occurred later, and 

were subject to stronger functional constraints. Based on RNA-seq analyses in Arabidopsis and 

rice, intronless or intron-poor genes in AP2, EF-hand_7, bZIP, FAD_binding_4, STE_STE11, 

CAMK_CAMKL-CHK1, and C2 gene families were more likely to play a role in response to 

drought and salt stress, compared to intron-rich genes in the same gene families, whereas 

intronless genes in the B_lectin and S_locus_glycop gene family were more likely to participate in 

epigenetic processes and plant development. Understanding the origin and evolutionary trajectory, 

as well as the potential functions, of intronless and intron-poor sub-families provides further 

insight into plant genome evolution and the functional divergence of genes. 
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Introduction

An intron is “a transcription unit containing regions which could be lost from the mature 

messenger” (Gilbert, 1978). Introns in pre-mRNAs are spliced by conserved sequences at their 5’ 

and 3’ borders in a massive complex ribonucleoprotein, called spliceosome (Jurica and Moore, 

2003, Nilsen, 2003, Rogozin, 2012). Genes with multiple introns offer opportunities of alternative 

splicing and provide variant proteins which may play different roles in biological processes (Min 

et al., 2015). The recently determined genome sequences of red and green algae showed that 

introns were genome-wide abundant prior to the origin of land plants (Baier et al., 2018).

Based on the presence or absence of introns, eukaryotic genes can be divided into two 

categories: intronless and intron-containing genes. The latter can be further divided arbitrarily into 

intron-rich (having more than 3 introns per gene) or intron-poor (with only 1-3 introns). It is 

commonly known that genes in a given large gene family are usually scattered over the whole 

genome, and mostly consist of multi-intron genes, but some gene families contain one, and 

sometimes more, sub-family that possesses no introns (Liu et al., 2014, Zhu et al., 2016, Zhu et 

al., 2018). Since the most early-diverging plant species in the plant kingdom contain few 

intronless genes (Sakharkar et al., 2007), it is reasonable to assume that these sub-families of 

intronless genes emerged after intron-rich genes. Furthermore, a few reports suggested that these 

intronless genes could actually be processed pseudogenes, which also lack a 5’ promoter sequence 

(Tutar, 2012). These processed pseudogenes are generated through retro-transposition and have 

usually no function, although some of them have been shown to be expressed and may play a role 

in gene regulation (Pink et al., 2011, McDonell and Drouin, 2012, Tutar, 2012). Because few 

systematic studies have been performed on these intronless gene sub-families in plants, several 

intriguing questions remain, such as, in a given species, how many gene families may contain such 

intronless or intron-poor sub-families? When did these originate? Did they evolve once or multiple 

times? How did they evolve? What are their potential functions? What were the mechanisms 

responsible for their origin and expansion? Did intronless and/or intron poor genes face the same 

or different selection pressures as the intron-rich genes? A
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Here, we conducted a genome-wide survey in Arabidopsis on these intronless sub-families of 

genes, and attempted to address some of the above questions. We identified 33 gene families that 

clearly contained intronless or intron-poor sub-families. Next, we characterized these gene 

families in seven genomes representative for the tree of plant life (the green alga Chlamydomonas 

reinhardtii, the moss Physcomitrella patens, the the early vascular plant Selaginella 

moellendorffii, the gymnosperm Ginkgo biloba, the early diverging angiosperm Amborella 

trichopoda, the monocot Oryza sativa, and the eudicot Arabidopsis thaliana). We contrasted the 

origin, evolution, expansion, and selective pressures of these intronless and intron-poor 

sub-families with their intron-rich homologs. To learn more about the function of intronless and 

intron-poor genes, and to see whether their function differs with respect to their homologs, we 

analyzed Arabidopsis and rice expression data, and considered gene ontology (GO) information.

