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Intronless genes, as a characteristic feature of prokaryotes, are an important resource for the study of the
evolution of gene architecture in eukaryotes. In the study, 14,623 (36.87%) intronless genes in maize were
identified and the percentage is greater than that of other monocots and algae. The number of maize
intronless genes on each chromosome has a significant linear correlation with the number of total genes
on the chromosome and the length of the chromosomes. Intronless genes in maize play important roles in
translation and energy metabolism. Evolutionary analysis revealed that 2601 intronless genes conserved
among the three domains of life and 2323 intronless genes that had no homology with genes of other
species. These two sets of intronless genes were distinct in genetic features, physical locations and
function. These results provided a useful source to understand the evolutionary patterns of related genes
and genomes and some intronless genes are good candidates for subsequent functional analyses
specifically.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Introns are the parts of eukaryotic genes that are not translated.
Introns must spliced out of precursor RNA to form mature mRNAs
[1]. However, prokaryotic genes lack introns. Although intronless
genes are a characteristic feature of prokaryotes, eukaryotes have
both intron-containing and intronless genes. The percentage of
intronless genes varies from 2.7% to 97.7% of the genes in eukary-
otic genomes [2]. Studying intronless genes enables the analysis of
the evolution of gene architecture by identifying the expression
patterns of related genes and genomes [3]. Furthermore, the pres-
ence of intronless genes provides an opportunity to understand
why it is advantageous for a gene to be intronless. Systematic anal-
yses of intronless genes in many species, from mammals to plants,
have been reported over the past few decades. Some large gene
families, such as G-protein-coupled receptors and olfactory recep-
tors in human and mouse, are enriched in intronless genes [4,5].
Several databases for intronless genes in eukaryotes have been
constructed [2,6,7]. The resources make comprehensive compara-
tive analysis of intronless genes possible. However, research
concerning intronless genes in maize is still in its infancy. Maize
is a globally important agricultural crop for humans and animals.
The maize genome has been sequenced, which provides a valuable
resource to further understand the evolutionary history of
intronless genes.

In this study, maize intronless genes were identified and
distribution of intronless genes on chromosomes was then
analyzed statistically. The function of maize intronless genes was
also predicted. In addition, we analyzed the patterns of evolution
across maize and other groups of organisms. Then gene duplication
events in existing intronless genes and the retroposition of intron-
containing genes were investigated to understand the evolutionary
and genetic mechanisms that function in the maize genome.
Expression patterns based on microarray data were analyzed.
Our results may enhance bio-computational studies of intronless
genes, and may also provide a biological reference for cloning
intronless genes, which may contribute to genetic breeding in
maize.
2. Materials and methods

2.1. Identification of maize intronless genes

A stringent protocol was used to reliably identify maize intron-
less genes [8]. First, the coding sequences (CDS) were compared to
the corresponding gene sequences using Java program. When the
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coding sequence of a gene matched its genomic sequence with
100% identity, the gene was chosen for further analysis. Second,
all selected genes were examined to exclude redundant genes
(i.e., different gene models representing the same genetic loci).
Finally, a gene was selected if it was annotated as a protein-coding
gene. In other words, transposable elements and pseudogenes
were deleted. The final list of non-redundant intronless genes in
maize was subjected to further analysis.
2.2. Predictions of protein functions

The prediction of the protein functions or GO categories of
intronless genes in maize was performed by submitting all of the
complete amino acid sequences to ProtFun [9–11].
2.3. Microarray analysis

To analyze the spatial and temporal expression patterns of
intronless genes during development, transcriptome data of the
genome-wide gene expression atlas of maize inbred line B73 made
by the NimbleGen microarray technology was downloaded from
Plexdb (ZM37). The microarray data of intronless genes were
imported into R and Bioconductor for expression analysis. Then,
the pheatmap package was used to make the heatmaps.
2.4. Taxonomic group(s)

