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Background: Introns are universal in eukaryotic genomes and play important roles in transcriptional 
regulation, mRNA export to the cytoplasm, nonsense-mediated decay as both a regulatory and a splicing 
quality control mechanism, R-loop avoidance, alternative splicing, chromatin structure, and evolution by 
exon-shuffling.
Methods: Sixteen complete fungal genomes were usede, 13 of which were sequenced and annotated by JGI. 
Ustilago maydis, Cryptococcus neoformans, and Coprinus cinereus (also named Coprinopsis cinerea) were 
from the Broad Institute. Gene models from JGI-annotated genomes were taken from the GeneCatalog 
track that contained the best representative gene models. Varying fractions of the GeneCatalog were 
manually curated by external users. For clarity, we used the JGI unique database identifier.
Results: The last common ancestor of eukaryotes (LECA) has an estimated 6.4 coding exons per gene 
(EPG) and evolved into the diverse eukaryotic life forms, which is recapitulated by the development of 
a stem cell. We found a parallel between the simulated reverse transcriptase (RT)-mediated intron loss 
and the comparative analysis of 16 fungal genomes that spanned a wide range of intron density. Although 
footprints of RT (RTF) were dynamic, relative intron location (RIL) to the 5'-end of mRNA faithfully 
traced RT-mediated intron loss and revealed 7.7 EPG for LECA. The mode of exon length distribution 
was conserved in simulated intron loss, which was exemplified by the shared mode of 75 nt between fungal 
and Chlamydomonas genomes. The dominant ancient exon length was corroborated by the average exon 
length of the most intron-rich genes in fungal genomes and consistent with ancient protein modules being 
~25 aa. Combined with the conservation of a protein length of 400 aa, the earliest ancestor of eukaryotes 
could have 16 EPG. During earlier evolution, Ascomycota’s ancestor had significantly more 3'-biased RT-
mediated intron loss that was followed by dramatic RTF loss. There was a down trend of EPG from more 
conserved to less conserved genes. Moreover, species-specific genes have higher exon-densities, shorter 
exons, and longer introns when compared to genes conserved at the phylum level. However, intron 
length in species-specific genes became shorter than that of genes conserved in all species after genomes 
experiencing drastic intron loss. The estimated EPG from the most frequent exon length is more than 
double that from the RIL method. 
Conclusions: This implies significant intron loss during the very early period of eukaryotic evolution.  
De novo gene-birth contributes to shorter exons, longer introns, and higher exon-density in species-specific 
genes relative to conserved genes.
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Introduction

Introns are universal in eukaryotic genomes and play 
important roles in transcriptional regulation (1-3), mRNA 
export to the cytoplasm (4), nonsense-mediated decay as 
both a regulatory and a splicing quality control mechanism 
(5-7), R-loop avoidance (8), alternative splicing (9-11), 
chromatin structure (12-17), and evolution by exon-
shuffling (18-21). Fungal genomes mostly range from 10 to 
90 million base pairs (22) in size and vary widely in intron 
densities. In the low end, the model yeast Saccharomyces 
cerevisiae has 283 intron-containing genes, and only 
about 20% of intron deletions caused minor phenotypes 
under different growth conditions, which led to the view 
that many introns can be phase out without blocking 
cell growth (23). On the high end, Basidiomycota yeast 
Sporobolomyces roseus has over seven coding exons per gene 
(EPG) (http://www.jgi.doe/Sroseus). Other fungal genomes 
have intron densities in between the two extremes (24-26). 
Therefore, fungal genomes are well suited for studying 
intron evolution.

Introns shared in diverse eukaryotes are inherited from 
a common intron-rich ancestor whose descendants have 
gone through mainly intron loss of varying degree (27-36). 
Investigations of insertion and deletion of introns from 
orthologous gene sets (32,37-41) have led to a consensual 
view that intron loss is from one to several orders of 
magnitude more frequent than intron gain (25,31,36,37,42-48). 
The gain and loss rates are lineage-specific (49). Intron loss 
has been attributed to reverse transcriptase (RT) (43,50,51). 
A cDNA generated by RT from an mRNA undergoes 
homologous recombination with its parent gene and leads 
to intron loss (43,48) with a 3'-bias (52) that is supported 
by enzyme kinetics (53,54). Self-priming (52) [as opposed 
to external priming (55,56) and 5'-self-priming (57)], 
together with high processivity of RT as exemplified by the 
human L1 non-LTR type (54), favors more intron loss in 
the middle of genes. Lack of 3' introns could alternatively 
be explained by nonsense-mediated mRNA decay (NMD) 
where introns after a stop codon could cause rapid 
degradation of mRNA (5,58).

The rate of intron gain and loss have been assessed with 
parsimony (59) and likelihood (32,37) methods. These 
mature methods (27,39,60,61) treat intron presence/absence 
as two character states in the context of multiple protein 
sequence alignment and are instrumental to understanding 
intron evolution. For example, they tell us the intron 
density of last eukaryotic common ancestor (LECA) with 
an upward trend in chronology (25,28,31,37,40). However, 
there might be limitations as discussed in the context 
of evolutionary biology (33). Moreover, the sampling 
space may be biased for these methods because they pick 
introns from highly conserved gap-free regions of multiple 
sequence alignments. Armed with two observations: 
conservation of the mode of exon length distribution and 
relative intron location (RIL) as a tracer for RT-mediated 
intron loss, we were able to look into the intron states 
of the ancestral eukaryotes from different angles. The 
intron density of the ancestral genomes (7.7 or 16 EPG) 
determined with our intuitive method is significantly higher 
than the most recent estimates of 6.7 EPG and 6.4 EPG (40) 
for ancestors of fungi and eukaryotes, respectively.

Methods

Data

We used 16 complete fungal genomes (Table 1), 13 of which 
were sequenced and annotated by JGI (http://jgi.doe.gov/

Table 1 Genomes used for comparative analysis and corresponding 
JGI database names

Phylum Database Species

Ascomycota Aspni1 Aspergillus niger

Mycfi1 Mycosphaerella fijiensis

Mycgr1 Mycosphaerella graminicola

Necha2 Nectria haematococca

Picst3 Pichia stipitis

Trire2 Trichoderma reesei

Trive1 Trichoderma virens

Basidiomycota copci1 Coprinus cinereus  

(Coprinopsis cinerea)

cryneo1 Cryptococcus neoformans

Lacbi1 Laccaria bicolor

Phchr1 Phanerochaete chrysosporium

Pospl1 Postia placenta

Sporo1 Sporobolomyces roseus

ustma1 Ustilago maydis

Mucoromycotina Phybl1 Phycomyces blakesleeanus

Chytridiomycota Batde5 Batrachochytrium 

dendrobatidis

For this study, we used the JGI database names as abbreviations 

for species name in tables and figures. Genomes obtained 

from external sources had database names in lower cases.
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fungi). Ustilago maydis, Cryptococcus neoformans, and Coprinus 
cinereus (also named Coprinopsis cinerea) were from the Broad 
Institute (http://www.broadinstitute.org). Gene models from 
JGI-annotated genomes were taken from the GeneCatalog 
track that contained the best representative gene models. 
Varying fractions of the GeneCatalog were manually curated 
by external users. For clarity, we used the JGI unique 
database identifier (which consists of the first three letters 
from the genus name and two letters from the species name 
followed by a version number) in figures and tables.

Clusters of proteins

We first did all-against-all Blastp (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) of protein sequences. Then we selected 
the top 10% of the blast hits for each protein and carried 
out Smith-Waterman alignments (62) on the identified 
pairs. After removing poor alignments (usually caused by 
low complexity regions), we picked the alignments with the 
best alignment score for each query sequence against each 
target database. We retained only one sequence if multiple 
sequences shared more than 98.5% sequence identity and 
more than 90% coverage from the same genome. The 
pairwise orthologous relationship was used to generate 
protein clusters with the single-linkage algorithm.

The clusters were divided into four categories: “all” 
(conserved in all species), “between” (conserved between 
Phyla), “phylum” (conserved within Phylum), and 
“species” (species-specific). For operational purposes, the 
two species from Mucoromycotina and Chytridiomycota 
were considered as one Phylum because in the unrooted 
phylogenetic tree of the 16 genomes, Phycomyces blakesleeanus 
(Phybl1) and Batrachochytrium dendrobatidis (Batde5) belonged 
to the same clade; this was supported by independent 
methods (63). The two species Trichoderma reesei and 
Trichoderma virens are closely related, so we will consider 
clusters containing proteins only from the above two species 
as species-specific.