Results

Identification and classification of gene families containing intron-poor sub-families

We surveyed GFF3 files of Arabidopsis, which resulted in the identification of 6308 intronless 

genes (Table S1). To identify the gene families that contain at least one intron-poor sub-family, we 

constructed unrooted phylogenetic trees for 149 gene families in Arabidopsis (Table S2). By 

evaluating the exon/intron structure of all of the 149 gene families, we identified a total of 33 gene 

families that contained at least one intronless, or an intron-poor sub-family with at least five genes 

in a single intronless clade, and intron-poor clade (see a schematic representative gene family in 

Fig 1-A).

The 33 gene families (Table S3) consisted of eight transcription factor (TF) gene families 

(bZIP, AP2, B3, zf-CCCH, MYB, NAC, SRF-TF, and HLH), one transcription regulator gene 

family (SET), one transporter gene family (MFS-1), four protein kinase gene families 

(CAMK_CAMKL-CHK1, STE_STE11, STE_STE7, TKL-PI-4), and 19 other gene families. The 

identified intronless genes from the different gene sub-families were distributed over all A
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chromosomes in both Arabidopsis and rice (Figure S1).

The origin and evolution of intron-poor and intronless sub-families

To determine the origin of intronless and intron-poor genes in intronless or intron-poor 

sub-families, we first determined the origin of intron-poor sub-families in the plant tree of life 

(Figure 1-B). The intron-poor sub-families in the 33 gene families originated at different times 

(Table S3). Nine out of 33 (27.3%) intron-poor sub-families originated in green algae, 18/33 

(54.5%) intron-poor sub-families first appeared in P. patens (land plant), and 4/33 (12.1%) 

originated in seed plants (Figure 2). Only one intron-poor sub-families had a unique origin in S. 

moellendorffii.

 For the 33 gene families, none of the intronless genes in intron-poor and intronless 

sub-families seemed to have emerged first in green algae or G. biloba (gymnosperm), whereas 

intronless genes in 13 and 11 gene families first appeared in P. patens and S. moellendorffii (land 

plants), respectively (Figure 3). Furthermore, all intronless genes seemed to have originated from 

intron-poor genes, and not from intron-rich genes (or sub-families).

Also, some of the intronless sub-family genes seem to have been lost in some lineages (Table 

S4). For example, the intronless genes in the zf-CCCH, HLH and SET gene families first appeared 

in P. patens (land plants), but were not found in S. moellendorffii (vascular plants), while they 

seem to exist in G. biloba (seed plants). For the B3 and TKL-PI-4 gene families, intronless genes 

were not detected in G. biloba, and were uncovered in A. trichopoda (angiosperm).

Expansion of intronless genes

To determine how intronless genes expanded in both intron-poor and intronless sub-family, each 

intronless member of all gene families in the seven species was assigned to one of five different 

duplication categories: singleton, tandem, proximal, WGD and segmental, and dispersed (Wang et 

al., 2013). The combined WGD and segmental duplication events of intronless genes contributed 

to over 80% of the gene expansion in P. patens (85.3%), O. sativa (89.3%), and A. thaliana A
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(86.1%), respectively, for all 33 gene families combined (Figure S2). Remarkably, the proportion 

of intronless tandem-duplicated genes was 10.2%, 13.2%, 14.6%, 39.9%, and 40.4% in A. 

thaliana, P. patens, S. moellendorffii, G. biloba, and A. trichopoda, respectively, which was more 

than 10% (Figure 4A, S2). These results illustrate that both WGD/segmental and tandem 

duplications played an important role in the expansion of intronless genes in the intron-poor 

sub-families.

 The WGD-generated intronless genes had significantly higher Ks values than tandem 

duplication-generated intronless genes (t-test, P<0.01) (Figure 4B). Therefore, the tandem 

duplicated intronless genes seem generally younger than the WGD duplicated intronless genes in 

the intron-poor sub-families. In general, the Ks values were significantly different among 

intronless, intron-poor and intron-rich genes (Figure 5A). The intronless sub-family genes had 

significantly lower Ks values than intron-poor and intron-rich sub-family genes (t-test, P<0.01). 

Moreover, the intron-poor sub-family genes also had lower Ks values than intron-rich sub-family 

genes. Therefore, the intron-poor genes seem younger than the intron-rich genes. In turn, the 

intronless genes seem younger than both intron-poor and intron-rich genes in the seven species 

(Figure 5A).

