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QORY o s

Abstract

The exon numbers and lengths vary in different eukaryotic species. With in-
creasing completed genomic sequences, it is indispensable to reanalyze the
gene organization in diverse eukaryotic genomes. We performed a large-scale
comparative analysis of the exon-intron structure in 72 eukaryotic organisms,
including plants, fungi and animals. We confirmed that the exon-intron
structure varies massively among eukaryotic genomes and revealed some li-
neage-specific features of eukaryotic genes. These include a teleost-specific
exon-intron structure pattern, relatively small introns and large exons in fungi
and algae, and a gradual expansion of introns in vertebrates. Furthermore, the
conservation analysis of exon-intron boundaries indicates that several bases
near splice site junctions are different in introns with variable length among
different species. After comparison, we identified a trend showing increases in
intron densities and lengths in diverse species from fungi, plants, inverte-
brates to vertebrates, while it was the opposite in relation to exon lengths. The
statistical properties of eukaryotic genomic organization suggest that ge-
nome-specific features are preserved by diverse evolutionary processes, which
paves way for further research on the diversification of eukaryotic evolution.
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1. Introduction

A typical eukaryotic gene consists of multiple exons interrupted by introns and
their numbers vary tremendously between eukaryotic species [1]. Introns are
removed by RNA splicing while the final mature transcript product is being

generated. Alternative splicing (AS) is a posttranscriptional process in eukaryo-
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tic organisms by which multiple distinct transcripts are produced from a single
gene [2]. Previous studies using high-throughput sequencing technology have
reported that up to 92% - 94% of human multi-exon genes undergo AS [3] [4],
often in a tissue/developmental stage-specific manner [3] [5]. The splice sites are
recognized across a highly conserved region of nucleotides (nt) and the intron
length significantly influences the efficiency of pre-mRNA splicing and alterna-
tive splice site choice [6].

In vertebrates, there are relatively long introns and short exons, while it is in-
verse in lower eukaryotes [7]. Comparative eukaryote genomics have suggested
that intron evolution is a dynamic process in eukaryotes, and introns have been
gained and lost in different genomes in response to strong selective pressures
[8]. Although the basic ability of eukaryotes to splice introns is conserved, the
splicing signals are evolved and shaped to different splicing mechanisms in di-
verse speciation [9] [10]. A comparative analysis of the basic splicing signals in-
dicated that short intron recognition was rather susceptible to evolutionary
changes in eukaryotes, but the overall pattern of intron recognition was well
conserved in mammals [11]. It is suggested that there is a species-specific associ-
ation between the exon and intron length variation in genomes. Roy et al. found
that newly originated exons were more common within longer introns (>1000
nt) compared with short introns (<400 nt) in vertebrate genomes [12]. Large in-
trons could be a reservoir of genetic diversity, and they can promote AS via ex-
on-skipping and exon turnover during evolution [13]. The availability of ge-
nomic sequences and annotations makes it feasible to examine many funda-
mental evolutionary questions on the genome scale. The diversity of exon-intron
structures among eukaryotic genomes makes them extremely attractive for ex-
ploring questions of exon-intron structure evolution.

In this study, we performed a comprehensive survey of the exon-intron struc-
ture in 72 eukaryotic organisms, including 17 plants, 11 fungi, 12 invertebrates and
32 vertebrates. Our results confirm that the lengths and numbers of introns vary
among different eukaryotic genomes. Both general and genome-specific features of
the exon-intron organization were found in eukaryotic genes. This statistical anal-
ysis of the exon-intron structure revealed some diverse characteristics in eukaryo-
tic genomes. These results may provide clues to elucidate mechanisms involved in

the organization of eukaryotic genomes and also gene structure evolution.

2. Materials and Methods

2.1. Data Sources and Statistical Analysis

Complete genome annotation data of animals and fungi were downloaded from

Ensembl database (release 67) (http://www.ensembl.org/). Genomic data of plants

were downloaded from JGI (http://www.jgi.doe.gov/). For convenience, we clas-

sified the 72 species into four groups: fungus, plant, invertebrate and vertebrate.
Statistical analyses were performed using the Perl package. Gene structure in-
formation including the numbers and lengths of exon/intron and their se-

quences were extracted from the corresponding genome data. To obtain only re-
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liable data, we applied the following relatively stringent criteria for the quality of
the alignment. 1) The intron must be longer than 5 nt, as intron splicing requires
a “minimum” of five nucleotides (GU-AG plus an A for the branch point) [14].
2) For genes with many alternative splicing isoforms, we retained the isoform

which produces the longest mRNA for statistical analysis.