Phylogenetic tree construction

We picked 288 protein clusters that contained exactly one 
member from each of the 16 genomes. Then we did all 
pairwise Smith-Waterman alignments, the average non-
gapped sequence identity was computed for 120 genome-
to-genome pairs. We used the Grishin distance calculation 
formula: q=ln(1+2d)/(2d), where q is the fraction of identical 
residues between two aligned sequences, and d is the amino 

acid substitution per site (64). The tree was constructed 
with a variant of the neighbor-joining method, BIONJ (65). 
Because we did not use labor-intensive manual procedures 
to inspect multiple sequence alignment of each individual 
protein cluster and correct potential errors in automated 
annotations, the branch length might not be accurate. 
Our aim was to derive an unrooted tree with the correct 
topology in an automated fashion. Bootstrap was carried out 
with 100 random shuffling of the pairwise alignments. Only 
two branches had bootstrap values less than 100% (80% 
and 64% respectively). The derived tree was consistent with 
previous published results (63,66).

Calculation of reverse transcriptase footprints (RTF)

We define the RTF as the genomic fragments that after 
translation have significant sequence identity to known RT. 
The amount of RTF reflects RT activity. We first obtained 
27,853 RT protein sequences from Swiss-Prot (April 2008 
cutoff date). Then, we used the protein sequences to do 
blast search against all 16 fungal genomic sequences. The 
blast hits were noisy, and there might be multiple hits of 
RT in one region. We found that the two-dimensional 
chaining algorithm (67) was suited for sorting out the noisy 
RT hits in the genome. The algorithm was implemented 
in a program PFOG (Zhou unpublished) that first selected 
significant hits then build the “hit-chains” (footprints). 
Finally, footprints in the same area were consolidated: 
overlapping footprints will be combined. The number and 
length of each footprint were tabulated for each genome.

Relative intron location (RIL)

RIL is the nucleotide position of the intron in the mRNA 
divided by the total length of the mRNA. This is a value 
between 0 and 1 and usually stated as percentage; 0 means 
5'-end and 1 means 3'-end. 

Exon length distribution

Gene models from fungal genomes were mostly generated 
by protein homology and ab initio methods with varying 
degree of EST-models. For Chlamydomonas reinhardtii, 
we used 308,185 EST sequences and genomic sequences 
from DOEJGI (http://genome.jgi.doe.gov/Chlre4/Chlre4.
home.html) as input for the COMBEST algorithm (K 
Zhou, manuscript in preparation) to derive EST-based gene 
models. Partial and single-exon gene models were excluded. 
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Then unique coding exon length distribution was tabulated.

Simulation of intron loss

We first characterized intron number and exon length 
distribution for fungal genomes used in this study; 
both features can be closely represented by gamma 
distributions (with round up). Two parameters alpha 
(shape) and lambda (scale)  determine the gamma 
distribution. To simulate ancestors with different average 
number of introns, we choose different (alpha, lambda) 
pairs, for example, (alpha =2.42, lambda =0.31) for introns 
per gene (IPG) 7.67, (alpha =2.297, lambda =0.255) for IPG 
9.0. For exon length, we estimated the gamma parameters 
for each group of genes with 1, 2,…, 70 EPG based on the 
fungal genomes in this study. This forms a lookup table. 
The gamma parameters for exon length were then adjusted 
so that the protein length is around 400 aa. In this study, 
we picked the proper parameters to closely resemble the 
biological data. For the ancestor genome was represented by 
10,000 genes that we simulated with random exon-shuffling. 
Essentially, exon length was generated from a gamma 
distribution with the number of exons controlled by another 
gamma distribution. No intron length was simulated.

For intron loss, we found that a linear probability 
distribution with density functions: f(x)=2(1-b)x+b, where 
0≤b≤1 and x is RIL, gave the best results. The simulation 
was not very sensitive to b, and b in the range 0.5-0.8 
worked well. A subset of genes seemed to be resistant to 
intron loss, which is represented by a pair of parameters 
(c, d): fraction of genes resistant to loss (c), and fraction of 
introns that are resistant to intron loss when the gene is 
resistant to intron loss (d). The parameter c ranges from 
0.2-0.4, and d of 0.7-0.9 gave reasonable simulation results. 
The intron loss was simulated for 64 rounds with each 
round having the same number of RT-mediated intron 
loss events (simply referred as RT events). For looking at 
longer evolutionary distances, we use large values of RT 
events [4,000-8,000], and for looking at short evolutionary 
intervals we use smaller number of RT events [300-800]. 
Gene features: distribution of number of introns, exon 
length, and RIL were tabulated after each round.

Results

We characterized 16 fungal genomes (68) (Table 1) by 
constructing a phylogenetic tree and computing the average 
EPG from genes conserved in all genomes (Supplemental 

I; Figure S1). Representing Saccharomycotina, P. stipitis 
branched off from other Ascomycota clades. U. maydis, 
representative of Ustilaginomycotina, branched off 
from other Basidiomycota species. These two genomes 
experienced dramatic intron loss, but U. maydis lost 
significantly more than P. stipitis with respective to their 
immediate ancestor. EPG of Ascomycota was less than 
half that of Basidiomycota, and EPG of Chytridiomycota 
and Mucoromycotina was slightly lower than that of 
Basidiomycota. The amount of RT in each genome 
was measured by the amount of RTF and showed wide 
variations (Supplemental II; Figure S2). Although amount of 
RTF directly correlated with fugal genome size, the number 
of genes was a stronger determinant (Supplemental III; 
Figure S3).

RIL traces RT-mediated intron loss and links to ancestral 
intron number

Difference of RIL in eukaryotic genomes has been noticed 
in a study of mRNA-mediated intron loss (52). Here we 
seek to link RT to intron loss through the variation of 
RIL (Figure 1) and difference of RTF (Supplemental II). 
There was a paucity of introns near both ends of mRNA 
(edge effects), which could be explained by random exon-
shuffling as a mechanism for ancestral gene birth, as oppose 
to random insertion (Figure 2A at zero round). LECA could 
have achieved the intron-rich state, with the mean RIL 
being 0.5, through a variety of mechanisms (e.g., exon-
shuffling or intron random insertion) either in a big bang 
fashion (69) or lack of RT-mediated intron loss in the initial 
period. As long as RT played a role in intron loss afterwards (70), 
the mean RIL would decrease with cumulative exposure to 
RT-mediated intron loss.

In order to understand the effect of RT on EPG, we 
first characterized the simulated intron loss (Figure 2 see 
Methods for details). The outcomes of the simulation were 
essentially the same with varying (IPG = EPG-1; from 6 
to 15) in the ancestral genomes. In Figure 2, the ancestral 
genome had an average of 7.6 IPG. The most striking 
result was the preservation of peak length (mode) although 
the average exon length increased responsively with intron 
loss. This explained the similar modes of exon length 
distribution between C. reinhardtii and fungi (Figure 3) and 
laid a foundation to estimate the predominant exon length of 
LECA from modern genomes (Figure 4A; to be detailed in 
later section). Furthermore, the sparse introns near both ends 
of simulated genes concurred with both fungal (Figure 1) and 
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other genomes (52).
The relationship between IPG and RIL was an L-shaped 

curve with the top portion being almost linear in both 
simulation (Figure 2D,F) and real data (Figure 4B). The 
L-shaped curve is due to the conservation of introns at 
random locations in the gene (as introns may acquire 
function during evolution). The linear model, based 
on the top portion of the simulated data (excluding the 
ancestral data point), underestimated the ancestral IPG 
(–0.111±0.031, n=70) by a small margin. This is partly due 
to the heavy sampling at lower IPG. With even sampling, 
the underestimate shall be smaller. Excluding genomes near 
the bottom end of L-curve, M. graminicola and U. maydis, 
we arrived at 7.66 EPG for LECA although the data were 
exclusively fungi.