To further understand the origin and expansion of intronless genes in intron-poor sub-families, 

we separated orthologous and paralogous clades in 33 gene families (Table S5). Almost all 

intron-poor sub-families had orthologous and paralogous gene pairs, except FAD_binding_4, NAC, 

Peptidase_C1, and SRF-TF intron-poor sub-families, which only contained paralogous gene pairs. 

Therefore, these intronless paralogs are defined as species-specific duplicates. This is also 

confirmed by average Ks values between the paralogs, which are significantly lower than those of 

orthologs in all gene families. 

Selection pressures on intron-rich, -poor and -less gene sub-families

To screen for possible signs of selection on genes in the intronless and intron-poor sub-families, 

we calculated the Ka/Ks ratios of intron-rich sub-families and intron-poor sub-families (intronless A
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and intron-poor gene pairs) for each gene family (Table S6). The Ka/Ks values for gene pairs 

among 33 gene families of intron-poor sub-families and intron-rich sub-families were less than 1, 

except for the EF-hand_7 and NAC gene family. Therefore, most genes in intronless and 

intron-poor sub-families seem to have undergone purifying selection. In contrast to intron-rich 

sub-families, intronless gene pairs have a narrower range of Ka/Ks values (t-test, P<0.01), thus, 

intronless genes seem to have been subject to stronger functional constraints than intron-rich genes. 

Intron-poor gene pairs had Ka/Ks values between those of intron-rich and intronless gene pairs 

(Figure 5B).

GC-content variation

The GC content of coding sequences in the seven species for intronless, intron-poor, and 

intron-rich sub-family genes is shown in Figure 6. The GC content varied among different 

genomic regions. The C. reinhardtii and O. sativa genes had a GC content of 69% for coding 

sequences and 61%, respectively, which was higher than those for the other species. A. thaliana 

showed the lowest GC content (45%) for coding sequences. Based on the box plots (Figure 6), the 

correlation between the GC contents in intronless genes was significantly higher than those in 

intron-rich genes for the seven species, except for S. moellendorffii (t-test, P<0.01). 

Functional preference of differentially expressed genes in Arabidopsis and rice of intronless, 

intron-poor, and intron–rich sub-family genes in response to drought and salinity

Large-scale RNA-seq data from different tissues and developmental stages of Arabidopsis and rice 

(Table S7) showed intronless and intron-rich genes from the same gene families to be 

differentially expressed in response to drought and salt stress (see Methods). In the 13 Arabidopsis 

studies with drought treatments, 136 out of 406 (33.5%) intronless, 67 out of 254 (26.4%) 

intron-poor, and 206 out of 859 (24.0%) intron-rich DEGs were discovered, respectively (Figure 

7A). The number of intronless DEGs was significantly greater than those of intron-rich DEGs 

(t-test, P<0.01). The 136 Arabidopsis intronless DEGs, of which 54, 9, 8, 7, 7, and 6 AP2, A
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FAD_binding_4, EF-hand_7, C2, STE_STE11, and CAMK_CAMKL-CHK1, respectively, account 

for 60.0 (54/90), 45.0 (9/20), 61.5 (8/13), 33.3 (7/21), 30.4% (7/23), and 46.2 (6/13) percent of the 

genes in the respective family (Table S8). Similarly, in nine studies in rice, a total of 127 out of 

441 (28.8%) intronless and 210 out of 878 (23.9%) intron-rich DEGs were detected in response to 

drought stress (Figure 7A). The percentages of intronless DEGs were significantly greater than 

those of intron-rich DEGs (t-test, P<0.01): the 127 intronless DEGs belonged to different gene 

families, with 40 (43.5%), 13 (25.0%), 9 (39.1%), 7 (46.7%), 7 (41.2%), and 6 (46.2%) intronless 

genes in the AP2, B_lectin, EF-hand_7, Myb_DNA-binding, bZIP, and CAMK_CAMKL-CHK1 

gene family, respectively (Table S8).

