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Fungal Intron Evolution:
Why a small genome has many introns?

Kemin Zhou, Alan Kuo, Asaf Salamov, and Igor Grigoriev

Table1. Fungal genomes used in this study.
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Figure 7.  Larger genomes tend to have more exons per gene.  We 
divided the genes into four groups as described in table 2. There is a 
linear relationship between the number of exons of SSG and log 
genome size.  The p-value is 0.01588 when Sporo1 and cryneo1 are 
excluded, and 0.0006588 when Mycif1 is excluded in addition (line 
shown). 
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Figure 2. Intron relative location distribution. A regression line was drawn with data 
excluding the extreme values from both ends. The dip from both ends are due to 
edge effects. Data are grouped for every 1%.

Mean Relative Intron Location

M
ea

n 
N

um
be

r o
f E

xo
ns

0.40 0.42 0.44 0.46 0.48 0.50

1
2

3
4

5
6

7
8

Aspni1

Batde5

copci1

cryneo1

Lacbi1

Mycfi1
Mycgr1

Necha2

Phchr1

Phybl1

Picst3

Pospl1

Sporo1

Trire2
Trive1

ustma1

7.66

Figure 3. Estimating the number of exons in the ancestor of 
fungi with relative intron location.
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Figure 8. The shortest most frequent exon length.  Top half, mean exon length as a 
function of number of introns. The equation set x to 60 to 70, the estimated exon 
length is 66-86 nt long. The bottom half is simply plots the total exon length against 
the intron numbers.

Figure 9. Exon length distribution.  Exon length shorter than 500 nt from 
all 16 genomes are plotted with exon of different phases. Exon phase is 
defined as the remainder of the length of exon divided by 3. The total 
number of exons (all sizes) in different phases are shown in the legend. 
Phase 0 exon dominates. 
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Figure 6. Correlation between genome size and number of reverse 
transcriptase.  We got similar plot if using the total length of RT.

Summary and Discussion

Our phylogenetic tree gave us 7.25 which is an under estimation since intron loss do 
occur to even conserved genes such as those from the Ascomycota. There were 7.66 
coding exons in the common ancestor of fungi.  This method has limitation in ignoring 
any intron loss mechanism the leave the uniform distribution of intron undisturbed.

We found a linear relationship between the average exon length and the number of 
introns based on the 16 genomes: L=1060.1*exp(-0.8712) – 1.8961*x + 198.5 where x 
is intron number and L is average exon length. The exponential term provide evidence 
supporting intron loss.  Another usage of the equation is to find the most dominant 
exon length of ancient ancestors. It seems that intron loss operates on gene level. If 
each gene have the same probability to have intron loss which assume to be a fixed 
number, then exons in longer genes will more likely to represent the ancestral state. 
From this study, 60-70 is the largest number of introns per gene, the equation tells us 
that the average length of this is 66-86 nt. If we independently look at the exon length 
distribution, we found that the peak of the exon length of all the fungal genomes is also 
at around 70-80 nt with a second shoulder at around 160 nt.  Except for very short 
exons, fungal exons are dominated by phase 0 exons. This supports a hypothesis that 
there was an earlier gene birth “big bang” in the earlier evolution of eukaryotes.  In this 
process, genes are predominantly generated by exon-shuffling of exons dominated by 
size of less than 100 nt with peak at 70-80 nt.  Phase 0 exons dominates because they 
can be formed from intron loss between phase 1 and phase 2 exons. The average 
proteins are 400 aa accordingly the genes should have 15-16 exons.  After this intron 
evolution was dominated by intron loss although intron gain still happen on an order of 
magnitude less through exon-shuffling or intron insertion into existing genes.  The 
exon-shuffling has become less frequent largely due to selection pressure against 
protein function disruption. There could be a period of intron loss from 16 to 8 by 
mechanism other than RT.  

The carrying capacity of fungal genomes

There is a linear relationship between the number of genes and genome size for most fungi. Two out of the 
18 genomes are exceptions to this rule.  The genomic sequence of the first one P. placenta was assembled 
from diploid DNA. The other M. fijiensis is highly populated by RT.  Nearly all fungal chromosomes are 
small and highly condensed. Most fungal genomes contain little repetitive DNA sequences.  Fungi are the 
only major eukaryotic groups that are haploid.  This linear equation that states for every 3887 nt there is a 
gene might be a summary for the above features. Furthermore there is a correlation between the number or 
total length of RT and genome size.  It appears that RT and genes compete for the same genome space.  It 
is reasonable to assume that larger genomes can afford having extra “useless” intron DNA and so there 
should be a correlation between the number of exons per gene and the genome size, but this is not so 
straight forward. There is only correlation, with exceptions of two Basidiomycota yeasts S. roseus and C. 
neoformans within the SSG.  