Blink (http://www.ncbi.nlm.nih.gov/sutils/blink.cgi?mode=qu-
ery) offers a very convenient way to run a precomputed BLAST
search against the query protein in the Entrez protein database
by taxonomic group at the protein level (including the groups
archea, bacteria, fungi, plants, metazoans, and other eukaryotes).
2.5. Paralogs of maize intronless genes

To investigate paralogs of intronless genes in maize, the com-
plete protein sequences of maize intronless genes were merged
as an input, and multiple fasta format sequence alignments were
then generated using CD-HIT (Cluster Database at High Identity
with Tolerance) [12]. This program enabled the rapid clustering
of similar sequences in the large protein database according to
sequence identity. Each cluster file, which was obtained as output,
was submitted to get the gene cluster groups. This method also can
be applied to identify intronless genes in the maize genome using
intron-containing paralogs.
3. Results and discussion

3.1. Identification and characterization of maize intronless genes

14,623 (36.87%) intronless genes were identified in maize (Sup-
plementary Table 1). To determine whether the number of intron-
less genes varies considerably among plants, we characterized and
compared the intronless genes in monocots and algae (Supplemen-
tary Fig. 1). Compared with the intronless genes identified in chla-
mydomonas (6.5%) and volvox (16.2%), the number of intronless
genes in monocots was significantly higher, especially a greater
proportion in maize intronless genes. One reason for such a differ-
ence may be that intronless genes can arise via reverse-transcript-
mediated recombination [13], which has been confirmed to create
a large amount of new genes. Additionally, this difference may be a
result of the ‘‘intron early’’ hypothesis, posited that protein-coding
genes were interrupted by numerous introns even at the earliest
stages of life’s evolution [14].
The number of intronless genes in each of the 10 chromosomes
ranged from 1006 to 2237 (Supplementary Table 1). Of the intron-
less genes in maize, 15.3% were present on chromosome 1, which is
the longest chromosome. Strikingly and interestingly, the ratio of
intronless genes to genes was constant along chromosome
(roughly 37%). In order to test whether the number of intronless
genes on each chromosome correlated with the number of genes
(including intronless and intron-containing genes) on the chromo-
some and the length of the chromosomes in maize, linear equation
was employed. The result showed that the number of intronless
genes on each chromosome are linear with the number of genes
on the one (R2 = 0.9935) as well as the length of their respective
chromosome (R2 = 0.9274; Fig. 1). We speculated whether the lin-
ear relationship is a universal law in other plants. To test this
hypothesis, we further explored the relationship in Sorghum bico-
lor, Brachypodium distachyon. As we expected, the results were also
in accordance with the linear correlation. In addition, neither the
intronless genes nor the intron-containing genes were distributed
evenly on the maize chromosomes. Our results showed a trend
that intronless genes enrich both ends of all 10 chromosomes (Sup-
plementary Table 2). On the contrary, the position of centromere
on each chromosome exhibited lower number of intronless genes,
perhaps because highly repetitive sequences of centromere hin-
dered the construction of biological genetic and physical map.

