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We used comparative and population genomics to study intron evolutionary dynamics in the fungal model genus
Neurospora. For our investigation, we used well-annotated genomes of N. crassa, N. discreta, and N. tetrasperma, and
92 resequenced genomes of N. tetrasperma from natural populations. By analyzing the four well-annotated genomes, we
identified 9495 intron sites in 7619 orthologous genes. Our data supports nonhomologous end joining (NHE]) and
tandem duplication as mechanisms for intron gains in the genus and the RT-mRNA process as a mechanism for intron
loss. We found a moderate intron gain rate (5.78-6.89 X 10~ intron gains per nucleotide site per year) and a high intron loss
rate (7.53-13.76 x 10" intron losses per intron sites per year) as compared to other eukaryotes. The derived intron gains and
losses are skewed to high frequencies, relative to neutral SNPs, in natural populations of N. tetrasperma, suggesting that
selection is involved in maintaining a high intron turnover. Furthermore, our analyses of the association between intron
population-level frequency and genomic features suggest that selection is involved in shaping a 5’ intron position bias and
a low intron GC content. However, intron sequence analyses suggest that the gained introns were not exposed to recent
selective sweeps. Taken together, this work contributes to our understanding of the importance of mutational bias and
selection in shaping the intron distribution in eukaryotic genomes.

[Supplemental material is available for this article.]

The presence of introns in protein coding DNA was discovered in
1977 (Berget et al. 1977; Chow et al. 1977; Evans et al. 1977;
Goldberg et al. 1977), and since then, introns have been identified
as a typical feature of eukaryotic nuclear genomes. Yet, the func-
tional role of introns and the factors affecting their turnover are
only beginning to be understood (Chorev and Carmel 2012). The
growing availability of large-scale genomic data sets constitutes an
important step toward addressing these fundamental issues in
genome biology. For example, recent studies have shown that the
genome of the last common ancestor among all eukaryotes is likely
to have been intron-rich (Csuros et al. 2011) and that intron losses
have dominated in many eukaryotic species; however, a few bursts
of substantial intron gains have taken place, for example, during
the origin of metazoan and land plants (Csuros et al. 2011; Rogozin
et al. 2012). Among all the eukaryotic branches, the fungal group
Ascomycota shows a novel pattern, with a relatively high level of
intron losses and gains (Carmel et al. 2007). Currently, there is
a shortage of scientific data about intron turnover within the
Ascomycota, including population-level intron changes and the
molecular mechanisms and selective forces underlying intron
gains and losses.

Fink (1987) first proposed that intron loss is mediated by re-
verse-transcribed mRNA (RT-mRNA). In this classical model,
mRNA is first reverse-transcribed into the intronless cDNA and then
converted back into its original genomic location by homologous
recombination (Bernstein et al. 1983; Lewin 1983; Boeke et al. 1985).
Since reverse transcription is processed from 3’ to 5’, and often ter-
minates prematurely, intron losses are expected to occur more fre-
quently in the 3’ end of the genes (Fink 1987; Mourier and Jeffares
2003). Nonetheless, subsequent analyses revealed that the highest
intron loss rate is found in the internal part of a gene for many
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species (Nielsen et al. 2004; Sharpton et al. 2008; Zhang et al.
2010), and other mechanisms for intron gain and loss have been
proposed. The DNA repair mechanism, nonhomologous end
joining (NHEJ) (Johnson and Jasin 2000; Rebuzzini et al. 2005;
Preston et al. 2006; Mao et al. 2008; Shimizu et al. 2010), has also
been suggested to mediate intron gain and loss in eukaryotes
(Rebuzzini et al. 2005; Preston et al. 2006; Li et al. 2009; Farlow
et al. 2010, 2011; Shimizu et al. 2010; Zhang et al. 2010; Yenerall
et al. 2011). Additional proposed mechanisms for intron gains
include intron transposition, transposon insertion, tandem ge-
nomic duplication, intronization, and multiplication of introner-
like elements (ILE) (van der Burgt et al. 2012; Yenerall and Zhou
2012), all of which needs further investigation.

Population-level analyses are keys to fully understanding in-
tron evolution, since intra-species dynamics ultimately determine
whether introns become fixed or lost in the genome. Until now,
however, few studies have used a population genetic approach to
study intron evolution. Population data from intron polymorphic
sites in Drosophila and Zymoseptoria tritici have shown the action of
positive selection on some intron variants (Llopart et al. 2002;
Brunner et al. 2014), whereas in Daphnia, the majority of intron
gains are deleterious (Li et al. 2009). The recent emergence of
population level genomic data sets has opened up the possibility to
study intron evolutionary dynamics on a genomic scale (Li et al.
2009; Torriani et al. 2011; Croll and McDonald 2012).

In the present study, we assessed rates, patterns, and mecha-
nisms of intron gain and loss at both the inter- and intra-species
level in the fungal model genus Neurospora (phylum Ascomycota).
Neurospora is an intron-sparse group (~1.7 introns/gene) with
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Intron evolution in Neurospora

a 5’ positional biased intron distribution in the genome (Galagan
et al. 2003; Jeffares et al. 2006). While most species forming the
terminal clade in the genus are self-sterile (heterothallic) and thereby
largely outcrossing (Ellison et al. 2011a; Nygren et al. 2011), one
member of the genus, N. tetrasperma, has evolved pseudo-
homothallism, a mating system dependent on heterokaryosis for
mating-type and intratetrad selfing (Dodge 1927; Corcoran et al.
2014). Pseudohomothallism in N. tetrasperma is associated with
alarge region of suppressed recombination (~8 Mbp) on the mating-
type chromosomes (Menkis et al. 2008; Ellison et al. 2011b; Sun etal.
2012), while other regions are typically freely recombining. This
mating system has resulted in a high degree of homoallelism across
recombining regions of the genome, as compared to the recombi-
nationally suppressed segment on the two different mating-type
chromosomes (Sun et al. 2012). Taken together, these features in
Neurospora allowed us to study several key questions associated with
intron turnover, such as the cause of the 5’ positional biased intron
pattern and intron dynamics within various recombination back-
grounds. For the analyses, we conducted comparative analyses across
four well-annotated Neurospora genomes to identify patterns of in-
tron gains and losses in this genus. Second, using genomic data from
populations of N. tetrasperma, we assessed the selective forces acting
on intron gains and losses at the intraspecific level and propose
amodel of the factors giving rise to the current intron distribution in
the genomes of this model genus.