Missing RTF revealed by comparison between simulation 
and real data

The relationship between IPG and number of RT-mediated 
intron loss events (henceforth RT events) in simulation 
resembled exponential decay in an initial phase, followed 

by a linear phase, which can be described by a function 
y=4.948e–0.00004718x –0.000002089x+2.789 (Figure 2E). This 
equation stated that RT-mediated intron loss was less effective 
once intron distribution became 5’-biased. An RT event 
comprised two tandem random processes: (I) cDNA made 
from mRNA (catalyzed by RT) and (II) cDNA recombined 
with its cognate genomic DNA. RT events may or may not 
result in intron loss and could not be measured directly (RIL 
is a proxy). RTF can be measured and reflects the amount 
of RT, but the amount of RTF can be reduced by genomic 
DNA loss (Figure S2). On a whole genome level, total 
length and number of RTF were essentially interchangeable. 
Mammalian (71,72) and plant (73) genomes have abundant 
transposons, whereas most fungal genomes have very little 
(<10%) owing to genome-defense mechanisms and selection 
for smaller genomes (74-81). Therefore, RTF could be 
eliminated in fungal genomes at a faster rate. Moreover, one 
RT (represented by RTF) can catalyze more than one cDNA 
synthesis thus contributes to multiple RT events. Both of 
the above were reflected in the much faster decay rate for 
RTF (2.118×10–3 as compared to 4.718×10–5 for RT events) 
estimated from the Basidiomycota genomes by excluding 

Figure 1 Distribution of relative intron location. Data are grouped at 1% intervals relative to 5'-end in mRNA. A regression line is drawn 
with data excluding the extreme values from both ends. Abbreviated species name is labeled inside each plot.
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unusual genomes (Figure 4C). Accordingly, Ascomycota had 
lost at least 1,400 RTF compared to Basidiomycota (data 
points need to be shifted to the right to fit the curve).

In simulation, more RT events led to more intron loss 
and less EPG. This was true within respective Ascomycota 
and Basidiomycota except for genomes that also lost 
the bulk of RTF. RT propagation is a growth process 

(exponential), and log transformation converts it to a linear 
variable. In simulation, the relationship between IPG and 
number of RT events in log scale was not linear (Figure 2G); 
however, within a phylum, the relationship between EPG 
and ln(tatol RTF length) was linear with negative slopes 
(Figure 4D). In consistent with simulation, Basidiomycota 
lost more introns per RTF (slope –0.30±0.16) than 

Figure 2 Simulated intron loss and impact on gene features. (A-C) Distribution of gene features at different rounds of RT-mediated intron 
loss events. The ancestor genome, represented by 10,000 genes, is shown as round 0 and created with IPG of gamma distribution of (alpha 
=2.4232631, lambda =0.3130604). Simulation parameters: b=0.8, 33% conserved gene, and 82% conserved introns given a conserved 
gene. Five thousand RT events are simulated in each round in a total of 64 rounds. Shown here is one simulation, and difference between 
simulations is very small. (D-F) IPG as a function of RIL and number of RT events. (D) IPG against RIL showing 64 rounds of simulation 
with 5,000 RT events per round (same as A above). (E) IPG against number of RT events based on combined simulation of 64 rounds with 
10, 400, and 5,000 RT events per round, respectively. The regression line represents the equation shown. (F) Same as (D) except with 400 
RT events per round. The regression line excludes round 0. The number is the difference between predicted and actual IPG of the ancestor 
for this particular simulation (mean –0.111±0.031, n=70). (G) Same as (E) except number of RT events in natural log scale.
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Ascomycota (slope –0.11±0.03). The result also agreed with 
previous observations: ten adjacent introns were lost in one 
successful RT event for Basidiomycota (50), but the highest 
was four in Ascomycota (48). Our result revealed the link 
between RT and intron loss (43,48,50,52,70,82) from an 
evolutionary perspective. U. maydis was an exception among 
the Basidiomycota genomes; its observable RTF [ln(tatol 
RTF length) =10.2] is far less than expected [ln(tatol RTF 
length)=26.9 from EPG of 1.75] according to the regression 
line for Basidiomycota (Figure 4D). The natural explanation 
was that the majority of RTF was removed after they 
had exerted their effect on intron loss. Less likely, RT-
independent mechanisms accounted for the massive intron 
loss in U. maydis. There was still the possibility that RT in 
U. maydis was significantly more potent in catalyzing cDNA 
synthesis. The same could be stated for P. stipitis with 
respect to Ascomycota genomes.

The intercept of the regression line (Figure 4D), 
mathematically, denoted the EPG when total RTF Length 
=1 nt; biologically, it signified EPG in the presumptive 
ancestral genome when there was no RTF. Retroposons are 
dynamic (78,83) and go through cycles of boom-and-bust 
by interacting with the host defense system in fungi (84), 
but they are still useful for charting short term evolutionary 

histories of less than 150 Ma for mammals (85). If the 
ancestors for Basidiomycota and Ascomycota, respectively, 
had no active RT, then they had 9.69±1.99 EPG (P value 
0.133), and 4.04±0.35 EPG (P value 0.026), respectively. 
The lack of RT in the ancestor of Basidiomycota could be 
deduced from the RIL (Figure 1); whereas, large scale RT 
loss from the ancestor of Ascomycota could be deduced from 
the comparison of simulation and real data. Nonetheless, if 
the respective ancestors for Basidiomycota and Ascomycota 
had one RTF (assuming one RT domain for about 1 kb), 
then they would have 7.6 and 3.3 EPG, respectively.

Deviation from the regression line contained information 
about the peculiarity of each genome’s response to RT and 
potentially other evolutionary events. Genomes below the 
regression line had accelerated intron loss owing to either 
more effective retroelements or selective pressure favoring 
intron loss. Expansion of genes coding for short peptides 
in L. bicolor (86) contributed to the average low EPG even 
though it had the highest EPG in highly conserved genes 
(Figures 5,S2). Genomes above the regression line were 
more resistant to intron loss, possibly, through one of the 
several genome-defense mechanisms such as repeat-induced 
point mutation (RIP) (81) or small RNA mechanisms (87). 
However, EPG of P. placenta might be slightly distorted 

Figure 3 Coding exon length distribution. Exon length of three classes of 3n, 3n+1, and 3n+2 and shorter than 400 nt are plotted. Single-
exon genes are excluded. (A) Combined fungal genomes in this study; (B) EST-derived gene models of C. reinhardtii. The average CDS exon 
length (excluding exons >4,000 nt) is shown below the organism label.
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upward owing to its diploid genome assembly and 
filtering procedures to derive the haploid gene set. The 
slight deviation in P. placenta and L. bicolor in EPG could 
contribute to the higher P value of Basidiomycota.

Genome-defense mechanisms may dampen the variation 
of RT-mediated intron loss. The data from Ascomycota had 
smaller variations compared to those from Basidiomycota. 
One explanation is the limited taxonomic distribution of 

genome-defense mechanisms in Basidiomycota (77,84). 
Diverse Ascomycota species had RIP (75,76,79,80,81,88).

Mucoromycotina and Chytridiomycota did not fit the 
regression lines of either Ascomycota or Basidiomycota 
(Figure 4D), which reflected the difference of each phylum’s 
ancestor. Finally, the effect of RT on intron length was not 
obvious (Supplemental IV; Figure S4). This is consistent 
with the proposed mechanism of RT-mediated intron loss 
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where RT only interacts with mRNA, and cDNA only 
recombines with genomic DNA in exons.

Ancestral EPG estimated from dominant ancient exon and 
protein lengths

Since the mode of exon length distribution is conserved 
despite intron loss (Figure 2B), extant genomes still contain 
the information about the predominant exon length in 
the eukaryotic ancestor. Not surprisingly, the exon length 
distributions of fungi and green algae C. reinhardtii shared a 
peak around 75 nt (Figure 3). The latter genome exhibited 
features of the ancestor of both plant and animal (34). 
Both fungi and green algae are lower eukaryotes and are 
considered to be more close to ancestral life forms than 
higher eukaryotes. Ancient exons are usually flanked by 
short introns in mammalian genomes (89), but this criterion 
would not help us find ancient exons in fungi because most 
fungal introns are short. Another ancientness indicator, 
evolutionary conservation, is also not helpful because 
it implies ancientness only at protein level not exon/
intron structure (90). If intron loss dominates eukaryotic 
evolution, then genes with the least intron loss must contain 

the most ancient exons. This means that genes with the 
greatest number of introns contain the most ancient exons. 
However, the number of genes with the greatest number of 
introns was small and had large variations. Therefore, we 
investigated the relationship between the average coding 
exon length (ACEL) and IPG from all 16 genomes and 
found an equation relating the two (Figure 4A). The right-
hand side of Figure 4A represented the ancestral state of exon 
length of 66-86 nt. Seven proteins with 50 or more introns 
were all ancient (Supplemental V; Table S2). Coincidentally, 
the ancient protein module size is 25 aa (75 nt) (91) that is 
slightly longer than the 60 nt exon based on the theory of 
exons originating from random ORF (92). During novel 
gene-birth, stop codons mutated to sense codon, and frame-
shifts disappeared by short deletions (93). Stop codon 
elimination mechanisms would be expected to be deployed 
in general exon birth process; therefore, the average exon 
length in the ancestor should be longer than 60 nt. With 
the above converging evidence, we concluded that the most 
prevalent length of ancient exons is 75 nt. However, this 
value is slightly smaller than the most frequent intron length 
of 90 nt from human, mouse, and C. elegans; nonetheless, all 
three genomes have prominent shoulders around 60 nt in 