3.2. Functional groups of maize intronless genes

The functions of the 14,623 intronless genes in maize are only
partially understood. A significantly large percentage of intronless
genes were annotated as uncharacterized proteins (81%) or even
had no description information (1%) in NCBI (Supplementary
Table 1). This is mainly due to the large amount of manual work
required for re-annotating individual sequences and integrating
the data. To investigate the functions of intronless genes in maize,
the cellular roles and GO categories of these genes were predicted
using ProtFun. This analysis revealed that the largest percentage of
intronless genes (32.37%) is included in the translation (T) cate-
gory, followed by energy metabolism (EM; 22.55%; Fig. 2A). There-
fore, intronless genes may play a crucial role in translation and in
various metabolic pathways in maize. In order to further explore
the conservation of intronless genes among different functional
categories, the cellular role of intronless genes in maize were com-
pared with those in sorghum (Supplementary Table 3). Although
the number of intronless genes in maize (14,623) is significantly
larger than that in sorghum (6197), the number of intronless genes
belonging to central intermediary metabolism (CIM) category is
similar in maize (675) and sorghum (656). The percentages of
intronless genes with the same cellular roles were generally simi-
lar between maize and sorghum except one; specifically, about
32.37% of maize intronless genes were associated with translation,
which was higher than that of the sorghum intronless genes
(23.04%). A comparative analysis of intronless genes in different
species revealed that intronless genes in the CIM category are con-
served, suggesting that maize intronless genes in the functional
category share no great expansion after the split of maize and sor-
ghum. In addition, higher percentage of intronless genes involved
in translation was demonstrated that the proteins of intronless
genes play significant role in basic cellular processes. To learn more
about the functions of the intronless genes in maize, the GO cate-
gory profile of all 14,623 intronless genes were also assessed. A
total of 12,147 of these genes fit into 13 different of GO categories
(Fig. 2B). Among these, growth factor (GF) category contained the
most genes (27.73%), while the fewest genes (0.34%) were present
in cation channel (CC) category. Strikingly, compared the distribu-
tion of GO category of intronless genes in maize and that in chla-
mydomonas (Supplementary Table 4), the biggest proportion
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Fig. 1. Linear correlation among intronless genes, total genes, and the length of chromosome. (A) The linear regression equation between the number of intronless genes on
each chromosome and the number of genes (including intronless and intron-containing genes) on the chromosome. (B) The linear regression equation between the number of
intronless genes on each chromosome and the length of their respective chromosome.

Fig. 2. Functional categorization of maize intronless genes. (A) Distribution of maize intronless genes among 12 cellular role categories: amino acid biosynthesis (AAB),
biosynthesis of cofactors (BC), cell envelope (CE), cellular processes (CP), central intermediary metabolism (CIM), energy metabolism (EM), fatty acid metabolism (FAM),
purines and pyrimidines (PP), regulatory functions (RF), replication and transcription (RT), translation (T), transport and binding (TB). (B) Distribution of maize intronless
genes among 13 GO categories: signal transducer (ST), voltage-gated ion channel (VGIC), cation channel (CC), growth factor (GF), hormone (H), immune response (IR), ion
channel (IC), receptor (R), stress response (SR), structural protein (SP), transcription (TP), transcription regulation (TR) and transporter (T).
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increase was seen on ‘‘immune response’’, implying a significantly
larger expansion of the intronless genes involved in immune
response from lower plant to monocot plant. Genes involved in
the immune response are rapidly regulated. Genes that are rapidly
regulated during stress responses tend to lack introns; intronless
genes are transcribed without undergoing the process of splicing,
enabling the organism to rapidly respond to stress conditions
[15]. Therefore, immune response genes are expected to have
few or no introns. Furthermore, the significant increase of immu-
nity proteins in maize intronless genes indicated that maize
intronless genes involved in immunity should help maize better
to respond to different biotic and abiotic stresses. Maize spreads
all over the world because of its ability to grow in diverse climates.
Although it is grown mainly in wet, hot climates, it has been
reported to thrive in cold, hot, dry or wet conditions, meaning that
it is an extremely versatile crop. Maize can be better adapt to var-
ious biotic and abiotic stresses, such as drought, high salt content,
high or freezing temperature, and insect or pathogen attack
[16,17]. Therefore, the enrichment of intronless genes associated
with immune response may be an important reason for the
successful diversification.