2.2. Comparison of Exon-Intron Boundaries

In addition to the overall exon/intron numbers and lengths data created from
the available sequences, we also obtained exon/intron boundary data for 6 or-
ganisms; Homo sapiens, Danio rerio, Drosophila melanogaster, Caenorhabditis
elegans, Saccharomyces cerevisiae and Arabidopsis thaliana. We constructed the
motif profiles in these 6 representative species, using the extracted intron se-
quences. Sequence motifs for 5 splice site (5’ss) and 3’ splice site (3’ss) are de-

picted as sequence logos by the WebLogo http://weblogo.berkeley.edu/. We also

extracted the adjacent 10 nucleotides (nt) of the upstream and downstream of

each splice site, and analyzed the conservation of 5’ss and 3’ss splice-site signals.

3. Results
3.1. Comparative Analysis of Eukaryotic Genes with Exons

A comprehensive survey of the 72 eukaryotic organisms shows that most euka-
ryotic genes contain less than 5 exons across different groups. Basically, the ratio
of gene numbers decreases as the exon number increases (Table 1). In summary,
the proportion of genes containing one exon varies from 28% to 9% in four
groups. In fungi, the percentage of genes with 1 - 5 exons is 91.21%, which indi-
cates that fungal genes are simpler than the other groups. The percentages of
genes with 1 - 5 exons in plants and invertebrates account for approximately
two-thirds. On the contrary, of those genes that contain more than five exons,
their proportions are incremental from fungi to vertebrates. An extreme case is
that almost all genes in S. cerevisiae contain 1 - 5 exons (99.97%), compared with

only 33.85% in meleagris (meleagris gallopavo, vertebrate)

Table 1. Comparative analysis of eukaryotic genes with exons.

No. of exons per gene Fungi (%) Plants (%) Invertebrates Vertebrates
(%) (%)

1 24.477 27.898 12.641 9.046
2-3 49.109 26.696 30.711 16.464
4-5 17.624 14.755 20.246 15.149
6-7 5.402 10.048 12.789 12.395
8-10 2.387 9.295 10.853 14.169
11-15 0.783 7.045 7.520 14911
16 - 20 0.164 2.485 2.741 7.559
21-25 0.037 1.001 1.211 4.459
26 - 30 0.010 0.395 0.587 2.352
>30 0.006 0.392 0.701 3.496
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(Table S2). Taken together, these results indicate that the genes have more ex-

ons in vertebrates than in non-vertebrates.

3.2. Analysis of the Exon Length Distribution

Table 2 shows the varied distributions of exon length in the four groups. It is
clear that short exons (<250 nt) are widespread across various eukaryotes. In
fungi, the percentage of short exons is only 42.740% and the mean length of
fungal exons is larger (589 nt) than in the other three groups (188 nt, 257 nt and
386 nt, respectively). In vertebrates, most of the exons (87.737%) are less than
250 nt in length (Table 2 and Table S1). The percentage of long exons (>500 nt)
is 36.575% in fungi, while the corresponding proportions decrease from 21.685%,
9.977% to 5.582% in plants, invertebrates and vertebrates respectively. These re-
sults indicate that exon lengths vary across the eukaryotic kingdom with more

short exons in vertebrates.

3.3. Analysis of the Intron Characteristics

According to the data we used (Ensembl release 67), the human genome con-
tains 20,687 protein coding genes with introns and 1713 (7%) intron-free pro-
tein coding genes. Altogether, there are 200,220 introns in human protein cod-
ing genes, so the average number of introns per gene is 8.94 in human genome.
The number of introns per gene varies dramatically among diverse eukaryotes,
including fungi (0.05 - 3.43 introns per gene), plants (0.33 - 7.30 introns per
gene), invertebrates (2.92 - 7.42 introns per gene) and vertebrates (7.35 - 10.09
introns per gene) (Table S1). This statistical analysis showed that there is a wide
variety of intron-densities in eukaryotic genomes; complex genomic organiza-
tions are much more common in the higher eukaryotes than lower eukaryotes.