Figure 5 EPG at different conservation levels. (A) EPG at different conservation levels. T-test results were shown in Table S1. (B) EPG 
normalized to 400 aa. All, conserved in all species; between phyla, conserved in different phyla; phylum, conserved within phylum; species, 
species-specific genes. Genomes names are labeled at the bottom.
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the coding-exon length distribution curve (90). 
Protein length is conserved in all eukaryotes (94), with 

median of 361 aa (95) (2004 survey) and 414 aa in a more 
recent survey of 215 genomes (96); the latter is close to 
the median 400 aa calculated from the 16 fungal genomes 
in this study. With 1,200 nt (400 aa) CDS length and 75 nt 
exon length, the EPG in the ancestor would be about 
1,200/75=16.

Comparison of RIL in conserved and non-conserved genes

Comparing RIL between conserved and non-conserved 
genes can reveal whether they have been subjected to 
different extent of 3’-biased RT-mediated intron loss 
(Figure 6). All Ascomycota species had more 5’-introns in 
conserved genes compared to non-conserved genes with 
P value less than 2.0E-07 except for P. stipitis (with the 
least introns, P value 1.3E-03). This implies more RT-
mediated intron loss during the early stage of Ascomycota 
evolution assuming similar processivities of RT’s in earlier 
and later time periods. The ancestor of Ascomycota might 
had lost ~4.4 EPG according to estimates in this paper, 
and only P. stipitis had further intron loss of lesser degree. 

Significant intron loss in the ancestor of Ascomycota was 
also reported by others (25,40). A brief period of dramatic 
loss of RT from Ascomycota ancestor might have followed 
the dramatic intron loss because of positive selection for 
a compact genome (97,98). This trend was similar but 
less dramatic in B. dendrobatidis (Chytridiomycota) and P. 
blakesleeanus (Mucoromycotina).

Four Basidiomycota genomes (C. neoformans, P. chrysosporium, 
P. placenta, and S. roseus) did not show differences between 
conserved and non-conserved genes, which indicated 
minimal and constant RT-exposure throughout their 
evolution history. In contrast, conserved genes of C. cinereus 
had more introns located near the 3'-end, which indicated 
more recent RT-mediated intron loss in younger genes (P 
value 4.02E-08). More introns of non-conserved genes in 
L. bicolor were located at both ends of genes (P value 1.8E-
35); this was consistent with exon-shuffling at both ends 
of younger genes (99). The conserved genes of U. maydis 
lacked introns in the center and have excess introns in the 
3'-end relative to non-conserved ones (P value 3.0E-03). 
For the U. maydis genome, conserved genes preferentially 
lost intron in the center, and younger genes preferentially 
lost introns in the 3' portion.
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Fewer EPG in younger genes

The broad taxonomic distribution of a gene correlates 
with conserved protein sequences and gene structure, 
and is indicative of ancient origin. By comparing EPG 
at four different conservation levels: conserved in all 
species, between phyla, within a phylum, and species-
specific (see Methods for detail), we found three types of 
genomes, with unchanged, decreasing, or increasing trend 
of EPG as conservation level went down. The majority of 
genomes showed a downtrend, whereas M. graminicola, 
with symptoms of hyper recombination (100), showed 
an upward trend (Figure 5A). At conservation levels “all”, 
“between phyla”, and “within phylum” U. maydis showed 
no difference (all had 1.7 EPG), but EPG at species level 
(1.9) was slightly larger and statistically significant (P 
value 0.003). S. roseus and P. stipitis showed no significant 
difference between conservation levels. Three genomes, 
N. haematococca, T. reesei, and T. virens, had very similar 
patterns where the first three conservation levels showed a 
downtrend and the species level showed a slight uptrend.

Although species-specific genes tended to have the 
smallest EPG, their exon densities were usually higher 
than those of genes conserved within phylum. Because 
protein lengths were shorter at lower conservation levels 
(data not shown), we normalized EPG to 400 aa, the 

median protein length in fungi (Figure 5B). The normalized 
value is hereby denoted as “exon density”. The general 
downtrend of exon density was similar to that of EPG for 
most Basidiomycota genomes, except for species-specific 
genes showing an uptrend, compared to phylum level, in 
four genomes: L. bicolor, P. chrysosporium, P. placenta, and S. 
roseus. The downtrend exon density had no parallel in EPG 
for S. roseus. The patterns of exon density and EPG were 
similar for B. dendrobatidis and P. blakesleeanus, as well as four 
Ascomycota genomes. The species-specific genes had more 
pronounced uptrend in exon density in five Ascomycota 
genomes: N. haematococca, M. graminicola, T. reesei, and T. 
virens. Although species-specific genes have fewer EPG 
they have higher exon density. This indicated much smaller 
exons in species-specific genes compared to genes conserved 
at phylum level.

The general trend of fewer numbers of exons in less 
conserved genes could be quantified by a linear equation 
relating EPG of “all species” (x) and species-specific (y; 
Figure 7): y =0.503x +1.172, with P value 8.2E-07. The 
only exception was S. roseus, where EPG did not change in 
different conservation levels. This speaks to both intron loss 
and the difference between the ancient and modern gene 
birth processes. 

Discussion

The knowledge of intron-rich eukaryotic ancestor has 
significantly changed our understanding of evolution of 
eukaryotic gene structure. More accurate assessment of 
EPG in the LECA anchors reasoning about early gene 
structure evolution. Previous methods of studying intron 
evolution relied on well-curated and broadly conserved 
orthologous genes and treated introns as binary character 
states in the context of protein sequence alignments 
(25,28,31,37,39,40). Such methods are powerful (60) but 
more sophisticated and have been thoroughly evaluated (101). 
Guided by a simple intron loss model, we have examined 
intron number evolution by comparing simulated results 
to observations from 16 fungal genomes and by seeking 
intra-genomic trends. The ancestral genome for the 
simulation contains genes that are assembled by random 
exon shuffling (Figure 2A). The distribution of RIL of this 
ancestor resembles that of S. roseus with intron avoidance 
at both ends (Figure 1). This model also assumes random 
conservation of a small fraction of the introns and a 3'-
bias for RT-mediated intron loss. Although RT is very 
dynamic in genomes, RIL serves as a faithful marker for 

Figure 7 Linear relationship between average EPG in species-
specific genes and genes conserved in all species. Abbreviated 
database name marks each data point. S. roseus (Sporo1) is an 
exception although its inclusion still makes the correlation 
statistically significant with P value of 9.996E-06.
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RT-mediated intron loss (Figures 2D,F,4B). The simulated 
relationship between EPG and RIL assumes an L-shaped 
curve that is observed in fungal genomes. Using this 
relationship, we arrived at 7.7 EPG in the LECA even 
though this value is biased because the data are exclusively 
fungal genomes. The presumptive ancestor with RIL being 
0.5 implicates LECA. This view is corroborated by earlier 
results where the last fungal common ancestor (LFCA) lost 
introns after descending from Opisthokont (25,40) that is a 
descendant of LECA and gained 0.8 intron (40). Intron loss 
from LFCA is more likely mediated by RT and reduces the 
RIL. The RIL method underestimates ancestral EPG given 
the existence of none 3'-biased intron loss mechanisms: 
higher recombination rate in the middle of the gene (43,48), 
random deletion (generally accepted but no published 
evidence), or others (102).