In six salt-response studies in Arabidopsis, a total of 139 out of 406 (34.2%) intronless and 

272 out of 859 (31.6%) intron-rich DEGs were detected (Figure 7B). Among the 139 intronless 

DEGs, 49 were AP2 genes, nine were FAD_binding_4 genes, and STE_STE11 genes, eight each 

were EF-hand_7 and CAMK_CAMKL-CHK1 genes, and seven were C2 genes, the others were 

listed in Table S8. In the seven salt-response studies in rice, there were 98 out of 441 (22.2%) 

intronless, 53 out of 304 (17.4%) intron-poor, and 152 out of 878 (17.3%) intron-rich DEGs, 

respectively (Figure 7B). In the 98 intronless DEGs, 20 were AP2 rice genes, eight were 

EF-hand_7 genes, six were bZIP genes, and five were CAMK_CAMKL-CHK1 genes (Table S8). 

The percentages of intronless DEGs were significantly greater than those in intron-rich DEGs in 

both Arabidopsis and rice studies (t-test, P<0.01). The intronless DEGs in the AP2, EF-hand_7, 

bZIP, FAD_binding_4, STE_STE11, CAMK_CAMKL-CHK1, and C2 gene family, played more 

significant roles in responding to drought and salt stresses than other gene family members (Table 

S8).

Functional classification of intronless sub-family genes in Arabidopsis and rice

By using GO term analysis, we examined whether the intronless genes in the 33 gene families 

were overrepresented for certain functional classes of genes. Intronless genes in Arabidopsis and 

rice were mainly enriched in terms related to regulation, signaling, modification, and metabolism, A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

especially in AP2, EF-hand_7, bZIP, FAD_binding_4, STE_STE11, CAMK_CAMKL-CHK1, and 

C2 gene family (Figure S3, 4). In particular, the enrichment of these genes was found to be 

associated with the biological process “transcriptional regulation”. Besides, the GO terms of 

intronless genes in different genes families varied greatly. Intronless genes in B_lectin and 

S_locus_glycop gene family were enriched in GO terms of epigenetic processes, such as “protein 

phosphorylation”, and in GO terms of development, “recognition of pollen”. In addition, 

intronless genes in Inhibitor_I9, PA, Peptidase_S8 gene family were enriched in GO terms, 

“negative regulation of catalytic activity”, and “proteolysis”. 

Discussion

Since their discovery (Gilbert, 1978), intron evolution has been widely studied (Da et al., 2013, 

Verhelst et al., 2013). Within the green plant lineage, it has been clearly shown that introns are 

abundant in algal genes (Baier et al., 2018). On the other hand, in extant land plants, many gene 

families contain intron-poor or even intronless sub-families (Zhu et al., 2016, Liu et al., 2017). 

However, there is little information on when and how these intronless and intron-poor 

sub-families originated and evolved and what their potential functions are. 

Intron-poor sub-families originated early in the evolution of green plants

After surveying genomes of representative species, it is clear that intronless or intron-poor 

sub-families of genes exist in the plant kingdom. Here, we analyzed in greater detail 33 gene 

families possessing intron-poor and intronless sub-families with at least five intronless gene 

members, which is a small number relatively to all gene families (33/10,412) in Arabidopsis. 

These 33 gene families belong to different categories of genes, including transcription factors, 

transcription regulators, transporters, protein kinase, and others, suggesting their potentially broad 

involvement in plant growth and development. 

Over half of the gene families containing intron-poor sub-families originated in the land 

plants (e.g. P. patens), which evolved in the Ediacaran to middle Ordovician at 559.3–459.9 Ma A
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(Foster et al., 2016, Morris et al., 2018, Yuan et al., 2019). There are several hypotheses on how 

plants transitioned to life on land and adapted to terrestrial environments and different biotic and 

abiotic stresses (Pierrehumbert et al., 2011, Ruhfel et al., 2014, Prave et al., 2016). The 

origination of intron-poor and intronless sub-families might have been a factor in adaptation as the 