3.3. Expression profile of maize intronless genes

To understand the temporal and spatial transcription patterns
of intronless genes, a comprehensive expression analysis across
60 distinct tissues representing 11 major organ systems of inbred
line B73 was performed by utilizing the publicly available micro-
array data for maize [18]. Expression profiles were identified for
a total of 10,063 intronless genes (Fig. 3, Supplementary Table 5),
whereas no corresponding probe sets were available for the
remaining intronless genes in the dataset. We postulated that the
absent genes in the datasets might because these genes were
expressed under specific environmental conditions or were very
specific to organs and/or developmental stages that were not cov-
ered in the dataset. The expression profiles demonstrated that
majority intronless genes have rather broad expression patterns
with presence in diverse libraries. These genes may be essential
for maintaining cell survival. The genes are being divided into three
clusters based on expression level. 12.19% of the detected intron-
less genes belonged to Cluster I, which had relatively high expres-
sion levels. Cluster II contained 6978 intronless genes with
relatively low expression levels. Genes in Cluster III were
expressed in a mid-level. In order to investigate the differential
expression patterns in 60 developmental stages and diverse tis-
sues, the coefficient of variation (CV value; standard deviation/
mean) of each gene were calculated, and the results showed huge
variation among all the intronless genes with the CV values rang-
ing from 0.93% to 54.78%. 7856 intronless genes with a CV value
of <15% had the least expression variability [19]. And these genes
were expressed stably across all tissue, which may work synergis-
tically with other genes during plant growth and development.
Conversely, the remaining 2207 intronless genes with the CV val-
ues of P15%, including 1095 genes with a CV value greater than
20%, were considered to be expressed at stage-specific develop-
ment. It is meaningful to study the intronless genes with a CV val-
ues of P15% for further discovering new organ- or tissue-specific
genes in maize. Microarray data showed that the mean normalized



Fig. 3. Expression profiles of intronless genes across the 60 different development stages. The heatmap showed clustering of intronless genes according to the signal
intensities of 10,063 detected transcripts in maize. Red, yellow and blue indicated high, medium and low levels of gene expression, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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level of gene expression was generally higher before pollination
than after pollination (t-test, p < 0.01; Supplementary Fig. 2).
Expression analysis combined with function prediction confirmed
the potential roles of intronless genes as growth factor. Interest-
ingly, upon sorting the normalized expression levels of the intron-
less genes for the 60 development stage from highest to lowest, we
found that the largest proportion of genes having the highest
expression level was in the R1 (reproductive 1, with silks emerged
from the husk) anthers stage (2.39%). Thus, we speculated that
these genes may play a role in meiosis network and pollen wall
synthesis network.
3.4. Evolutionary analysis of maize intronless genes

According to Woese’s theory [20], life is divided into three
domains, i.e., archaea, bacteria and eukaryotes. To analyze the evo-
lutionary conservation of maize intronless genes among these tax-
onomic groups, we conducted searches using Blink (Fig. 4). Among
the 14,473 intronless genes examined, 25 genes that were present
in bacteria but absent in archaea and eukaryotes, and 6067 genes
Fig. 4. Classification of maize intronless genes among different taxonomic groups.
Venn diagram showed the classification of 14,473 maize intronless genes into three
domains of life based on homology, including archaea (A), bacteria (B), eukaryotes
(E), archaea and bacteria (AB), archaea and eukaryotes (AE), bacteria and eukaryotes
(BE), archaea, bacteria and eukaryotes (ABE).
were present in eukaryotes but absent in archaea and bacteria.
However, only 2 genes were identified with a homology cluster
only in archaea. According to the origin and evolution of species,
there are two possible reasons for these distributional profiles.
First, the genes may have been present in a common ancestor
and later lost in one of the domains. Second, the genes may have
been horizontally transferred after the domains split. In contrast,
2601 intronless genes, accounting for 17.97% of the detected
intronless genes, were conserved across all three biological
kingdoms (i.e., the ABE group).