Consistent with other studies [15] [16], our results show that abundant long
introns are present in vertebrates. Approximately 48.512% of the introns in ver-
tebrates are >1000 nt in length (Table 3). In general, fungal introns are relatively
short, 93.627% of the introns in fungi are shorter than 250 nt. In invertebrates
and plants, the average percentages of short introns (<250 nt) are 48.320% and
59.847% respectively. Exceptionally, there is a specific distribution of short in-
trons in teleosts. The average length of introns in teleost fishes was significantly
smaller than that of other vertebrates. Furthermore, the percentage of short in-
trons (<250 nt) is in the range of 32.17% - 67.06% (with an average of 52.89%) in
the five teleost fishes, but only ~18% in all other vertebrates (Figure 1 and Table
S1).

Table 2. Comparison of exon length among different species.
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Exon Length (nt) Fungi (%) Plants (%) Invertebrates (%) Vertebrates (%)
1-250 42.740 63.301 74.703 87.737
251 - 500 20.686 15.014 15.382 6.681
501 - 1000 18.459 11.666 6.499 3.359
>1000 18.116 10.019 3.478 2.223
53



Y.F.Li,Z.W. Ma

Table 3. Comparison of intron length among different species.

Intron Length

(nt) Fungi (%) Plants (%) Invertebrates (%) Vertebrates (%)
n
<50 12.965 4.285 5.019 1.579
51-110 64.514 28.460 27.371 11.313
111 - 250 16.148 27.102 15.930 11.562
251 - 500 7.664 28.495 22.749 11.549
501 - 1000 1.266 12.165 16.877 15.485
1000 - 2000 0.113 5.123 8.380 17.338
>2000 0.037 1.701 8.165 31.174
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the five teleost fishes

Figure 1. The distribution of short introns in teleosts and some representative verte-
brates. The percentage of short introns (<250 nt) in the five teleost fishes is about twice of
that in other vertebrates. H. sapiens. Human; G. gorilla: Gorilla; M. musculus: Mouse; O.
anatinus. Platypus; M. gallopavo:. Turkey; A. carolinensis. Anole lizard; X. tropicalis. Xe-
nopus; D. rerio: Zebrafish; G. aculeatus:. Stickleback; O. latipes: Medaka; T. rubripes. Fu-
gu; 7. mgrovirjdis‘. Tetraodon; P. marinus: Lamprey.

In all observed species, as an extreme example, the smallest percentage of
short introns is only 5% in invertebrate (Strongylocentrotus purpuratus, sea
urchin). However, the number of introns (157,214) in sea urchin is exceedingly
large, which is about twice of other invertebrates (82,398). In the plant group the
length of introns was small (183 nt) in three algae of Ostreococcus, with signifi-
cantly smaller than the average value of other plants (329 nt), while exons were
much larger (912 nt) than other plants (386 nt) (Table S1).

Although the total number of introns is similar among teleosts, the mean in-
tron length differs significantly in the five teleost fishes (Table 4 and Table S1).
Most introns in teleosts are small and similar in length, yet introns of zebrafish
are much longer (2820 nt) than the other teleosts (480 - 1180 nt) and 49.911% of
introns in zebrafish is more than 1000 nt. In addition, our results indicated that
the peak of the intron length distribution is in the range of 50 - 110 nt in teleosts
(Figure S1) and most eukaryotes. The peaks are consistent with previous re-
ports, which show a typical bimodal distribution in many eukaryotes [17] [18]
[19].
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Table 4. Comparison of intron length among the teleost fishes.

Intron D. rerio G. aculeatus O. latipes T. rubripes T. nigroviridis
Length (nt) No.' (%)* No. (%) No. (%) No. (%) No. (%)
<50 1663 (0.747) 4954 (2.495) 4612 (2.496) 5055 (2.704) 6392 (3.470)

51-110 42,892 (19.268) 50,090 (25.226) 56,633 (30.648) 71,335 (38.164) 78,767 (42.761)
111-250 27,185 (12.212) 50,462 (25.414) 30,629 (16.575) 41,688 (22.303) 40,823 (22.162)
251-500 17,781 (7.987) 33,764 (17.004) 21,070 (11.402) 25,516 (13.651) 22,419 (12.171)
501 - 1000 21,983 (9.875) 28,127 (14.165) 24,498 (13.258) 20,508 (10.972) 17,445 (9.470)
1000 - 2000 37,237 (16.727) 16,862 (8.492) 24,028 (13.003) 12,411 (6.640) 10,191 (5.532)
>2000 73,872 (33.184) 14,303 (7.203) 23,315 (12.617) 10,402 (5.565) 8167 (4.434)

! No.: Number of introns; *(%): The percentage of introns.