Results

Four well-annotated genomes were included in the study, that of
N. crassa, N. discreta, and two genomes of N. tetrasperma. The two
genomes of N. tetrasperma originate from a single heterokaryotic
wild-type strain (i.e., they shared a common cytoplasm in the
mycelium) and are of different mating type (mat A and mat a); for
simplicity, we refer to them as N. tefrasperma A and N. tetrasperma
a in this study. We identified 7619 orthologous genes from ~10,000
genes of the investigated genomes (9907 genes in N. crassa, 10,380
in N. tetrasperma A, 11,192 in N. tetrasperma a, and 9948 in
N. discreta [Galagan et al. 2003; Ellison et al. 2011b]). From the
orthologous gene alignments, we identified a total of 9495 sites in
the genome that contained an intron in at least one species
(hereafter referred to as intron sites). In order to investigate the
impact of recombination on the intron gains and losses patterns,
we divided the intron sites into two categories based on the ge-
nomic location: the region of suppressed recombination (SR) in
N. tetrasperma, i.e., the central part of the mating-type chromo-
some, and the recombining (R) regions, i.e., the remaining ge-
nome, as defined in Ellison et al. (2011b). After filtering, we found
2107 intron sites (1.30 introns/gene on average) in the SR region,
and 7388 intron sites (1.21 introns/gene) in the R regions, a dif-
ference not significantly different (x2 test, P> 0.05).

Interspecies analyses of intron gains and losses

Intron gains and losses over evolutionary time in Neurospora

Based on previous studies, we assume that the phylogenetic re-
lationship of the investigated strains is {N. discreta (N. crassa
[N. tetrasperma A, N. tetrasperma a])} (Fig. 1A; Dettman et al. 2003;
Menkis et al. 2009). By using this phylogeny in combination
with Dollo parsimony, which assumes that introns are unlikely
to gain in the exact position twice in different phylogenetic
lineages, whereas independent losses of introns are allowed

(Rogozin et al. 2003), we identified 15 distinct patterns of intron
gains and lossesin N. crassa and N. tetrasperma (Fig. 1B). Among the
9495 intron sites, we found 60 sites for which we could trace intron
gains in N. crassa or N. tetrasperma, 66 sites with intron losses, 9286
sites with intron presence in all four genomes, and 83 sites with
uncertainty about the ancestral state. The fact that the investigated
species are closely related (genome-wide ds of 0.12 between
N. discreta and either of N. crassa and N. tetrasperma, and 0.049
between N. crassa and N. tetrasperma as estimated from the
orthologous genes) minimizes the risk of investigating multiple
gains and losses at the same intron site. We found intron gains and
losses in both the SR and R regions, as shown in Figure 1B.

For interspecies comparisons of intron gains and losses
among Neurospora species, we selected one genome per species
(N. discreta, N. crassa, N. tetrasperma a) and then mapped all intron
gain and loss events on the Neurospora phylogenetic tree (Fig. 2).
Using this approach, we found that after the split from the com-
mon ancestor with N. tetrasperma, the number of intron gains and
losses for N. crassa are 24 and 23, and for N. tetrasperma, 29 and 42
(Fig. 2). We did not find significant differences for intron gain and
loss numbers between N. crassa and N. tetrasperma (Pearson X’ test,
P>0.11), and for N. tetrasperma, between SR and R region (P> 0.20).

Based on the genomic ds of 0.0486 between N. crassa and
N. tetrasperma a, estimated from the orthologous gene alignments,
and the synonymous substitution rate of 7.969 x 10~ per site per
year obtained from the study by Kasuga et al. (2002), we calculated
the divergence time for N. crassa and N. tetrasperma a as 3.05 X 10°
years. The intron gain rate (given as introns per nucleotide site per
year) was estimated to be 5.78 x 1073 for N. crassa, and the loss
rate (given as introns per intron site per year) to be 7.53 X 1071°.
For N. tetrasperma a, the intron gain rate was 6.89 X 10~'% introns
per nucleotide site per year, and the loss rate 13.76 X 10~'® introns
per intron site per year.