Beyond the RIL method, exon length provides another 
channel for seeking the intron density of the ancestral 
genome. Underlying the estimate of 16 EPG in LECA 
is the conservation of most frequent exon length that is 
observed both in simulation and divergent genomes (green 
algae and fungi). Several lines of evidence converge on a 
single value of about 75 nt: (I) ancient protein module size 
of 25 aa (20,92,103,104); (II) exons originating from random 
ORF (92); (III) ancient exon length of fungi (Figure 4A); (IV) 
shared most frequent exon length from two primitive life 
forms (Figure 3). However, the mode of exon length is about 
90 nt for three animal genomes (90). It is still a question 
whether animal genomes have selected for longer exons and 
longer proteins compared to fungi and green algae. The 
following observations favor this proposition: (I) evolution 
of long introns in animals, which correlates with younger 
exons (89) (II) splicing enhancers and suppressors in exons 
(11,105), in contrast to low information content in the exons 
of fungal genomes (24) (III) exon definition mechanism of 
splicing (51,106-109). In fact, this raises a very interesting 
possibility that fungal, particularly Basidiomycota, genomes 
harbor the most ancient exons, which is supported by the 
slightly shorter mode of exon length of fungi compared to 
that of C. reinhardtii (Figure 3) that inherited features from 
the common ancestor of both plants and animals (34).

Abundance of 3n length (multiples of 3) exons provides 
evidence for ancient exon-shuffling (Figure 3). Exon length 
of 3 nt is over represented in both fungal and C. reinhardtii 
genomes. This could be an ancestral feature. The over 
representation of 3n exons is more pronounced in C. 
reinhardtii compared to fungi, which could be the result 
of different annotation methods: predicted gene models 

dominate fungi, whereas the gene models from C. reinhardtii 
are exclusively EST-based. Symmetric exons (exons with 
the same intron phase on both sides) have been taken as 
evidence of exon-shuffling (99,110,111). Exons of 3n length 
could also benefit exon-shuffling during the ancient gene-
birth process by maintaining reading frames. The 3n exons 
would be preferred if the shuffling process insert exon in 
between two exons (this is the case for modern exonization 
to be discussed later), or the shuffling involves random 
joining of exons. Furthermore, 3n exons could be the relics 
of ancient protein modules that could be translated into 
short peptides.

Why do two methods in this study predict very different 
ancestral EPG’s? The result from the RIL method is 
slightly larger than estimates from the classical methods: 
EPG (calculated from reported intron density and genes 
with average 1,200 nt ORF) 5.8 (25) and 6.7 (40) for LFCA 
that had loss introns after divergence from the common 
ancestor of Opisthokonts (25,28,40). However, the RIL 
method may give better estimates considering that classical 
methods could underestimate (50,112). Nonetheless, all 
the above methods (including the RIL method in this 
paper) suffer from heavy dependence on the intron states of 
contemporary genomes. The exon length method seeks the 
EPG of the very first intron-containing eukaryote that may 
well be the LUCA (113,114) and dominated by introns (80% 
genome) (115). Intron loss from the first intron-containing 
genome to that of LECA, if not mediated through RT, 
would be invisible to the RIL method. Furthermore, this 
early period may correspond to the hundreds of millions 
of years of early eukaryote evolution that is inaccessible to 
comparative approaches (116). Following this argument, 
8.3 introns have been lost from the very early eukaryote to 
LECA (40,116), which is a very large number that still waits 
for further investigation.

The dependency of EPG on the amount of RTF is not 
a broadly useful method for estimating ancestral EPG, 
but it serves as a means to understand evolutionary events 
affecting EPG or RT. When used as a method to estimate 
ancestral EPG, none of the input genomes should have 
experienced significant change in selection for or against 
either intron loss or RT after divergence from a common 
ancestor. Furthermore, this method requires knowing the 
amount of RTF in the ancestor that is only known in special 
circumstances, such as the negligible amount of RTF in 
the ancestor of Basidiomycota. For individual genomes, 
deviation from the regression line between EPG and ln(tatol 
RTF length) signal either change in EPG or dynamics 
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of RT (Figure 4D). For example, the expanding family of 
short genes in L. bicolor (86) contributes its being below 
the regression line. Transposons in fungal genomes can 
accumulate to large fractions (97,117-120) or can be lost to 
few active copies (74,121-123). P. placenta has the most RTF 
among Basidiomycota genomes; this may have caused its 
data point to shift to the right. U. maydis genome is shifted 
to the left by dramatic RTF loss. Finally, the dependence of 
EPG on RTF provides a long sought after evolutionary link 
between RT and intron loss (124) that has been proposed 
since 1985 (125,126), verified by cleaver molecular biology 
manipulations in yeast (127,128), and observed individually 
in fungal genomes (43,48,50).

In addition to serving a method of estimating ancestral 
EPG, the linear relationship between EPG and RIL divides 
genomes into those that are more sensitive or resistant to 
RT-mediated intron loss. For example, RT has a smaller 
effect on intron loss in C. neoformans that is above the 
regression line, which is consistent with earlier results (50). 
S. roseus is both above the regression line and closest to 
the ancestral state by all methods in this study and in intra 
genomic comparisons. This is consistent with the fact that 
S. roseus belongs to the Pucciniomycotina subphylum that is 
the only Basidiomycota group possessing the RIP genome-
defense mechanism (77,84).

RT-mediated intron loss has both 3' and center bias in 
both Ascomycota (48) and Basidiomycota (43,50) genomes. 
In most genomes, the 3'-bias dominates, except for U. 
maydis where center bias is more prominent (Figure 1). 
Intra-genomic comparisons can reveal the relative timing of 
exposure to dramatic RT-mediated intron loss. The ancestor 
of Ascomycota lost significant introns (25,40). The excess 
of 5'-located introns in conserved relative to non-conserved 
genes Ascomycota genomes (Figure 6) suggests that RT 
plays a role in intron loss of the ancestor of Ascomycota. 
For most Basidiomycota genomes, there is no difference in 
RT exposure between early and later evolutionary times, 
but U. maydis has more intron loss from the center during 
early evolution (Figure 6). We interpret this as an early 
period of intron loss mediated by a highly processive RT 
(this period may coincide with the early divergence from the 
Basidiomycota ancestor); during this process, the ancestor 
of U. maydis lost most introns (25). The intron loss in 
younger genes is more 3'-biased. This also implies that the 
highly processive RT during early evolution was replaced 
later by a less processive RT. The current U. maydis genome 
had very little RTF (Figure S2).

Generally, more conserved genes (older) have more 

introns than less conserved ones (112,129) (Figure 5A). 
This can be attributed to either less conserved genes have 
lost more introns or the de novo gene-birth mechanisms 
produce genes with fewer introns; however, it is difficult 
to separate the two intertwined factors. Modern species-
specific gene birth mechanisms tend to involve RT, which 
produces intronless or intron-reduced genes (129-131). 
Gene-birth through domain-shuffling (132) or trans-
splicing (67) uses raw materials that have experienced intron 
loss although this process also creates one extra intron. If 
new genes were created by gene duplication followed by 
diversification, then they are more likely to lose introns to 
reduce the chance of homologous recombination among 
paralogs (133,134). De novo gene-birth through mutation of 
random sequences would definitely produce shorter genes 
with fewer introns (93). Several recent reports show that the 
strictly species-specific de novo genes usually have one and 
at most four exons (135-138), even in intron rich species 
such as human (139,140), mouse, and rat (141). Species-
specific genes in Aspergillus cluster into regions enriched 
for transposons, have fewer introns, and are shorter (142); 
this agrees with our results (Figure 5A). However, the trend 
for exon density differs from that for EPG; particularly, 
species-specific genes not only have fewer exons but also 
have higher exon density for most genomes (Figure 5B). 
This apparent paradox can be explained by species-specific 
genes having both shorter CDS and shorter exon (data not 
shown), which is a hallmark of de novo gene-birth. As an 
example, the higher exon density in species-specific genes 
relative to genes conserved at phylum level in L. bicolor is 
attributed to de novo exon creation in species-specific gene 
family expansion in this genome (86). The lack of de novo 
gene-birth can explain why a few genomes, C. cinereus, C. 
neoformans, B. dendrobatidis, P. blakesleeanus, and P. stipitis, 
do not show higher exon density in species-specific genes 
(Figure 5).