Interestingly, 2323 (16.05%) of the intronless genes are maize-
specific genes that share no homology with genes of other species.
These sequences are known as ORFans [21]. Apart from being
abundant, ORFans have been thought to be important for maize-
specific traits and adaptations [22]. However, about 96.13% of
ORFans have no description information in NCBI. Therefore, we
attempted to classify the maize intronless ORFans into diverse
functional categories using ProtFun. We found that 924 of these
genes take part in translation, followed by approximately 781
intronless genes that function in energy metabolism. Clearly,
73.40% of ORFans corresponded to essential and basic cellular
machinery. Although abundant in quantity and important in func-
tions, the evolutionary origin of ORFans is still enigmatic. There are
some hypotheses about the origin of ORFans: they may have been
involved in gene duplication followed by rapid sequence diver-
gence, they may have arisen from lateral gene transfer (LGT), have
an accelerated rate of evolution, or be artifacts of genome annota-
tion [23]. To further explore the difference between ABE and
ORFans, we characterized the two set of these genes by the follow-
ing features, including gene size, GC content, protein size, isoelec-
tric point (PI), molecular weight (MW), physical locations and
functional prediction (Supplementary Table 6). The results showed
that the average gene size, average GC content, average protein
size, average MW of ORFans were all lower than that of the ABE
group. However, the PI of ORFans was higher than that of the
ABE group. It has been reported that younger genes tend to have
shorter gene size, shorter proteins than order genes [24,25]. Thus,
ORFans were regarded as younger genes that have arisen in rela-
tively recent years. Interestingly, the number of ORFans in the
region of centromere on each chromosome was significantly higher
than that of ABE group (one-way ANOVA, p < 0.05). This dramatic
difference may be because centromeric DNA sequences have no
homolog in other species [26–28]. Thus, some maize-specific genes
in the region of centromere may play important role in segregating
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chromosomes into daughter cells. In addition, the distribution of
the functional categories of the two sets is different. 465
(17.88%) of ABE group were associated with the cell envelope,
which was significantly higher than that of ORFans (6.63%). With
respect to the GO categories, the structural protein category (SP;
about 20.20%) was a relatively abundant category for ORFans,
while the percentage of SP for ABE group was only 8.73%. There-
fore, ORFans were distinct from the ABE group in terms of genic
features, physical locations and function.

Gene duplications were shown to play a crucial role in the succes-
sion of genomic rearrangements and expansions [29]. CD-HIT was
employed to further investigate gene duplication events in existing
intronless genes and the retroposition of intron-containing genes,
which provided some valuable information. First, we clustered
maize intronless genes to determine the relationship between the
intronless genes. We found that 3833 (26.21%) of the maize intron-
less genes have at least one intronless gene paralog. It was suggested
that more than a quarter of intronless genes in maize may have been
derived from other intronless maize genes. The most remarkable
outcome of a gene duplication event is the evolution of a novel func-
tion, as sister genes may produce different functional proteins by
alternative splicing. Conversely, the function of paralogous intron-
less genes was similar. To prove there notions, we investigated the
functional relationships of paralogs using Pfam website [30]. As
expected, almost paralogous genes shared same family (Supplemen-
tary Table 1). Gene duplications include tandem and segmental
duplication events. Through analyzing paralogous genes on chromo-
somal location, we can better evaluate tandem gene duplications in
maize intronless genes. In our study, 1056 paralogous genes were
clustered on the maize chromosomes, that is, almost a third paralogs
were generated via tandem duplications. This finding suggested that
segmental duplications of maize intronless genes may be more pre-
valent than tandem duplications. In addition, we clustered intron-
less genes with intron-containing genes. The results showed that
270 intronless genes have paralogs of intron-containing genes. The
possible explanation can be given for this phenomenon. Due to the
reverse transcription of mature mRNAs from parental source genes,
these genes are therefore devoid of introns, which is the main reason
for the performance of retrogenes [31]. Gene duplication via retro-
transposition has been shown to be an important mechanism in evo-
lution, affecting gene dosage and allowing for the acquisition of new
gene functions [32].

In summary, a comprehensive genome-wide analysis of identi-
fication, characterization on maize intronless genes was per-
formed. The number of intronless genes on each of chromosome
significantly correlated with the number of total genes and the
length of their respective chromosome. In addition, intronless
genes were classified distinct groups based on different functional
and evolutionary patterns. Investigation into the groups of ABE and
ORFans will be important for understanding lineage-specific adap-
tation in maize. To study intronless genes could help to understand
the evolutionary patterns of related genes and genomes.
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