Positional bias in intron location

We divided all introns into three categories (5', internal, and 3'),
based on their relative position within a gene (calculated as [no. of
bases in the coding sequence upstream of the current intron]/[total
no. of bases in the coding sequence]). For both N. crassa and
N. tetrasperma a, we found a statistically significantly higher
number of introns located in the 5’ end of a gene than in the in-
ternal and 3’ regions ( test, P< 1 X 1074 (Fig. 3A), consistent
with previous observations in N. crassa on a smaller data set
(Nielsen et al. 2004). Within the N. tetrasperma a genome, this
pattern was found both for the SR and the R regions (P < 1 X 10~ %)
(Fig. 3A). Figure 3, B through E shows the number of intron gains and
losses since the last common ancestor of N. crassa and N. tetrasperma
a, and the intron gain and loss rates; for these estimates, the data
set is too small for meaningful statistical tests. Nevertheless, we see
trends in the data that are worth noting. First, in both species, the
number of gained and lost introns showed the pattern of 5’ > internal
>3’ (Fig. 3B). For the intron gain rate, we found a 5’ elevation in the
N. crassa and the N. tetrasperma a combined data sets, a trend found in
the SR region of N. tetrasperma a but lacking in the N. tetrasperma
a R data set (Fig. 3C). The intron loss rates were highest at the in-
ternal position, followed by the 5" or 3" in N. crassa, N. tetrasperma
a,and N. tetrasperma a R, but not in N. tetrasperma a SR (Fig. 3D). For
both species, the intron gain/loss rate ratio showed a consistently
biased pattern, with a higher gain/loss ratio in 5' than internal
and 3’ positions (Fig. 3E). We found a higher intron gain/loss rate
ratio in the SR region compared to the R region (5’ SR> 5’ R, in-
ternal SR> internal R, 3' SR> 3’ R) (Fig. 3E), but the overall pattern
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A B (data not shown) suggests they have been
Raw gains Raw losses Conserved  Other ipe .
mutated by a fungal-specific mechanism,
N.tetrasperma 1.0 0 1 0 0 1 1 1 1 0 0 1 01 the repeat-induced point mutation pro-
Ntetraspermaa 0 1 0 1 1 1 0 0 1 0 1 0 1 0 1 cess (RIP), known to increase AT content
of a sequence (Galagan et al. 2003).
N.crassa 0o 0 1 0 1 1 1 1 0o 0 0 1 1 0o 1
N. discreta 000 0 0 1 0 1 0 1 1 1 1 1 10 Mechanisms for intron gain
SR 3 8 6 3 0 1 10 o0 2 0 o0 1 2059 11 3 Intron gain via NHE] is expected to leave
R 4 5 18 13 2 1 7 4 16 3 2 17 7227 40 29 short direct repeats (~5-12 bp) spanning
Total 7 13 24 16 2 2 17 4 18 3 2 18 9286 51 32 both sides of intron-exon borders, a pat-
Figure 1. Pattern of intron gains and losses in Neurospora. (A) Phylogenetic relationship of the four tern that may be gradually erased by ac-

Neurospora genomes in this study. (B) Classification of intron presence (1) and absence (0) for the 9495
intron sites. The number of intron sites for each pattern is indicated at the bottom of the figure. SR
indicates that the intron position is located within the region of suppressed recombination of the
mating-type chromosomes in N. tetrasperma, and R in the normal recombination region of the genome.

of 5’ positional bias was not affected (5’ > internal > 3’ in both
regions). It is worth pointing out that the trends observed in
Figure 3, B through E are not statistically significant, and thus, we
cannot exclude the possibility that they are caused by chance
alone.

Intron phases, length, and GC content

Based on the position in a codon, we categorized the introns as
phase O (located between codons), phase 1 (located after the first
nucleotide of a codon), and phase 2 (after the second nucleotide of
a codon) introns. We detected a statistically significant excess of
phase O introns, as compared to phase 1 and 2, in both N. crassa
and N. tetrasperma genomes, thus rejecting the null hypothesis that
introns have an equal distribution across phases (x> test, P < 1 X
10~%). For N. crassa, we detected a significantly higher number of
gained introns in phase 1 (P=0.04), and an excess of lost introns in
phase 2 (P < 1 X 10™*), while no statistically significant differences
in the phase distribution of either gained or lost introns were
found in N. tetrasperma (P > 0.15).

To assess whether intron length affects intron turnover, we
plotted the intron length distribution for conserved, gained, and
lost introns (estimated based on the existing introns [cf. Zhang
et al. 2010]) in Neurospora. We found that the distribution peak is
~60-69 base pairs (bp) for all three categories (Fig. 4), indicating
that intron length does not affect intron gains or losses in Neu-
rospora. Nevertheless, we found two long (> 1000-bp) intron gains,
including the second intron of gene NCUO0O850T0 (name short-
ened to NCUOO850T0-2, same rule applied for all introns hereaf-
ter) in N. fetrasperma A (2389 bp long), and NCU08524T0-2 in
N. tetrasperma A and a, (6651 and 6652 bp long, respectively) but
did not detect any intron losses with length > 500 bp (Fig. 4).

To statistically test the differences in GC content, we in-
vestigated the nuclear and mitochondrial DNA in 1-kb fragments.
We found that the GC content was significantly higher in nuclear
than in mitochondrial DNA (ttest, P < 1 X 10719, a pattern
reported in several previous studies (e.g., Castellana et al. 2011;
Amit et al. 2012). Furthermore, we found a significantly higher GC
content in CDS than intronic regions (t-test,P? < 1 X 107'9), as
reported previously (Whittle et al. 2011b), but similar values
among conserved, gained, and lost introns (~45%-46%) (Fig. 5).
The aforementioned two long gained introns showed a much
lower GC content than the genome average (NCU00850T0-2,
GC% 22.9%; NCU08524T0-2, GC% 27.0%). We searched the se-
quence similarities between these two introns and the mitochon-
drial genome and found no significant hit (E-value cutoff 1 X
10™*). However, the abundance of AT repeats in these sequences

cumulated nucleotide substitutions over
time (Li et al. 2009; Farlow et al. 2011).
We scanned the intron-exon border for
repeats in Neurospora, by extracting 20 bp
of nucleotide sequences spanning intron
splicing sites and scoring sequences with = 5-bp identical matches
on both sides of the splicing site as repeats. Using this approach, we
found that the sequences spanning the border of gained introns
are significantly enriched in short direct repeats, as compared to
the conserved introns ()(2 test, P< 1 X 107% gained introns: 32
[42.1%)] with repeats, 44 [57.9%] without repeats; conserved in-
trons: 6627 [18.8%], 30,613 [81.2%)]), suggesting that a NHE]
mediated process is involved in intron gain in Neurospora.

To identify the source of gained introns in N. crassa and
N. tetrasperma A and a, we compared gained intron sequences
against the corresponding genomes (including mitochondria) by
using BLAT (Kent 2002) and a minimum length and sequence
similarity of 50 bp and 90%, respectively. One intron (NCU09740T0-2,
N. tetrasperma A) showed a significant similarity to the adjacent
5" exon (614 bp, 100% sequence identity), suggesting an intron
gain mediated by a tandem duplication (cf. Yenerall and Zhou
2012). For the remaining gained introns, we did not find any sig-
nificant sequence similarities to the corresponding genomes, except
the self-hits.