The shorter de novo exons in fungi have parallels 
in metazoan genomes where novel exons are born of 
exonization (143,144) (there is an explosion of reports 
in this area, and we are not going to list all of them). 
Furthermore, novel exons arise from de novo gene birth 
(135-139,141,145). Novel exon birth through exonization 
tends to go through alternative splicing (143,146,147) and 
generally produces shorter exons (most reports ignore the 
exon length statistics and usually list a few examples) 
(148-150). The shorter exon length of alternative exons has 
been known since 1995 (151) and validated later with large 
sample size (152). Although exonized Alus are about 10 nt 
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longer than their non-exonized ancestor (150), they are still 
about 12 nt shorter than major isoform (older) exons (89). 
However, the genome environment in human seems to 
favor novel exons longer than 80 nt and of 3n length (153). 
The mean coding exon length is 149, 149, 152, 364, 365, 
and 210 nt in human, mouse, Ciona intestinalis, Drosophila 
melanogaster, Anopheles gambiae, and Caenorhabditis elegans, 
respectively (90). The relatively shorter novel exons from 
exonization are 87, 70, and 22 nt respectively for human, 
mouse, and zebrafish, respectively (154). The exonization 
process resembles ancient gene birth in (I) using more or 
less random sequences; (II) have to join exons together; 
(III) favor 3n length. They differ in several aspects: (I) 
TE dominates modern exonization process (155) because 
of their abundance and harboring consensus splice sites (156); 
(II) several mutational steps are needed for modern 
exonization whereas, the ancient gene birth process may 
have used shorter exons and occurred in a very short time; 
(III) alternative splicing may not have existed at the time 
of ancient gene birth but is linked to modern exonization 
(155,157); (IV) large portion of modern exonization may 
have regulatory role (158) as opposed to protein-coding in 
ancient gene-birth. The novel exons from the modern de 
novo gene-creation process are dominated by single exon 
genes (138-140) that have gone through several mutations 
to give birth to longer coding exons. For three human de 
novo genes, the mutations have lengthened the ancestral 
ORF by 2-3 folds (139) with resulting exons (363-489 nt), 
longer than the average exons of vertebrate (137 nt). In 
another study, 27 human de novo genes (all single exon) 
have an average length of 521 nt that are twice the cognate 
ancestral non-coding ORF length (140). It seems that the 
path of evolution of these de novo genes, collected by a criterion 
excluding repetitive sequences (including TEs) (136,139-141), 
is unlikely to lead to the intron-rich gene repertoire of the 
ancestral genome. In a rare case involving Alu in human, 
a de novo gene has six exons with only exon three and four 
containing the CDS and three exons of length 122, 146, 
and 149 nt (93) that are roughly twice the length of ancient 
exon length of 75 nt but significantly shorter than the average 
from the whole genome (159). However, higher proportion 
of de novo genes from protozoans has introns (136) (although 
few and short with average protein length of 106 aa), and 
CDS exons of de novo genes of both multi-exon (mean 159 nt, 
median 124 nt, and n=25) and single-exon (mean 381 nt, 
median 321 nt, and n=15) are significantly shorter than the 
whole genome average of 957 nt in the primitive eukaryote 
Plasmodium vivax with average 2.5 EPG and 192 nt  

introns (160). The peak exon length from novel multi-
exon genes from P. vivax is about 60 nt (very small sample 
size) that is slightly shorter than the peak ancient exon 
length of 75 nt. The median exon length or multi-
exon novel genes from P. vivax is very close to 121 nt, 
the median exon length of internal alternative exons in  
human (157). Therefore, it is plausible that both de novo 
and ancient gene birth process create shorter exons and 
long introns (Supplemental VI; Figures S5,S6) (89), which 
is consistent with longer introns having higher potential 
for exonization (156). However, the novel exons from both 
exonization and de novo gene birth in metazoan seem to be 
longer than the ancient exon length, which may be due to 
different constraints, available raw materials, and genomic 
environments. Awaiting is a more rigorous statistical 
analysis of exon lengths from exonization, de novo gene 
birth, and ancient exons from diverse phyla.

Although RT is linked to intron loss, it is not related 
to intron length (Supplemental IV). Furthermore, EPG 
has no apparent relationship with intron length; however, 
intron loss is linked to intron length variation at different 
conservation levels within genomes (Supplemental VI). 
Most fungal genomes contain old and novel introns that 
differ in their time of birth, rate of intron length reduction, 
and initial length. Novel introns have longer initial length, 
but have faster rate of shortening. After massive intron loss, 
the fungal genomes will be dominated by element-bearing 
introns that are longer than old introns but will not change 
their length over time. U. maydis and P. stipitis genomes are 
good examples where novel introns are much shorter than 
element-bearing introns.

One important distinction between eukaryotes and 
prokaryotes is the presence and absence of introns in 
the genome even though Archaea has eukaryotic-like 
information processing, protein synthesis, and secretion 
system. The enormous diversity of eukaryotic life forms 
is evolved from the single cellular LECA with multiple 
cases of evolution via secondary simplification of complex 
ancestor. Naturally, one would think that the high intron 
density in the earliest eukaryotic genome endowed the 
possibility of current diversity. Similarly, the contribution 
of introns to the process of a stem cell developing into 
a complex organism would not be far-fetched. Here we 
list a few examples where introns play a role in stem cell 
regulation. The transcriptional regulator NANOG and (161) 
and Protein Kinase C delta (162) have alternative splicing. 
The first intron of PRMT1 harbors the activator binding 
site for c-Myc upon activation by T3 during intestinal 
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stem cell development (163). The Smad2 master regulator 
for the Nodal/Activin controlled embryonic stem cell fate 
decision itself has multiple alternative spliced forms, and the 
majority of DNA regulatory elements in the target genes 
are located to introns (164). Non-coding RNAs have been 
established as important regulators for embryonic stem 
cell maintenance and pluripotency (165), about one third 
of them have been located in introns during embryonic 
stem cell neural differentiation (166). A splicing factor, 
TEG-1 CB2BP2 regulates stem cell proliferation and sex 
determination in the C. elegans (167).

Conclusions

RT plays a role in intron loss of fungal genomes. Intron loss 
from the ancestor of Ascomycota is RT-mediated with more 
3'-bias than subsequent intron loss. Although the amount of 
RTF in fungal genomes is dynamic (significant number of 
RTF has been lost from the ancestor of Ascomycota), RIL 
is a reliable tracer for RT-mediated intron loss. Accordingly, 
the LECA has 7.7 EPG that is slightly larger than 6.4 
EPG from previous estimates. The mode of exon length 
distribution is conserved during RT-mediate intron loss, 
which leads to ~16 EPG for the very first eukaryotic genome. 
Both intron loss and novel gene-birth process contribute 
to fewer EPG in less conserved genes. Novel gene birth 
process tends to produce shorter exons and longer introns 
which results in higher exon density in species-specific genes 
compared to genes conserved in all species. Novel introns 
are longer than old ones, and element-bearing introns are 
the longest. Massive intron loss causes the enrichment of 
element-bearing introns. RT contributes to genomes size, 
but genomes size is not related to EPG.
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Additional data and files

Supplemental materials:
(I) Phylogenetic tree and average EPG of genes conserved in all genomes; 
(II) Characterization of RT footprints (RTF) in fungal genomes; 
(III) Amount of RT as a co-determinant of genome size; 
(IV) Relationship between intron length and amount of RTF; 
(V) Genes with large number of exons tends to be more ancient; 
(VI) Intron length variation at different conservation levels determined by the proportions of three types of introns: old, novel, 

and element-bearing.

I. Phylogenetic tree and average coding exons 
per gene (EPG) of genes conserved in all 
genomes

To assist understanding of intron number evolution, we 
constructed a phylogenetic tree from 288 clusters containing 
exactly one protein from each genome (Figure S1). The 
average for EPG was computed from 491 clusters that 

contained at least one gene from each genome. The tree 
agreed with known fungal taxonomy with Chytridiomycota 
and Mucoromycotina (both with uncertain affinities) 
more related to each other than to Ascomycota and 
Basidiomycota. 

Within Basidiomycota, U. maydis branched off early 
from the rest (EPG from 6.9 to 7.9), and its low EPG 
(1.7) indicated loss of at least five introns. Branched off 

Figure S1 Phylogenetic tree and EPG of conserved genes. The average EPG from genes conserved in all species are labeled next to each 
abbreviated species name (Table 1). Bootstrap values are 100% for all but the two shortest branches whose values are shown in boxes. The 
major taxonomic units are labeled.
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Figure S2 Size and copy number of RTF in genomes. Abbreviated species names are shown on the top right-hand side corner.
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immediately afterwards, S. roseus conserved the most introns 
among all genomes.

In contrast, Ascomycota phylum had much lower EPG, 
which hinted a loss of around three introns from the 
ancestor of this clade. P. stipitis branched off early from the 
rest and might have lost at least one intron, which resulted 
in its lowest EPG (1.4). The Dothideomycetes class had 
about 2.5 EPG that is slightly lower than Sordariomycetes 
(3.8 EPG) and Eurotiomycetes (3.3 EPG).