Intron length variability

Intron lengths in fungi assume roughly log normal distribution so our analysis was carried out in log scale.  
The average introns from GCAS range from 56 to 109 nt, but those from SSG range from 58 to 131 nt.  Our 
analysis clearly showed that there is an overall trend of less conserved genes tend to have longer introns in 
most genome, but shorter introns from P. stipitis and U. maydis the only two genomes where intron loss has 
reached the maximum extend and both have smaller genomes. Even with these small scale changes, overall 
the introns in fungi are really short. This may explain lack of correlation between intron size and genome size 
or amount of RT.  It looks that the small size of intron has excluded transposable elements such as RT.

We have proposed a new approach to look at the fungal intron evolution at genome scale. Out novel 
method to estimated the number of exons in the common ancestor of fungi could be applied to other 
genomes such animal or plants.  Our proposal of a gene birth big bang based on solid fungal 
comparative genomic analysis could be a useful framework for further analysis.  We also observed that 
reverse transcriptase can have divergent effect on the number of exon in the genome.

Conclusion

Figure 13.  Average number of exons and amount of reverser transcriptase 
relationship.  At species level, there is a positive correlation for 10 out of 16 
genomes. At more conserved levels there is a negative correlation.

Figure 1.  Whole genome phylogenetic tree and intron gain/loss estimates with 
Linear Least Square (LLS) method. The average number of coding exons from 
GCAS are labeled next to each database name (used for abbreviation of 
Species names).  Bootstrap values are all 100% except for the two values 
shown in light blue boxes. Each value on the branch represents the estimated 
intron gain or loss. The major phyla and subphyla are labeled. The number in 
circle is the estimated number of coding exons of ancestor of fungi.
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Figure 5. Constant carrying capacity of fungal genomes. Genome size was 
estimated by the total length of scaffolds belonging to each genome. The 
linear regression equation was derived from excluding Pospl1 and Mycfi1. Ng 
is the number of genes; G is the genome size. Pospl1 genome was highly 
polymorphic and assembled as diploid.  Mycfi1 had large number of 
retroposons in the genome.

Here we are trying to answer the question why one of the 
smallest genome Sporobolomyces roseus has one of the most 
introns of all fungal genomes in the context of fungal intron 
evolution. In this study we used a statistical comparative 
genomics approach toward intron number evolution among 16 
fungal genomes. 

Introduction

Table 2. Intron evolution within genomes.  Coding exon number between differently 
conserved genes were compared. The genes were divided in four conservation groups: 
all--all genomes (GCAS), between-- between different phyla (GCBP), phylum--within the 
same phylum (GCWP), and species-specific genes (SSG). The p-values for t-test are 
colored red if less than 10e-4, pink if less than10e-3, yellow if less than 10e-2, and green 
if less than 0.05.

Table 3. Conserved gene have shorter introns. 
Average of the log intron length (ALIL) were compared 
between conservation level all and species. Only Aspni1 
showed no significant difference. The two genomes with the 
most intron loss ustma1 and Picst3 showed the opposite 
trend. Column diffexp is the natural exponential of the 
differences of ALIL (species – all).
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Figure 4. Half loss rule.  Showing the linear relationship between the average 
number of exons in species specific genes (SSG) and that of genes 
conserved in all species (GCAS). Sporo1 is an exception although its inclusion 
still make the correlation statistically significant to p-value of 9.996e-06.
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No intron loss for S. roseus (Sporo1)

S. roseus has the least number of genes and the fourth smallest 
genome. Four yeast genomes are clustered at the lower end.

Why S. roseus has the smallest genome

No intron loss detected by phylogenetic tree method, or very few by the relative intron 
location method. One of the smallest genomes with the least number of genes. Very few 
RT footprints. Exception to the rule of exon number reduction in less conserved genes.

Exon number reduction half loss rule. S. roseus is an exception

S. roseus Is an exception to number of exons and genome size 
correlation for SSG. It also has little RT footprints

Most frequent and the shortest exon length and evidence of intron loss
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Number of exons in ancestor genomes and gene birth big bang
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