Our findings suggest that intron gains in Neurospora are not
mediated by transposon insertions, intron transpositions, or the
multiplication of introner-like elements (repeats within introns
that are known TE characters [van der Burgt et al. 2012]). Specifi-
cally, we searched for sequence similarities of the gained introns in
several repeat databases at the RepeatMasker web server (Smit et al.
1996-2010), and found no hits with retroelements or DNA trans-
posons. Furthermore, we searched for sequence similarities between
the gained introns and conserved/lost intron sequences in the Neu-
rospora genomes and found no sequences with significant similarity,
allowing us to reject intron transposition as a mechanism for

+29(11/18)
N. tetrasperma a
-42(11/31)
+24(6/18)
N. crassa
-23(2/21)
N. discreta

Figure 2. Neurospora phylogenetic tree with numbers of intron gains
and losses found at the branches delineating N. tetrasperma and N. crassa.
Plus (+) indicates intron gain events, and minus (—) indicates losses.
Numbers in parentheses indicate the number of the introns that are lo-
cated within the region of suppressed recombination of the mating-type
chromosome of N. tetrasperma (SR), and in the normal recombination
region of the genome (R), as (SR/R). Note that in N. crassa, recombination
is not suppressed in the SR region, but numbers are given for comparative
purposes.

102 Genome Research
www.genome.org



Intron evolution in Neurospora

N.crassa N.tetrasperma all
o o
o o
o o
0 0
1))
S
Z g g
/\ £ » @
=
o
o 9 (=3
Zz 8 8
o o
1))
c
o
=
£ R Q
3
c 2 2
©
o
o o o
?5 | |
o
o o
B 9 R
o)
pd
g 2+ o
—
E 0 - 0 -
C§ e ° A
c - -
o < <
E
E o - o -
o - o -
(107"%/site/year) (107"%/site/year)
o _ [= -
3] N
]
SR 2 4
1))
D 8 2- ° -
c
9 0w - 0w -
£

o -~ o -
(107"°/year) (107"°/year)

1
1

© «©
o o
< <
o o
o o

° (10%)  (107)

m
Intron gain/loss rate ratio

Figure 3.

N.tetrasperma SR N.tetrasperma R

3000
3000

1000
1000

i

o o
2 2
wn wn
T

o o
o) o)

I I
wn wn
Fa o

I I

0 _ 0 _
N o
o _ o _|
o N
v | o |
Fa F
o _ o _J
2 2
n - n - ~——
o - o -

(107"%/site/year) (107"/site/year)

0 _ 0 _
o o
o | o |
o N
n _| wn _|
F Fu
o _J o
2 2
n - n -

o - o
(107"°/year) (107"°/year)

@ @
[=} [=}
. . \\'
o o

° (109) ° (109)
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and 3’) based on the intron position within a gene, with each category representing one-third of the coding sequence length. In each plot, the bar or point
from left to right represents 5', internal, and 3" intron data. Data from N. crassa are presented in the left panel and N. tetrasperma is presented as all intron
positions. (SR) Intron positions located within the suppressed recombination region of the mating-type chromosome, and (R) in the normal recombination
region of the genome. (A) Number of introns. (B) Number of intron gains and losses since the last common ancestor of N. crassa and N. tetrasperma. Bars
above the x-axis represent intron gain number, below, intron loss. (C) Intron gain rate. (D) Intron loss rate. (E) Intron gain/loss rate ratio.

intron gain (cf. Torriani et al. 2011; Yenerall et al. 2011). Finally, we
did not find any polypyrimidine tracts or increased length of gained
introns in comparison to conserved and lost introns (Fig. 4)—
hallmarks of the multiplication of ILEs (van der Burgt et al. 2012).

Mechanisms for intron loss

In genes where multiple introns have been lost, the RT-mRNA
process is expected to leave a signature of loss of adjacent introns,

while NHE] is expected to delete one intron at a time by micro-
homologous pairing between the 5’ and 3’ end of the intron (Roy
and Gilbert 2006; Farlow et al. 2011). We found that among the 60
genes that lost introns in Neurospora, 57 had lost only one intron
(Supplemental Table S1) and are thereby not informative for using
this criterion to differentiate between the two mechanisms.
However, three of the genes had lost two or more introns, and all of
them lost introns adjacently (Supplemental Table S1), consistent
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Figure 4. Intron length distribution for the conserved, gained, and lost
introns. The binned intron lengths are shown on the x-axes and number of
introns on the y-axes.

with the RT-mRNA as an intron loss mechanism for these partic-
ular genes.

No statistically significant differences were detected in the
number of short direct repeats for the lost introns (inferred by the
sequence from the existing introns at these sites in the other
Neurospora species) as compared to the conserved introns (x? test,
P=0.43; lost introns, 34 [20.1%)] with repeats, 135 [79.9%] without
repeats; conserved introns, 6627 [18.8%], 30,613 [81.2%)]), sug-
gesting that NHE]J is not the major mechanism for intron loss in
Neurospora. Since an intron loss mediated by the NHE] mechanism
could result in an imperfect loss of an intron, we extended this
analysis to include introns called with relaxed filtering parameters
for intron positions (cf. Roy and Gilbert 2006) and obtained the
same result.