B. dendrobatidis representing the Chytridiomycota phylum 
and P. blakesleeanus representing the Mucoromycotina 
subphylum had very similar EPG (around 6). Both genomes 
also had similar relative intron location (RIL) and other 
features (data not shown).

II. Characterization of RT footprints (RTF) in 
fungal genomes

An RTF is defined as the genomic sequences with 
significant similarity to proteins that contain RT protein 
domains (Methods for detail). These proteins usually 
contain other domains such as RNase-H, integrase, and 
maturase (168). Each RTF in a genome was characterized by 
two variables: count (copy number) and length (Figure S2). 
Long RTF indicates the presence of potentially active RT. 

High count indicates high RT activity either in the recent 
past or present. The two variables are different but not 
entirely independent. However, to characterize a genome 
with RTF we use either total count or total length of all 
RTF in the genome. The sum of the two variables are 
related by the average length of RTF (total length = total 
count × average length). This may explain our observation 
that total count and total length were interchangeable 
when studying relationships with other variables. For 
brevity, we presented results using either variable that 
was more meaningful in the context and used RTF to 
refer to the total amount in the genome without further 
clarification.

RTF was highly variable among fungal genomes. M. 
fijiensis and P. placenta had the most RTF count which is 
consistent with their genome expansion. C. cinereus and 
P. placenta contained the longest RTF’s. Closely related 
to M. fijiensis and also a plant pathogen, M. graminicola 
had moderate numbers of RTF, which was consistent 
with whole-genome analysis where eight dispensable 
chromosomes, moderate repetitive sequences, and RT’s 
had been subjected to repeat-induced point mutation 
(RIP) (100). The higher RTF in M. fijiensis compared 
to M. graminicola parallels the significant difference of 
repeat contents from a 100 kb region between the two  



Table S1 Comparison of number of coding exons between different levels of gene conservation

Genome All P value Between P value Phylum P value Species

Aspni1 3.76 8.61E-08 3.31 3.24E-09 3.02 0.002406 2.83

Batde5 5.90 0.000305 5.18 0.224571 4.86 8.79E-07 3.57

copci1 7.32 0.000322 6.61 8.94E-18 5.65 4.17E-34 4.38

cryneo1 7.29 0.000356 6.69 0.171129 6.37 1.32E-06 5.18

Lacbi1 7.89 2.61E-07 6.84 2.97E-10 6.11 1.43E-35 4.83

Mycfi1 2.49 0.5253 2.44 0.065689 2.52 5.96E-09 2.23

Mycgr1 2.48 0.087217 2.59 0.000774 2.75 0.00569 2.91

Necha2 3.33 0.001856 3.09 0.002464 2.97 0.00023 3.14

Phchr1 7.08 1.40E-05 6.32 2.41E-22 5.18 5.14E-12 4.34

Phybl1 6.18 0.002574 5.68 0.003718 6.54 2.89E-14 4.21

Picst3 1.44 0.425451 1.41 0.510146 1.44 0.098549 1.54

Pospl1 6.90 0.31744 6.69 0.983844 6.68 1.28E-06 5.92

Sporo1 7.21 0.677986 7.29 0.519538 7.48 0.405048 7.21

Trire2 3.31 3.97E-05 2.99 0.001305 2.85 0.046557 3.06

Trive1 3.35 5.51E-06 2.99 0.000228 2.84 0.045978 2.95

Ustma1 1.67 0.846634 1.69 0.778802 1.67 0.003047 1.90

Genes were divided into four conservation levels as described in the Methods. The P values are t-test results from the left to the 

right conservation level. We used short abbreviations for genomes names (Table 1).

Figure S3 Correlation between genome size and number of RTF 
in log scale. Natural log was used here.
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species (169). The result for A. niger agrees with previous 
RT evaluation (170). T. reesei had the lowest RTF as well as 
the least transposable elements (171). Four Basidiomycota 
genomes: C. cinereus, C. neoformans, L. bicolor, and P. 
chrysosporium had moderate amounts of RTF. Two basal 
Basidiomycota genomes, S. roseus and U. maydis, had very 
few RTF’s. The former received no independent genomic 
analysis, but the later had. U. maydis is devoid of repetitive 
DNA and has a mechanism to prematurely terminate the 
transcription of foreign DNA (172). Worth noticing, two 
genomes P. stipitis and U. maydis with the most intron loss 
did not have the most number of RTF. Therefore, there is 
no straightforward correlation between the RTF and intron 
loss. Finally, the agreement between RTF and detailed 
characterizations of TE in the literature further validates 
the reliability of our procedure.

III. Amount of RT as a co-determinant of genome 
size 

Genomes are mainly populated by protein-coding genes, 
transposons, and their relics (pseudogenes and disabled 
transposons), whereas rRNA and tRNA genes represent 
only a minute constant fraction. Not surprisingly, genome 

size can be explained by a linear model of the number of 
protein-coding genes and number of RTF: z =3322.2x 
+36718.4y –1513287.8 with P value 1.511e-07 where x, y, 
and z corresponds to number of genes, number of RTF, and 
genome size respectively. The parameter for x means the 
average genomic size per gene. The parameter for y means 



the average contribution to genome size (more than 7× the 
size of ORF for one typical fungal RT around 4.5-5 kb) by 
one RTF. Having multiple domains, RT proteins are longer 
than the average size of cellular proteins. Moreover, RT 
tends to pile up on older RT elements, giving rise to longer 
footprints. Our result hinted the fragmented nature of RTF 
in fungal genomes.

Gene number is more consistent than RT as a predictor 
of genome size. Most genomes (even with two extra fungal 
genomes not used in this study) were very close to the 
regression line linking genome size and gene number, 
except for genomes with the highest RTF: P. placenta and 
M. fijiensis (Data not shown). But most genomes were 
scattered away from the regression line between genome 
size and RTF (both variable in log scale) with P value =0.018 
(Figure S3). This is due to the variation of both gene number, 
other types of transposable elements, and repetitive DNA 
sequences among fungal genomes. 

IV. Relationship between intron length and 
amount of RTF

In large genomes, transposable elements are mostly located 
in non-protein-coding regions (173). Long retroelements 
avoid genic regions, whereas short retroelements are 
enriched inside genes (174). There is a strong selection 
against LINE near protein-coding genes of human 
and mouse genomes (175) as well as in fungi (176,177). 
Accordingly, amount of RTF should not correlate with 
intron length in fungal genomes because the mostly short 
introns leave no room for retroelements. Indeed, we did not 
see any correlation between the two variables (Figure S4).  
However, a negative correlation became clear if we 
divided the genomes into two groups: the bottom group 
consisted of T. virens, T. reesei, S. roseus, A. niger, P. stipitis, 
N. haematococca, C. neoformans, L. bicolor, C. cinereus, and P. 
chrysosporium; the upper group comprised B. dendrobatidis, 
U. maydis, P. blakesleeanus, M. graminicola, M. fijiensis, 
and P. placenta. The two correlations had the same slope 
but different intercepts. One explanation is that genome 
expansion caused by RT activity triggers mechanisms for 
genome size reduction (genome defense) (178), including 
shortening of introns and loss of RTF themselves (cause 
for different intercepts). Being one of the genome defense 
mechanisms, repeated induced point mutation (RIP) that 
operates to different extents in fungal genomes (81) does 
not reduce genome size on the surface, but its G+C to 
A+T-rich effect could trigger deletions. Since most fungal 

genomes are limited in size, genomic DNA deletion must 
be a balancing force against transposons, which has been 
demonstrated in plant (179,180).