3.4. Comparative Analysis of Exon-Intron Boundaries in
Eukaryotes

We analyzed the classical splicing signal motifs for each organism. The results of
six representative species from four groups (H. sapiens, D. rerio, D. melanogas-
ter, C. elegans, S. cerevisiae and A. thaliana) reveal well-known highly conserved
motif profiles for introns within the range 51 - 70 nt (Figure 2) and longer. Al-
though resembling one another, the motif profiles exhibit some differences and
specificities among different species. The adjacent nucleotides around each
splice site are far from random. They comprise two distinguished consensus se-
quences of the 5’ splice site (5’ss) and the 3’ splice site (3’ss) on the exon-intron
boundaries [20]. The conservation of the 5’ss and 3’ss is lower in zebrafish and
human than in the other species (Figure 2). For the introns with length in 6 - 50
nt, the splice sites are not conserved in yeast, zebrafish and human (Figure S2).
Many eukaryotic genomic architectures are typified by small exons and flanking
introns with variable length. Splice site recognition is more efficient when in-
trons or exons are small, which appears to favor diverse splicing factors for al-

ternative splicing [21].

4. Discussion

This work involves statistical analysis of the exon-intron structure in a large
number of eukaryotes. We performed detailed comparisons of the exon-intron
structures and revealed some complex characteristics of eukaryotic genomes.
The exon-intron structures of eukaryote genes vary across the eukaryotic king-
dom, and the evolution of such structures increases in complexity from lower
eukaryotes to higher eukaryotes. Our observations are largely consistent with
and reinforce those reported previously with respect to introns and exons [9]
[17] [22].

4.1. An Increasing Complexity of Exon-Intron Structures in
Eukaryotic Evolution

A comparison of exon-intron structures could elucidate the complexity of ge-

netic diversity among eukaryotes. There is a trend showing a general increase in
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Figure 2. Acomparison of splicing signal motifs in six species for 51 - 70 nt introns. Se-
quence motifs for 5’ss and 3’ss are depicted as sequence logos.

intron densities and lengths in species from fungi, plants, invertebrates to verte-
brates. The trend is inverse in relation to exon lengths (Figure 3).

Intron sizes vary widely within each group (fungi, plants, invertebrates and
vertebrates). In contrast to intron length, the average lengths of exons are more
similar in each group. An increasing body of evidence indicates that introns play
a number of functional roles. Many introns contain functional non-coding
RNAs, which play vital roles in fine-tuning gene expression [23]. Intron length
appears to be positively correlated with expression in unicellular eukaryotes and
negatively correlated with expression in multicellular eukaryotes [24]. Further-
more, it is a negative correlation between intron size and the level of expression
of genes in nematodes and humans, which suggests that natural selection favors
short introns in highly expressed genes to minimize the cost of transcription
[25]. In contrast to intron size, the density of introns in a gene does not strongly
depend on the level of gene expression [25]. Jeffares ef al found that intron den-
sity correlates with the logarithm of generation time. The organisms that repro-

duce rapidly tend to have fewer introns than organisms that have longer life
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Vertebrates 8.56 3454 188
Invertebrates /4.94 1108 257
Plants 3.99 329 386
Fungi 1.77 126 589
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Exonw

Figure 3. Trends of exon/intron length and density in
eukaryotes.

cycles [8]. This might be a result of selection for rapid cell division or gene ex-
pression.

The exon-intron architecture has also been shown to influence splice-site rec-
ognition. The splice-site recognition is more efficient when introns or exons are
small [21] [26]. Lower eukaryotes have a genomic architecture that is typified by
small introns and flanking exons with variable lengths, suggesting that splice-site
recognition occurs across the intron [27]. Our analysis showed some small in-
trons and large exons in most fungi and some algae, which is consistent with a
previous report [21]. Jeffares et al proposed that some genes are apparently un-
der selective pressure to minimize introns [8]. As an example, the average intron
size is only 124 bp in Ostreococcus tauri, which is the world’s smallest free-living
eukaryote known to date [28]. It is a plausiblestrategy that green alga could se-
lect small introns to economize energetic cost from decreased transcript length,
adapting changing marine environment to bypass the constraints imposed by

light or nutrient limitation [29].