Population level analyses of intron gains and losses

Intron polymorphisms in N. tetrasperma

Based on the intron presence/absence pattern for the 9495 intron
sites (identified by using the well-annotated genomes), we iden-
tified 40 polymorphic sites in the de novo genome assemblies of
92 strains of N. tetrasperma. With the assumptions of Dollo parsimony
(Rogozin et al. 2003) and no ancestral intron-polymorphisms
shared between species, we divided them into 14 derived poly-
morphic intron-gains and 26 derived polymorphic intron-losses in
N. tetrasperma. To visualize the distribution of intron polymorphisms
in N. tetrasperma populations, we plotted the presence, absence,
and genetic features for all 14 polymorphic intron gains and
26 polymorphic intron losses, across the phylogeny of the in-
vestigated strains (Supplemental Figs. S1, S2). We found variable
population frequencies for different intron polymorphisms; Figure
6 shows illustrative examples. First, the intron NCU02668T0-1
(Fig. 6A) exhibits an example of a low-frequency derived intron
gain polymorphism, while intron NCU08524T0-3 (Fig. 6B) illus-
trates an example of an intron gain of intermediate frequency and

population bias in lineage 5 and 6, and the intron NCU12060T0-9
(Fig. 6C) is close to fixation in all lineages of N. tetrasperma. For
derived intron losses, the intron NCU02539T0-1 (Fig. 6D) was lost
in only one strain and represents an example of a low-frequency
derived intron loss, the intron NCU01095T0-3 (Fig. 6E) was lost in
lineage 1 but not other lineages, illustrating a population structure
bias in intron loss, while the intron NCU08145T0-2 (Fig. 6F) is an
example of a high-frequency intron loss.

Frequency spectrum of derived intron gains and losses

To estimate if selection is involved in shaping intron frequency, we
compared the frequency spectrum for the gained and lost intron
polymorphisms with a neutral reference. For the latter, we mea-
sured the frequency of derived single nucleotide polymorphisms
(SNPs) at polymorphic sites, inferred from the outgroup by parsi-
mony. The SNPs were biallelic and fourfold degenerate. Previous
studies have reported that the codon usage in Neurospora evolves
under selective pressure (Whittle et al. 2011a,b, 2012), and there-
fore we used only SNPs causing changes between nonpreferred
codons in the analyses (cf. Akashi and Schaeffer 1997; Przeworski
et al. 1999; Haddrill et al. 2008) and refer to them herein as neutral
SNPs. Furthermore, previous studies have shown that N. tetra-
sperma comprises multiple phylogenetically and reproductively
isolated lineages (Menkis et al. 2009; Corcoran et al. 2014). Thus,
we conducted separate frequency spectrum analyses for neutral
SNPs, intron gains and intron losses polymorphic in each of three
lineages represented with N > 10 in the resequenced N. fetrasperma
samples (Supplemental Table S2): lineage 5, lineage 8, and lineage
10. See Supplemental Figure S3 for the frequency spectra of neutral
SNPs in the R and SR regions of the genomes. For these three lin-
eages, the mean Kst (Hudson et al. 1992) over nine noncoding
nuclear loci ranges from 0.10 to 0.37 (Corcoran et al. 2014).
When comparing the frequency distribution of SNPs and
intron polymorphisms, we found that intron losses were signifi-
cantly skewed toward high frequencies, as compared to neutral
SNPs, in all three lineages (Wilcoxon-Mann-Whitney test, P <
0.01), while for gained introns, the frequencies were not skewed
(P> 0.2) (Fig. 7). To investigate if the pattern was affected by the
fixation of gained introns in separate lineages, we included in-
formation from intron gains and SNPs that are polymorphic in
N. tetrasperma but fixed in separate lineages. In lineages 5 and 10,
we found a higher proportion of fixed gained introns than fixed
neutral SNPs (Supplemental Fig. S4), but in none of the three line-
ages were these distributions significantly different (P > 0.1).
When merging data from all samples of N. tetrasperma (Supple-
mental Table S2), both the derived gained and lost introns were
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Figure 5. GC content for the nuclear genome, the mitochondrial ge-
nome, all pooled coding sequences (CDS), and for conserved, gained,
and lost introns, from left to right. Standard error is plotted on each bar.
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Examples illustrating intron polymorphic data in N. tetrasperma populations. Phylogenetic tree for N. tetrasperma populations is presented in

the left panel, and branches for different lineages are shown with different colors. Six intron polymorphisms are chosen to represent (A) intron gain with
low frequency, (B) intron gain within lineages, (C) intron gain with high frequency, (D) intron loss with low frequency, (E) intron loss within lineages, and
(P intron loss with high frequency. For each intron data set, the first column indicates intron present (red) or absent (white), and the second to fifth
columns indicate intron position (magenta), intron GC content (blue), intron length (green), and intron phase (yellow). Gray indicates data missing.

statistically significantly skewed toward higher frequencies as
compared to the derived neutral SNPs (given as mean *+ standard
error: gained introns 53.8 * 11.7%, lost introns 64.9 = 9.0%, SNPs
23.2 = 0.1%; P < 0.016), while no difference was found between
the frequency distributions of gained and lost introns (P = 0.78)
(Supplemental Fig. S5). To investigate if recombination affects se-
lection of derived introns, we conducted frequency spectrum
analyses separately for the R and SR regions in N. tetrasperma
(Supplemental Fig. S6): Intron losses were significantly skewed
toward higher frequencies as compared to neutral SNPs in both
R and SR regions; however, intron gains were only significantly
skewed in the R region (P < 0.05; R region, gained intron 62.0 *
12.5%, lost intron 66.5.0 = 9.9%, SNPs 26.3 = 0.1%; SR region,
gained intron 38.9 * 21.3%, lost intron 58.0 = 23.3%, SNPs 14.4 =
0.2%) (Supplemental Fig. S6). Finally, we excluded the possibility

that the analysis of intron gains was affected by a putative sample
bias toward gains of high frequency (resulting from the fact that we
did not call gains de novo in the population data set and thus are
restricted to gains found in at least one of the two N. tetrasperma
well-annotated genomes) by verifying the results for the gains out-
lined above using SNPs with the same sample bias (data not shown).