V. Genes with large number of exons tends to be 
more ancient

Ancient genes are intron rich (31), furthermore, they resist 
intron loss because all realistic intron loss mechanisms 
require homologous recombination that disfavor short 
exons. After examined seven genes with the most number 
of exons (50 or more), all from Basidiomycota, we found 
that all encoded ancient functions (Table S2). These genes 
preserved the ancestral short exon length by having little 
intron loss, but the number of exons might not represent 
ancient genes because of possible exon shuffling or gene 
fusion. Pospl1_99516 (the number is the JGI protein id; 
the prefix is the database name) might be a gene model 
chimera. Lacbi1_300923 (57 exons) and Pospl1_128265 (59 
exons) were orthologs from L. bicolor and P. placenta, sharing 
50 introns and 50% (70% non-gapped) protein sequence 
identity. Six intron of Lacbi1_300923 and eight introns 
of Pospl1_128265 were unique to each gene respectively, 
which lead to 74 introns in the ancestral gene (assuming 
intron loss dominates). Lacbi1_300923 had two EST 
supports at disjoint regions covering nine exons, which also 
indicated alternative splicing; the remaining exons were 
supported by sequence similarity to a predicted gene from 

Figure S4 Relationship between intron length and total RTF 
length. Shown in the abscissa is the natural log of total length 
of RTF. The ordinate shows average of the natural log of intron 
lengths. Each data point is labeled with abbreviated species name.
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C. cinereus that was an ortholog but had experienced intron 
loss. Pospl1_128265 was supported by EST at the 3'-end 
and had signs of alternative splicing by means of protein 
sequence identity. This protein contained an ancient 
histidine kinase domain found in eubacteria, archaebacteria, 
and eukaryotes (181) and could play a regulatory role in 
fungal development (182). Regulatory genes are usually 
expressed at very low levels and thus less likely to lose intron 
through RT-mediated pathway shown to be the primary 
means of intron loss (43,48,50). Two paralogs from P. 
placenta Pospl1_97544 and Pospl1_104193 shared 36 introns 
with 14 introns unique to each gene respectively and 74% 

(90% non-gapped) protein sequence identity. Compared 
with the ortholog pair, the paralogs pair shared more 
amino acid sequence identity but fewer common introns. 
The paralogs pair also lost the same number of introns. 
There appeared to be more intron loss in paralogs; this 
could be beneficial in reducing the chance of homologous 
recombination between paralogous genes. Pospl1_97544 
had extensive EST support at various locations of the gene, 
but Pospl1_104193 had no EST support (one EST fell in 
the 3' half of the gene with different exon structure). Both 
paralogs showed extensive sequence conservation of exons 
with an orthologous genomic region of P. chrysosporium. 

Table S2 Gene models with more than 50 exons

DB Protein ID No. of exons Annotation

Lacbi1 300923a 57 Kinase, Histidine kinase, response regulator receiver.

Pospl1 128265a 59 Kinase, Histidine kinase, response regulator receiver.

Phybl1 61381 62 Cytochrome c heme-binding site, Phosphatidylinositol 3- and 4-kinase.

Pospl1 97544b 52 Alpha-isopropylmalate/homocitrate synthase, Cation transporter, G-beta WD-40 repeat.

Pospl1 104193b 52 Alpha-isopropylmalate/homocitrate synthase, Cation transporter, G-beta WD-40 repeat. 

Pospl1 99516 51 Phosphopantetheine-binding, Aldehyde dehydrogenase, might be chimera.

Sporo1 28096 58 Hypothetical protein, fibronectin domain.
a, Lacbi1_300923 and Pospl1_128265 are orthologs; b, Pospl1_97544 and Pospl1_104193 are paralogs.

Figure S5 Mean natural log of intron length distribution between genes of different conservation levels. Genomes are labeled at the bottom. 
The four different conservation levels are all: conserved in all genomes; between: conserved between phyla; phylum: conserved within 
phylum; and species: species-specific.
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This protein contained an alpha-isopropylmalate synthase 
domain (183), which was ancient and essential for very early 
life forms.

Sporo1_28096 had 58 exons and was a hypothetical 
protein. Phybl1_61381 had 62 exons and contained both 
cytochrome-C heme-binding site and PIKinase domain 
which is ancient being necessary for the emergence of 
cellular life. Both models had no protein or EST support. 
Phybl1_61381 had strong exonic genomic DNA sequence 
conservation with an orthologous region from R. oryzae.

VI. Intron length variation at different 
conservation levels determined by the 
proportions of three types of introns: old, novel, 
and element-bearing

Intron length is determined by two opposing processes: 
elongation and shortening, and both are dynamic. Unequal 
cross-over during meiosis can both elongate and shorten 
introns, so it is the selection process that determines 

whether longer or shorter allele will dominate the 
population (184). If an intron contains sequence elements 
that increase the fitness of the organism, then the longer 
version would survive (185). However, even in the absence 
of apparent benefit, introns can get longer (186). DNA loss 
that has been deduced from transposon dynamics (178) can 
shorten the introns, whereas their expansion can occur by 
transposon insertions (174,187) that have not been observed 
in fungi (176,177,188). Majority of the fungal introns were 
short with 76% of them ranging between 50 and 200 nt (data 
not shown), in contrast to introns in plant and animal genomes. 
Furthermore, transposons in fungi generally avoid protein-
coding genes (176,177) and only limited cases of enrichment 
toward 5'-region of subset of genes (122,188). Therefore, there 
had been a selection for shorter introns in fungal genomes.

The above conclusion might be the precursor for the 
general trend that more conserved genes have shorter 
introns than species-specific ones (Figure S5). However, 
this rule was not observed in all genomes, which became 
clear if we only look at the difference between the two 

Figure S6 Intron length difference between least conserved and most conserved genes and three types of introns. (A) Difference of natural 
log of intron length between species-specific (SSG) and conserved in all species (GCAS) were computed for each genome and statistically 
significant by t-test except for Aspni1. Shown in the y-axis is the natural exponentiation of the difference; (B) Three types of introns and 
their length change over time.
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extreme conservation levels (Figure S6A). The differences 
were statistically significant, except for A. niger, although 
the differences were small for several genomes, such as N. 
haematococca (Necha2) 3.7 nt and P. chrysosporium (Phchr1) 
2.5 nt. Two genomes, P. stipitis and U. maydis, showed the 
opposite trend.

We could not find any apparent relationship between 
EPG and intron length. How are intron loss related to the 
variation of intron length within genomes? The answer 
is the random nature of the de novo gene birth process 
(143,189,190) in which transposable elements contribute to 
a larger fraction because of their abundance in contemporary 
genomes (156). Exons born from random sequences have 
an average about 60 nt (92); but introns would be much 
longer according to a simple model in which the average 
length of an intron arriving from random sequence is the 
inverse of the probability of sequence GT AG and associated 
consensus sequences such as branch points and pyrimidine 
tracks in proper locations (24). The distance between GT 
and AG must be greater than certain value ~40 nt for fungi, 
they both have to occur in the proper coding frame (for 
introns in coding regions), and be bordered by two exons. 
The minimal estimates is 256×3=768 nt that is much longer 
than the most frequent intron length of 55 nt in fungi (data 
not shown). Indeed, younger genes have longer introns in 
mammalian genomes (89), and species-specific genes have 
longer introns (Figure S5). 

Under the selection for smaller genomes, old introns 
have longer time but slower rate to shorten themselves 
compared to novel ones (Figure S6B). Novel introns also 
have longer starting length than old introns. After massive 
intron loss, the remaining introns have higher chances 
of containing regulatory elements, are longer, and will 
not change their length afterwards. Each genomes have 
a particular combination of the above three populations 
of introns; however, technically it is difficult to separate 
them. In this study, species-specific genes had the highest 
proportion of novel introns, and genes conserved in all 
species had the least. Novel intron may be continuously 
introduced into the genome, or there may be bursts. Novel 
introns may differ in ages because “novel” means not shared 
by any genomes from a different species. Old introns 
have experienced evolution toward the optimal length. 
Corresponding to time x in Figure S6B were M. fijiensis and 
M. graminicola with old and novel introns; their species-
specific genes had the longest introns (Figure S5) and highest 
exon density (Figure 5B), and their RTF were also the 
highest among Ascomycota (Figure S2). M. fijiensis also had 
the largest genomes among Ascomycota. These genomes 
had just experienced a genome expansion and de novo gene 

birth; genome reduction pressure has not yet acted upon 
the novel introns. The A. niger genome corresponded 
to time point z in Figure 5B where novel introns and old 
introns had similar lengths. There is no indication of 
significant de novo gene birth in the recent past in A. niger 
as marked by higher exon density in species-specific genes 
(Figure 5B) and very little RTF (Figure S2). U. maydis had 
the longest introns in genes conserved in all species. The 
introns in genes conserved in all species for P. stipitis are 
also the longest among Ascomycota genomes. U. maydis and 
P. stipitis genomes correspond to time point y in Figure S6B 
with novel and element-bearing introns. Both genomes have 
experienced genome size reduction and massive intron loss. 
U. maydis lost a lot more introns than P. stipitis relative to 
their respective ancestors (Figure S1); therefore, the former 
element-bearing introns population had a longer average 
length that the latter (Figure S6A). The longest average 
introns are found in S. cerevisiae genome where most introns 
are lost (228 introns left) (191). Most other fungal genomes 
would fall between time point x and z with mainly old and 
novel introns.
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