4.2. A Lineage-Specific Exon-Intron Structure in Teleosts

The number and length of introns varies greatly between different organisms.
Intron sequences constitute 24% of mammalian genomes and more than 95% of
human gene sequences [30] [31]. Our study shows that teleosts have more and
smaller introns (<250 nt) than the other vertebrates (Figure 1 and Table S1).
This specific exon-intron structure may be related with the specific gene dupli-
cation event in teleosts since the genomic complexity of the teleosts was assumed
to be caused by the fish-specific whole-genome duplication event (FSGD) [32].
Remarkably, introns of zebrafish are much bigger compared to other teleosts.
Large introns can present several problems for organisms, including the expense
of transcription and the difficulty of splicing large introns [33]. Comparative
analysis of teleost genome sequences has revealed an ancient intron size expan-
sion in the zebrafish lineage [14]. One possible explanation for the small intron
size in other teleosts could be the pressure to maintain a constrained genome
size in these fast-replicating organisms. It could also be associated with the
FSGD event that triggered the stunning diversity observed in teleost fishes
(~29,000 species, nearly half of all vertebrates) [32].
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4.3. Abundance of Introns Are the Reservoir of AS Patterns in
Eukaryotes

Our analysis showed that introns are arranged non-randomly in diverse euka-
ryotes. The vertebrate genes are typically split into numerous small exons inter-
rupted by much larger introns. In our statistical analysis, there are relatively long
introns and short exons in 32 vertebrate species. It is a trend that intron length
has gradually expanded in fish, amphibians, reptiles, aves and mammals (Table
S1). Our analysis suggests that vertebrate introns increased in length during ver-
tebrate evolution. Previous studies indicated that intron length has gradually
expanded among mammals, whereas the length of exons has remained relatively
constant [34]. Some findings have led to speculations that the spliceosome in
mammals recognizes primarily the exons in a process termed exon definition, as
opposed to that in fungi where introns are kept short and are thought to be the
recognized unit in a process termed intron definition [34] [35].

Intron and exon lengths can reflect the constraints imposed by splicing recog-
nition, based on whether the exon is identified through the intron or exon defi-
nition mechanism. A large number of long introns could be a reservoir of genet-
ic diversity in vertebrates, and they can facilitate the selection of different splic-
ing factors for AS during evolution. Different intron lengths are associated with
different types of AS [36]. Long introns could hinder the activity of the splice-
some through interfering with the proper positioning of the splicesome upon
exon-intron junctions [36]. Short introns tend to flank weak splice sites and long
introns tend to flank exons with strong splice sites [16] [37]. AS is more abun-
dant in higher eukaryotes than in lower eukaryotes, and the percentage of genes
that undergo AS is higher in vertebrates than in invertebrates [7]. Recently, a
genome-wide investigation of AS profiles across organs and species in vertebrate
species, suggested that AS changes may be a driving force towards an increase in
cellular complexity during vertebrate speciation [38]. However, a latest research
corroborated that boundary shifts and complete intron sliding are only acciden-
tal in eukaryotic genome evolution [39]. The number of introns in vertebrates is
more than in the other lineages, so it is reasonable to assume that the prevalence
of AS in vertebrates is pivotal for their higher phenotypic complexity [40].

Overall, our results show both general and genome-specific features of the
exon-intron structures of eukaryotic genes. The evolution of exon-intron struc-
tures increases in complexity from lower eukaryotes to higher eukaryotes. Some
species-specific characteristics of genomes were found in many teleosts and
lower eukaryotes. This re-analysis of eukaryotic genomic organization revealed
some lineage-specific characteristics of exons and introns, which paves way for

further research on the conservation and diversification of eukaryotic evolution.
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Figure S1. The distribution of intron length in the five teleost species.
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Figure S2. A comparison of splicing signal motifs in six species within 6-50 nt introns.
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Table S1. Synopsis of 72 genomes analyzed.