intron-poor and intronless genes can be transcribed with fewer and without splicing, offering fast 

responses to drastic climatic changes, although at this point this is purely speculative. The 

evolution of intron-poor and intronless genes may also have facilitated responding to changing 

developmental processes as their appearance may be also associated with vascular system and 

seed development, which allowed the evolution of plants with higher plant complexity (Rensing et 

al., 2008). For instance, the AP2 gene family, containing intron-poor sub-families, first appeared 

in the green algae. Previous reports suggested that AP2 genes play broad roles in developmental 

regulation in reproductive, vegetative organs, and lateral organ development by influencing cell 

number and growth (Riechmann and Meyerowitz, 1998, Shigyo et al., 2006) and stress responses 

(Mizoi et al., 2012). However, the CIPK intron-poor genes first appeared in seed plants, which has 

been reported to participate in the Ca2+ signaling process (Zhu et al., 2016).

Evolution of intron-poor and intronless sub-families 

Despite the mechanism still being unknown, it is quite clear that intron-poor gene sub-families 

originated from intron-rich sub-family genes. The question is whether intronless genes derived 

directly from intron-rich genes or progressively from an intron-poor gene in the intron-poor 

sub-family. Our results clearly suggest the latter, based on the smaller Ks values of intronless 

sub-families than those of intron-poor sub-families, as also shown previously (Zhong et al., 2018, 

Zhu et al., 2018) . It is interesting to note that intronless genes in intron-poor sub-families evolved 

multiple times and also got lost in several lineages (Table S4). Although intron gain and loss 

occurred often during the evolution of plants, especially in land plants (Roy and Penny, 2007), the 

evolution of entire sub-families of intronless genes has not been examined in detail before.

How the intron-poor and intronless gene sub-families originated remains unclear. Intron gain A
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and loss might be correlated with transposable element activity (Scott William and Walter, 2005). 

The loss of introns is likely dependent on recombination with reverse transcribed copies of spliced 

mRNAs. This pattern is based on reverse-transcribed mRNA-mediated loss. The intron loss event 

supports a model where intron loss is mediated via germline recombination with an intronless 

cDNA of the gene. The intron loss events occur as a result of recombination with nearly complete 

cDNA (Coulombe-Huntington and Majewski, 2007). 

In general, intron loss tends to be particularly the case in genes with housekeeping functions 

and that are expressed at relatively high levels (Zhang et al., 2003, Zou et al., 2011). The 

preferential loss of introns in highly expressed housekeeping genes is also consistent with 

selection for transcription efficiency favoring the resulting short transcript (Castillo-Davis et al., 

2002). Selection pressure and recombination might both contribute to the association of intron loss 

and expression levels. Selection alone would favor the loss of longer introns 

(Coulombe-Huntington and Majewski, 2007). The stronger selective pressures on intron-rich 

genes, compared to intronless genes demonstrated that intron-rich genes were much more likely to 

lose introns. Moreover, the recombination events that resulted in intron losses and that were 

inherited to the next generation had the chance to increase in frequency in the population 

(Coulombe-Huntington and Majewski, 2007).

Since the 4/1-like protein in Chara braunii (class Charophyceae) contains no introns, it was 

proposed that a presumed precursor 4/1-like gene in basal charophytes initially originated by 

capturing an alpha-helical myosin-like cistron by a retrotransposon and further 

retrotransposon-dependent transfer to the algal genome (Morozov and Solovyev, 2019). This 

suggested the activity of retrotransposons in the ancestral species. We detected 22.2% to 38.9% 

transposed duplicated genes in intronless genes in the seven representative species. However, it 

remains unclear whether these transposable elements in intronless genes caused the initial 

emergence of intronless genes.