Intron frequency and genetic parameters

To test if the frequency of derived intron gains and losses in
N. tetrasperma populations is associated with genomic parameters,
such as the intron position in the gene, intron length, and GC
content, we conducted bivariate and partial correlation tests using
the 14 derived gained and 26 derived lost intron sites (Fig. 8). In
these tests we found a negative, albeit not significant, correlation
between gained intron frequency and intron position (Spearman
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test, r = —0.19, P = 0.26; r = —0.23, P = 0.48) (Fig. 8) and a positive
correlation between the frequency of lost introns and intron po-
sition (a correlation that was significant in the bivariate but not in
the partial correlation test: r = 0.38, P = 0.03; r = 0.23, P = 0.27)
(Fig. 8). This result indicates that intron losses in the 5’ end of
a gene are less likely to go to fixation than intron losses in the 3’
end. In contrast to intron position, intron length did not show any
correlation with intron frequency (r=—-0.17,1=0.04; r=-0.03, r=
0.02; P > 0.56) (Fig. 8), indicating that intron length is not an
important factor shaping the intron gain or loss. The GC content
is not correlated with the frequency of gained introns (r = —0.04,
P =0.88; r=-0.06, P =0.85) but shows a significant positive cor-
relation with lost intron frequency (r=0.43, P=0.03;r=0.42, P =
0.04), indicating introns with high GC content are more likely to
be lost in N. tetrasperma populations (Fig. 8).

Furthermore, to test if intron frequency is associated with
intron phase, we conducted a x* test with the gained and lost

introns. We found no correlation between intron phase and
intron frequency distribution (P > 0.3), suggesting intron phase
is not a driving factor shaping intron turnover in N. tetrasperma
populations.

Sequence analyses of gained introns

Recently gained introns are expected to show reduced nucleotide
diversity within populations when compared to older introns, due
to the shorter time available to accumulate mutations. Addition-
ally, introns gained in a species that have recently increased in
frequency due to a selective sweep, as opposed to genetic drift, are
expected to show reduced nucleotide diversity and an excess of low
frequency variants compared to the genomic background of in-
trons conserved between species. We did not find a pattern of
lower nucleotide diversity in the gained introns in N. tetrasperma in
comparison to introns shared by all strains (Supplemental Fig. S7),
suggesting that the gained introns are not of recent origin. Fur-
thermore, we found no evidence supporting a recent history of
selective sweep on the gained introns in N. tetrasperma, with the
gained introns not showing more negative Tajima'’s D values when
compared with conserved introns of similar size in the genome
(data not shown).

Discussion

Moderate intron gain and high intron loss rate in Neurospora

Our results provide novel insights into intron evolution in eukary-
otes, and particularly for the fungal group Ascomycota. First, we
report an exceptionally high rate of intron loss in Neurospora (7.53-
13.76 x 107'° per intron sites per year). This rate is more than
70-fold higher than in the fungal clade Cryptococcus (0.1 X 1071°)
(Sharpton et al. 2008) and close to the highest levels reported to date
in Saccharomyces pombe (1.3-2.0 X 10~°) and Caenorhabditis elegans
(1.6-2.2 X 107%) (The C. elegans Sequencing Consortium 1998;
Wood et al. 2002; Roy and Gilbert 2005; Carmel et al. 2007). The
intron gain rate in Neurospora (5.78-6.89 x 10~ '3 per nucleotide site
per year) is in a similar range to certain eukaryotes, such as Drosophila
melanogaster (0.7.0-0.9 X 10’12),An0pheles gambiae (0.8.0-0.9 x 10712
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Figure 8. Bivariate and partial correlation test between intron pop-
ulation frequency and intron position, length, and GC content for gained
and lost introns. The correlation coefficient and P-value are listed below
each category. Tests with statistically significant results are marked with
stars.
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and S. pombe (0.6.0-0.8 X 10~'%) (Roy and Gilbert 2005). It is lower
than C. elegans (3.4-4.8 x 1071?), Arabidopsis thaliana (2.2-2.9 X
107'?) (Roy and Gilbert 2005), and Daphnia (1.2 X 10~'") (Li et al.
2009), but much higher than the human, mouse, and dog lineages,
which have no evidence for intron gains within the last 80 million
years (Roy et al. 2003; Coulombe-Huntington and Majewski
2007a).

Overall, we conclude that Neurospora exhibits a high intron
loss rate and a moderate gain rate as compared to other eukaryotes.
The derived intron gains and losses are skewed to a high frequency,
relative to neutral SNPs, in populations of N. tetrasperma (Fig. 7;
Supplemental Figs. S4-S6), suggesting that positive selection is
involved in maintaining a high intron turnover. This pattern is
particularly clear for intron losses, while we found only weak
support for selection acting on intron gains. Furthermore, the lack
of evidence for lower genetic variation within the gained introns in
N. tetrasperma in comparison to conserved introns (Supplemental
Fig. S7) indicates that the gained introns are not of recent origin.
Thus, our data do not support a history of selective sweeps driving
the increase in frequency of the gained introns in N. tetrasperma.
This finding is in contrast to the recent report of positive selection
and genetic hitchhiking driving the rapid gain of introns in the
pathogenic fungus Zymoseptoria tritici (Brunner et al. 2014).

Based on our present results and previous studies of ascomy-
cetes (Carmel et al. 2007), we propose that the high intron loss rate
has been maintained throughout the evolutionary history of the
Ascomycota, including the recently diverged branches, such as
Neurospora. For intron gains, we hypothesize that the ancestor of
Ascomycota experienced a burst of intron gains, but the high in-
tron gain rate was not maintained over evolutionary time and
therefore is not found in recently diverged branches. This concept
is consistent with the punctuated intron gain model, which sug-
gests the dynamics of intron turnover are mainly dominated by
losses, with a few episodes of major gains (Carmel et al. 2007;
Csuros et al. 2011; Rogozin et al. 2012; Roy and Irimia 2012).