intron

. Average Average
Species Common name #Introns #exons #genes nsity length of length of Intron — Intron
(introns per | <250 nt <250 nt %
gene) introns  exons
Homo sapiens Human 200,220 222,620 22,400 8.94 5585 290 33,030 16.47%
Gorilla gorilla Gorilla 175,706 196,668 20,962 8.38 4885 231 31,136 17.26%
Pongo abelii Orangutan 160,947 181,015 20,068 8.02 5128 184 25,953 14.79%
Nomascus leucogenys Nomascus 163,876 182,037 18,161 9.02 5311 227 26,556  15.64%
Macaca mulatta Macaque 170,349 192,254 21,905 7.78 5136 208 31,929 18.28%
Callithrix jacchus Marmoset 180,677 201,670 20,993 8.61 4887 209 33,461 17.71%
Otolemur garnettii Bushbaby 168,860 188,366 19,506 8.66 4013 174 30,947 18.14%
Mus musculus Mouse 185,124 208,207 23,083 8.02 4730 292 30,364 16.36%
Rattus norvegicus Rat 175,836 198,774 22,938 7.67 4119 215 33,817 18.81%
Cavia porcellus Guinea pig 165,277 183,950 18,673 8.85 3485 159 35,816  21.33%
Spermophilus tridecemlineatus Ground squirrel 162,616 181,442 18,826 8.64 3878 191 30,650 18.70%
Oryctolagus cuniculus Rabbit 158,571 177,589 19,018 8.34 4181 167 30,617 18.92%
Bos taurus Cow 176,751 196,745 19,994 8.84 4123 206 31,586 17.72%
Sus scrofa Pig 165,457 187,097 21,640 7.65 3741 235 31,497 18.85%
Equus caballus Horse 168,906 189,342 20,436 8.27 4071 179 30,133 17.36%
Ailuropoda melanoleuca Panda 167,266 186,609 19,343 8.65 3792 163 31,294 18.37%
Vertebrate Canis familiaris Dog 172,649 191,954 19,305 8.94 3355 166 34,090 19.50%
Myotis lucifugus Little brown bat 162,402 182,130 19,728 8.23 2849 166 30,744 18.50%
Loxodonta africana Elephant 164,413 184,446 20,033 8.21 4201 164 30,850 18.36%
Monodelphis domestica Opossum 154,585 174,051 19,466 7.94 5861 175 22474  14.35%
Sarcophilus harrisii Tasmanian devil 159,994 178,782 18,788 8.52 4012 214 25,238  15.73%
Ornithorhynchus anatinus Platypus 131,940 149,891 17,951 7.35 2529 151 23,841 17.78%
Taeniopygia guttata Zebra finch 138,730 156,218 17,488 7.93 2578 158 26,920 19.03%
Meleagris gallopavo Chicken 138,359 152,484 14,125 9.80 2094 159 29,629 21.21%
Anolis carolinensis Anole lizard 151,656 169,461 17,805 8.52 2565 160 22,432 14.71%
Xenopus tropicalis Xenopus 176,136 194,565 18,429 9.56 2126 183 38,021  21.51%
Danio rerio Zebrafish 222,613 248,825 26,212 8.49 2820 232 71,740  32.17%
Gasterosteus aculeatus Stickleback 198,562 219,349 20,787 9.55 760 161 105,506  52.85%
Oryzias latipes Medaka 184,785 204,471 19,686 9.39 1184 154 91,874  49.53%
Takifugu rubripes Fugu 186,915 205,438 18,523 10.09 577 154 118,078  62.82%
Tetraodon nigroviridis Tetraodon 184,204 203,806 19,602 9.40 481 150 125,982  67.06%
Petromyzon marinus Sea lamprey 80,747 91,149 10,402 7.76 1471 141 13,360 16.47%
Acyrthosiphon pisum Pea aphid 112,323 146,924 34,601 3.25 1180 241 61,021 54.33%
Aedes aegypti Mosquito 46,641 62,639 15,998 2.92 4660 412 25,538  54.75%
Apis mellifera Weste:elehoney 58,020 68,714 10,694 5.43 1269 253 38,854 66.97%
Atta cephalotes Leafcutter ant 65,592 83,654 18,062 3.63 610 233 35938  54.79%
Danaus plexippus Monarch g 150 05713 16254  4.89 763 211 36213 45.57%
Invertebrate butterfly