The intron-poor and intronless sub-families initially appeared as a single intron-reduced, or 

intronless gene in the early stages of plant life, then expanded through different mechanisms. A
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Polyploidization (WGD) is widely known to give rise to gene duplicates during evolution (De 

Bodt et al., 2005, Zwaenepoel and Van de Peer, 2019). A large number of gene duplication events 

has driven the expansion of intron-poor sub-families. The genome of P. patens has undergone at 

least two WGD events (Clark and Pcj, 2017, Lang et al., 2018). Most sequenced seed plants have 

undergone one or two WGD events during their evolution (Ruprecht et al., 2017). According to 

our study, WGD events played an important role in the expansion of intron-poor and intronless 

genes. Tandem duplicated genes form the second largest group of duplicated intronless genes 

(Figure 4A). 

An apparent stronger purifying selection pressure in intronless duplicated gene pairs, 

compared to intron-rich duplicated gene pairs, suggests that intronless duplicates are subject to 

higher selection pressure than intron-rich genes. This, together with the functions ascribed to 

intronless genes suggests that intronless genes may play some important roles in plant growth, 

development or response to biotic or abiotic stresses.

Significant numbers of intronless sub-family genes respond to drought and salt stress in 

Arabidopsis and rice

Previous studies revealed that intronless genes are highly induced by stress (Kousuke et al., 2008). 

It is unknown which (or any) decisive events have driven the origination of intron loss or the 

generation of some sub-families of intronless genes, or whether such generation of intronless 

sub-family genes were the outcome of responses to some other environmental or developmental 

changes. Our meta-analysis of current RNA-seq data in multiple studies in both Arabidopsis and 

rice clearly showed that the intronless sub-family genes might play significant roles in responding 

to drought and salt stresses. The most significant DEGs, both in drought and salt related studies in 

Arabidopsis and rice were found in AP2, EF-hand_7, bZIP, FAD_binding_4, STE_STE11, 

CAMK_CAMKL-CHK1, and C2 gene families. These intronless sub-family genes were most 

enriched in the biological process “transcriptional regulation”, which function drought responsive 

pathways (Liu et al., 2018), suggesting that they play significant roles in responding to drought A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

and salt stresses. On the other hand, intronless sub-family genes in other gene families were 

enriched in GO terms like “protein phosphorylation”, “negative regulation of catalytic activity”, 

and “transmembrane transport”, which may suggest involvement in different biological processes, 

like epigenetic processes and signal transduction. 

Stress-related genes have been shown to have contributed to the terrestrial adaptation of green 

plants subjected to many kind stress factors such as brighter sunlight (UV radiation), lack of 

efficient support against gravity, dehydration, and high carbon dioxide levels in the atmosphere 

(Fang et al., 2017, Morozov and Solovyev, 2019). Since relatively few genes have been 

characterized in detail, it requires additional experiments to specifically determine the functions of 

intronless sub-family genes in stress response and other developmental processes.

Materials and Methods

Sequence Data

The genome sequences, as well as their annotations, were downloaded from public databases such 

as Phytozome (version 12.1, http://www.phytozome.net/) (Goodstein et al., 2012) and the NCBI 

(National Center for Biotechnology Information https://www.ncbi.nlm.nih.gov). We selected 

seven species to represent land plants, namely Arabidopsis thaliana (eudicots) (TAIR10), Oryza 

sativa (monocots) (v7.0), Amborella trichopoda (an early diverging angiosperm) (v1.0), Ginkgo 

biloba (gymnosperm, seed plant) (v1.0), Selaginella moellendorffii (a vascular plant) (v1.0), and 

Physcomitrella patens (a moss) (v3.3), and one alga, Chlamydomonas reinhardtii (green algae) 

(v5.5). The protein kinase data in the seven species were obtained from the latest iTAK release 

(17.09, http://itak.feilab.net/cgi-bin/itak/db_home.cgi) (Zheng et al., 2016).

Prediction and classification of intronless genes

Intronless genes of the seven species were obtained by surveying the General Feature Format 

Version 3 (GFF3) files from Phytozome v. 12.1. All candidate intronless genes were further 

submitted to Pfam (http://pfam.xfam.org/) to verify their gene structure and the presence of A
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domains (Finn et al., 2014). To improve the accuracy of intronless genes identification, all the 

genes were submitted to the online software tool SMART ((http://smart.embl-heidelberg.de/) for 

further confirmation . A Hidden Markov Model (HMM) was used to ascribe genes to gene 

families using HMMER v. 3.0 with an E-value cut-off of <1.0 (Liu et al., SR, 1998). We 

considered five intronless genes in each gene family as a reasonable cut-off for further study while 

putative gene families with fewer than five intronless genes were discarded. Finally, genes for 

which there was high confidence for being ‘true’ genes were assigned to each gene family in the 

seven species.