Factors underlying positional biases for intron gains and losses
in Neurospora

Our data indicate that, in Neurospora, the 5’ positional biased in-
tron distribution is influenced by multiple factors, including mu-
tational bias and selection. For intron gains, our data suggest that
NHE] is involved as a mechanism, but this process is unlikely to
be biased by position in the gene. Nevertheless, our data suggest
a possible link between the intron gain rate and gene position;
although not statistically significant, we found an elevated intron
gain rate at the 5’ end of genes in N. crassa and N. tetrasperma
(Figs. 3, 8) in both species-level and population-level analyses. Fur-
thermore, in our merged population data set, we found that the
intron gains are skewed toward high frequencies as compared to
neutral SNPs (Supplemental Fig. S5), and the frequency is negatively
correlated (—0.19/—0.23) with intron position within a gene (Fig. 8),
suggesting that the 5’ biased intron gains are favored by natural
selection in Neurospora population. This finding is in accordance
with previous studies indicating that introns located in the 5’ end of
the gene have many important functions. For example, U12 introns
are associated with speed of splicing and are concentrated in the 5’
end of the genes in animals and plants, and in Drosophila, the 5’
introns harbor abundant cis-regulatory elements (Marais et al. 2005;
Basu et al. 2008). Thus, it is reasonable to hypothesize that an intron
gain in the 5’ end of a gene might be driven to fixation by being
advantageous for transcription and gene regulation.

In contrast to the pattern of a 5’ gain rate in Neurospora, trends
observed in our data suggest an internal-biased intron loss pattern
in interspecific comparison (Fig. 3), which has also been found in
several other fungal species (Nielsen et al. 2004; Zhang et al. 2010),
and a 3’ biased pattern for intron losses in intraspecific compari-
sons (Fig. 8). We propose that this specific intron-loss pattern is
mainly shaped by two factors: mutational bias from RT-mRNA and
selection. Specifically, we found RT-mRNA to be a potential
mechanism for intron loss in Neurospora. The classic RT-mRNA
model predicts a 3’ biased intron loss pattern by this mechanism,
due to premature termination in the reverse transcription process
(Mourier and Jeffares 2003), and the modified RT-mRNA model
suggests internally biased intron losses, due to a high re-
combination rate in the middle of gene during the reverse tran-
scription process (Zhang et al. 2010). Thus, a mutational bias for
RT-mRNA is expected to shape the internal or 3’ biased intron loss
pattern, as we found indicated in this study (Figs. 3, 8). Moreover,
our data suggest that selection may be driving 3’ losses of introns;
in our population level analyses, we found that derived intron
losses are significantly skewed toward a high frequency as com-
pared to neutral SNPs (Fig. 7; Supplemental Figs. S$4-S6), and the
frequency is significantly positively correlated with intron posi-
tion (Fig. 8), suggesting selection increases the intron loss variants
in the 3’ end of a gene. It has been suggested that most introns
have a small transcriptional and mutational cost to their host
genes (Jackson et al. 2000; Lynch 2002), and selection is strong
enough to drive intron loss-variants to high frequency in species
with large effective population size (N, ~ 10°-10%) but not for
species with a small effective population size (N, ~ 10*-10°)
(Lynch and Conery 2003; Charlesworth 2009; Rogozin et al. 2012).
The N, for N. crassa is ~10° (Ellison et al. 2011a), which is one or
two orders of magnitude higher than many vertebrates (Lynch and
Conery 2003), and thus we find it reasonable to argue that selec-
tion is involved in shaping the intron loss pattern in Neurospora.

Taken together, these findings lead us to hypothesize that the
5’ biased intron gains and internal/3’ biased intron losses have
resulted in the accumulation of introns in the 5’ end of genes in
the long term, as shown in Figure 3A.

The role of intron length, phase, and GC content for intron
turnover

Our analyses of introns in Neurospora have illuminated the asso-
ciation between intron turnover and intron length, intron phase,
and GC content. First, the data from this study indicate that intron
length is not a major factor determining intron dynamics in Neu-
rospora (Figs. 4, 8), which is in contrast to other studies (of humans
and Drosophila) in which selection is involved in shaping intron
length distribution (Coulombe-Huntington and Majewski 2007b;
Wang and Yu 2011; Leushkin et al. 2013). Furthermore, as for the
majority of other organisms that have been analyzed to date
(Denoeud et al. 2010; Rogozin et al. 2012), we found a strong phase
0 bias of intron position in Neurospora. Introns in phase 1 and 2 are
suggested be of negative influence on organism fitness, as com-
pared to phase O introns, due to intron sliding and false splicing,
and are thus less likely to go to fixation within a population (Li et al.
2009). For the intron phase O bias, two alternative hypotheses exist:
the “intron-early hypothesis” suggests the pattern of excess phase
0 introns were inherited from prokaryotic ancestors, whereas the
“intron-late hypothesis” suggests phase O introns continuously
emerged throughout eukaryotic evolution (Gilbert 1987; Logsdon
1998). By showing ongoing fixation of phase O introns in a recently
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diverged eukaryotic branch Neurospora (Supplemental Table S1),
our results support the intron-late hypothesis.

Until now, the relationship between base composition and
intron turnover has not been investigated thoroughly in micro-
organisms. It has been reported that in human populations, se-
lection favors high GC content for short introns and low GC
content for long introns (Wang and Yu 2011). The study of 11
representative eukaryotic species suggested that differential exon-
intron GC content is favored by selection, as it “marks” the exon
region from the intron and facilitates spliceosomal recognition
(Amit et al. 2012). In this study, we found a statistically significant
positive correlation between intron GC content and intron loss
frequency (Fig. 8), suggesting that selection favors removal of high
GC introns in N. tetrasperma populations. Previously, it was found
that codon usage in Neurospora is under weak selection, and pre-
ferred codons are more likely to end with either G or C (Whittle
et al. 2011b). Thus, we propose that the pattern observed in Figure
5, i.e., a significantly lower GC content for introns as compared to
surrounding CDS in Neurospora, is shaped both by selection for
enhanced GC content in CDS regions and selection for reduced
GC content in introns. We speculate that the pattern of differential
GC content in CDS and introns could resemble the splicing signal
recognition system in mammals.