Caenorhabditis elegans Nematode 106,539 127,056 20,517 5.19 306 223 75,075  70.47%
Drosophila melanogaster Fruitfly 45,188 59,105 13,917 3.25 1117 494 32,052 70.93%
Pediculus humanus Lice 58,509 69,280 10,773 5.43 294 240 48,108 82.22%
Strongylocentrotus purpuratus ~ Sea urchin 155,000 185,152 28,525 5.43 1668 266 7848 5.06%
Trichoplax adhaerens Trichoplax 85,517 97,037 11,520 7.42 284 163 63,563  74.33%
Ciona savignyi Sea squirt 74,286 85,890 11,604 6.40 667 171 17,736  23.88%
Ciona intestinalis Sea squirt 98,014 114,685 16,671 5.88 479 178 34,046  34.74%
63
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Continued
Aspergillus fumigatusal163 Aspergillus 19,138 29,054 9916 1.93 80 496 18,654  97.47%
Fusarium oxysporum Ascomycete 30,152 47,848 17,696 1.70 101 498 27,878  92.46%
Gaeumannomyces graminis  Take-all fungus 24,097 38,286 14,189 1.70 134 652 21,568  89.50%
Gibberella moniliformis Gibberella 25258 39,424 14,166 1.78 96 519 23,581  93.36%
Magnaporthe oryzae Rice blast fungus 22,390 34,983 12,593 1.78 122 655 20,593  91.97%
L Filamentous
Fungus Mpycosphaerella graminicola fingus 17,616 28,547 10,931 1.61 135 530 15,739  89.34%
Nectria haematococca Fusarium solani 32,675 48,380 15,705 2.08 82 488 31,528  96.49%
Neurospora crassa Fusarium solani 17,113 26,933 9820 1.74 136 559 14,958 87.41%
Phaeosphaeria nodorum Fusarium solani 20,609 33,000 12,391 1.66 91 495 19,455  94.40%
Puccinia graminis Stem rust 54,258 70,058 15,800 3.43 101 308 52,699 97.13%
Saccharomyces cerevisiae Yeast 313 7005 6692 0.05 313 1284 166 53.04%
Arabidopsis lyrata Arabidopsis 141,168 174,181 32,670 4.32 396 223 118,348  83.83%
Arabidopsis thaliana Arabidopsis 118,104 145,520 27,416 4.31 164 279 99,948  84.63%
. . Purple false
Brachypodium distachyon 5 110,080 136,632 26,552 4.15 487 301 67,409  61.24%
rome
Chlamydomonas reinhardtii Chlamydomonas 106,451 123,172 16,706 6.37 334 240 59,676  56.06%
Chlorella NC64A Green alga 71,514 81,306 9791 7.30 207 170 60,455  84.54%
Coccomyxa sp. C-169 Microalga 68,367 78,362 9994 6.84 295 177 34,299 50.17%
Glycine max Soybean 231,716 278,083 46,430 4.99 638 258 76,072 32.83%
Micromonas pusilla .
. Micromonas 9331 19,998 10,545 0.88 185 745 8142 87.26%
CCMP1545 Micromonas
Plant Mimulus guttatus Monkey-flower 137,422 164,923 27,501 5.00 434 201 54,600  39.73%
Ostreococcus lucimarinus
Green alga 17,571 70,854 53,282 0.33 219 1047 14,292 81.34%
CCE9901
Ostreococcus sp. RCC809 Green alga 2845 10,337 7492 0.38 204 938 2300 80.84%
Ostreococcus tauri Green alga 4382 12,107 7725 0.57 124 750 3977 90.76%
Physcomitrella patens subsp.
Moss 139,017 174,956 35,938 3.87 309 246 85,801 61.72%
patens
Ricinus communis Castorbean 98,070 129,291 31,221 3.14 565 242 33,252 33.91%
Selaginella moellendorfiii Spikemoss 164,972 199,675 34,697 4.75 101 214 157,004  95.17%
Sorghum bicolor Sorghum 130,409 164,964 34,496 3.78 425 297 83,573  64.09%
Volvox carteri Green alga 105,443 120,987 15,544 6.78 507 236 32,440  30.77%

Table S2. Comparative analysis of eukaryotic genes with exons in some representative species.
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