Multiple sequence alignment, phylogenetic analysis and exon-intron structure analysis

The full-length protein sequences of each gene family were aligned by MEGA 7 using the 

MUSCLE program (Kumar et al., 2008). Phylogenetic trees were constructed using maximum 

likelihood (ML) as implemented in the FastTree software (Chen et al., 2018b).

The online Gene Structure Display Server (GSDS: http://gsds.cbi.pku.edu.cn) was used to 

generate the exon-intron structures of all candidate genes by DNA and cDNA sequences (Guo et 

al., 2007). The software TBtools (version 0.58) was exploited to show exon-intron structures for 

each gene family based on GFF3 files (Chen et al., 2018a).

Detection of duplication types

BLASTP (E-value < 1e − 10) was used to search for potential homologs amongst all protein 

sequences for each gene family in the seven species (Mahram and Herbordt, 2010). To investigate 

gene synteny, blast hits and gene locations were used as inputs for MCScanX (Multiple 

Collinearity Scan toolkit), using default settings (Wang et al., 2013). Genes and duplicates were 

ascribed to one of five different duplication categories: singleton, tandem, proximal, Whole 

Genome Duplication (WGD) or segmental, and dispersed (Wang et al., 2013). Transposed 

duplicates of intronless genes in the intron-poor sub-families were searched for in the Plant 

Duplicate Gene Database (http://pdgd.njau.edu.cn:8080) (Qiao et al., 2019).A
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Calculation of Ka and Ks values

The nucleotide sequences of CDSs in each gene family were aligned based on the protein 

sequence with ClustalW in MEGA 7.0, using default settings (Larkin et al., 2007). 

Nonsynonymous substitutions (Ka) and synonymous substitutions (Ks) and nonsynonymous to 

synonymous substitution ratios (Ka/Ks) were estimated in each gene family by the use of Perl 

scripts (Zhong et al., 2018).

Estimation of the GC content

The GC content was calculated by counting G and C bases as percentages of the total number of 

bases in sequences with intronless, intron-poor, and intron-rich genes, in each gene family. To this 

end, the online software tool EMBOSS (http://www.bioinformatics.nl/cgi-bin/emboss/geecee) was 

used (Rice et al., 2000, Singh et al., 2016).

Chromosomal location analysis

The chromosomal locations of intronless sub-family genes in Arabidopsis and rice were retrieved 

from annotation information as available in the genome database Phytozome (version 12.1, 

http://www.phytozome.net/). The intronless sub-family genes in the two species were mapped to 

chromosomes with MapChart (Zhu et al., 2018).

RNA-seq data and quantification

Single- and/or paired-end RNA-seq reads were downloaded from NCBI SRA 

(https://www.ncbi.nlm.nih.gov/sra) (Team, 2011). RNA-seq samples of Arabidopsis and rice were 

obtained from different tissues and developmental stages under drought and salt stress conditions 

(Table S7). The data were filtered using Trim_galore, a high throughput sequence quality confine 

analysis tool (Brown et al., 2017, Wang et al., 2018). Then, the filtered reads were mapped to the 

Arabidopsis and rice reference genomes using HISAT2 (Yang-Ming et al., 2016). The reads of A
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each gene were counted by Subread-featureCounts (Liao et al., 2013), using default parameters. 

The differentially expressed genes (DEGs) were then identified using the edgeR package 

(Nikolayeva, 2014). A false discovery rate (FDR) ≤0.01 and an absolute value of the | logFC | ≥1.5 

were used as thresholds to evaluate the significance of gene expression differences. We compared 

expressions of all control to all treatments. We only investigated DEGs between intronless genes 

and intron-rich genes in families that contain intron-poor sub-families.

Gene ontology (GO) analysis

To determine the possible functions of intronless, intron-poor and intron-rich genes in each gene 

family, gene ontology (GO) annotations for Arabidopsis and rice were retrieved from the Gene 

Ontology Consortium (http://www.geneontology.org/) Website (Consortium, 2004).

Statistical analysis

A student’s t-test (P<0.01 and P<0.05) was performed, where appropriate, using the IBM SPSS 

Statistics v25 software (SPSS, Inc., USA) (Dunn, 2013).

Data availability statement

All relevant data are included in the manuscript and its supporting materials.
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Supporting information legends

Table S1 The gene ID of the intronless genes in Arabidopsis and rice. A total of 

6308 and 10314 intronless genes were identified and assigned according to species.

Table S2 List of 149 gene families contain at least five intronless genes in 

Arabidopsis genome.

Table S3 List of the number of intron-poor and intronless genes in intron-poor 

sub-families of 33 gene families in the species of C. reinhardtii, P. patens, S. 

moellendorffii, G. biloba, and A. trichopoda, A. thaliana, and O. sativa.

Table S4 List of the number of intronless genes in intron-poor sub-families of 33 

gene families in the species of C. reinhardtii, P. patens, S. moellendorffii, G. biloba, 

and A. trichopoda, A. thaliana, and O. sativa.

Table S5 List of the number of orthologs and paralogs in intronless genes in each 

gene family and their average Ks values.

Table S6 List of the Ka/Ks values in gene pairs among 33 gene families of A
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intron-poor sub-families and intron-rich sub-families in the seven species.

Table S7 List of the RNA-seq studies in A. thaliana, and O. sativa.

Table S8 List of the intronless DEGs of A. thaliana, and O. sativa.

Figure S1 A: Distribution of the identified intronless genes in 33 genes families on 

5 chromosomes of Arabidopsis. B: Distribution of the identified intronless genes in 

33 genes families on 12 chromosomes of rice.

Figure S2 The percentage of intronless duplicated genes and the all duplicates of 

different duplication types among the seven species.

Figure S3 The relative abundance of GO functions of intronless, intron-poor and 

intron-rich genes in each gene family in Arabidopsis and their detail classifications. 

The (m) represents molecular function. The (c) represents cellular component. The 

(b) represents biological process. 

Figure S4 The relative abundance of GO functions of intronless, intron-poor and 

intron-rich genes in each gene family in rice and their detail classifications. The (m) 

represents molecular function. The (c) represents cellular component. The (b) 

represents biological process. 
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Figure/Table legends

Figure 1 Schematic representation of a gene family (CBL-interacting protein kinases 

CIPKs (A)) with intronless and intron-poor (3 or less introns per gene) genes. 

Number of genes and intronless genes (B) in the seven species representative used 

in the current study (C).

Figure 2 Number of gene families with intron-poor gene sub-families present in 

C. reinhardtii, P. patens, S. moellendorffii, and G. biloba.

Figure 3 The number of intronless genes in intron-poor gene sub-families first 

appeared in the species of C. reinhardtii, P. patens, S. moellendorffii, and G. 

biloba. The circle size represents the number of gene families.

Figure 4 A: The percentage of intronless duplicated genes in each gene family 

of different duplication types among the seven species. B: The Ks ranges of 

intronless duplicated genes in WGD, segmental, and tandem duplication type in 

the 33 gene families among the seven species.

Figure 5 A: Ks range of intronless, intron-poor and intron-rich genes in the 

seven species investigated in this study. B: The Ka/Ks ratios of intronless, A
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intron-poor and intron-rich genes. See text for details.

Figure 6 GC-content (%) for intronless, intron-poor, and intron-rich genes in 

33 gene families for seven representative plant species.

Figure 7 A: The ratios of DEGs in intronless, intron-poor and intron-rich genes 

under drought treatments in Arabidopsis and rice. B: The ratios of DEGs in 

intronless, intron-poor and intron-rich genes under salt treatments in 

Arabidopsis and rice. 
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