Mechanisms for intron gain and loss in Neurospora

Many theories and empirical studies have been put forth with re-
spect to intron gain mechanisms (Yenerall and Zhou 2012), and
it appears certain organisms invoke more than one process
(Denoeud et al. 2010; Torriani et al. 2011; Yenerall et al. 2011; Roy
and Irimia 2012; Collemare et al. 2013). Similarly, our results in-
dicate that intron gains in Neurospora are mediated by several
mechanisms: mainly by NHE], and likely also by tandem genomic
duplication. In contrast, intron losses in N. tetrasperma appear to be
medicated by a single process, RI-mRNA, as has been reported for
various eukaryotes (Derr and Strathern 1993; Coulombe-Huntington
and Majewski 2007b; Sharpton et al. 2008; Zhang et al. 2010; Yenerall
et al. 2011), but other causes cannot be fully excluded (e.g., Douglas
et al. 2001; Katinka et al. 2001; Mourier and Jeffares 2003).

Conclusions

In this study, we used publicly available Neurospora genomic data,
combined with 92 resequenced N. tetrasperma genomes, to study
intron evolution in the genus. By the interspecific analyses, we
were able to contribute to our understanding of the mechanisms
causing gains and losses of introns in this model system of
filamentous fungi. Furthermore, even though the numbers of
polymorphic gains and losses were small in the investigated pop-
ulations of N. tetrasperma, and thereby our analyses are influenced
by chance alone, we were in this study able to use population-level
analyses to shed light on the evolutionary dynamics of these
ubiquitous features of the eukaryote genomes. Specifically, our
data indicate that positive selection and mutational bias for intron
gain and loss variants are important factors driving a high intron
turnover. In addition, the data indicated that selection is involved
in shaping the 5’ bias in intron position; thus we propose that
selection could explain similar biases reported in many unicellular
and fungal systems. Furthermore, we showed that intron fre-
quency distributions are associated with genetic parameters, such
as intron GC content, in N. fetrasperma populations. Overall, this
study is pioneering in showing the importance of natural selection

and mutational bias in shaping intron evolution in natural
populations. Future population level intron studies in other eu-
karyotes species will be needed to understand the generality of
our findings.

Methods

Genome sequences and annotation of four well-annotated
Neurospora genomes

The genomic DNA sequence, amino acid sequence, coding se-
quence (CDS), and whole genome annotation files were acquired
from publicly available data sets, as N. crassa (FGSC 2489, mating
type A, finished v 10.0) from the Broad Institute (http://www.
broadinstitute.org/), N. discreta (FGSC 8579, mating type A, v 1.0),
and N. tetrasperma (FGSC 2508, mating type A, v 2.0; FGSC 2509,
mating type a, v 1.0) from the DOE Joint Genome Institute (JGI)
(http://genome.jgi-psf.org/). All of these genomes originate from
haploid and homokaryotic tissue. Gene prediction and annotation
of the genomes are based on sophisticated bioinformatics model-
ing and experimental EST-data, completed in previous studies
(Galagan et al. 2003; Ellison et al. 2011b).

Resequencing, assembly, and analyses of 92 Neurospora
tetrasperma genomes

The 92 strains of N. tetrasperma used for genome resequencing are
presented in Supplemental Table S2. The strains are haploid and
homokaryotic and were obtained from the Fungal Genetics Stock
Center (FGSC), University of Missouri, Kansas City, KS. Genomic
DNA was extracted from myecelial tissue using the Easy-DNA kit
(Invitrogen). Illumina 500-bp paired-end libraries were prepared
from each sample at BGI, and each sample was sequenced using
[llumina HiSeq 2000, producing paired-end reads of 90 bp in length.
The filtered reads for each strain were mapped to the N. tetrasperma
2509 reference genome using BWA (v 0.6.1) (Li and Durbin
2009), and de novo assemblies of all strains were done by
SOAPdenovo (version 1.05) (Li et al. 2010). For detailed in-
formation on filtering, assembly, and SNP calling, see Supple-
mental Methods.

The phylogenetic relationship of the 92 resequenced
N. tetrasperma strains was inferred from variable SNP sites from
the autosomes (i.e., all chromosomes but the mating-type chro-
mosome), by using RAXML v 7.3.1 (-m GRTCAT -f d -N 20)
(Stamatakis 2006).

Identification of orthologous genes and introns, and estimation
of the intron gain and loss rates, in the Neurospora genomes

We used the method outlined previously (Corcoran et al. 2014) to
detect orthologs between N. crassa and each of the other three
well-annotated genomes. Our method to identify introns in
these genes followed the basic principle of Nielsen et al. (2004):
The amino acid sequences for the orthologs were aligned by
MAFFT (v 6.717b) with option LINSI (Katoh et al. 2002). To ex-
clude the introns associated with annotation error and poorly
aligned regions from the analyses, we filtered out introns that (1)
were close (= 5 amino acids) to any of the alignment borders, (2)
were immediately adjacent to alignment gaps, and (3) had < 50%
sequence identity in the 10-amino acid residues on both sides of
the intron.

The intron gain and loss rates over time in the N. crassa and
N. tetrasperma lineages were calculated as in Roy and Gilbert
(2005) and Lynch (2007). For detailed information on rate calcu-
lations and statistical tests, see Supplemental Methods.
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Population level analyses of introns

With the aim to identify the presence/absence of the introns at
each site identified by the four well-annotated genomes in the 92
de novo assembled N. tetrasperma genomes (Supplemental Table
$2), we used a sequence alignment-based method. First, the two
exon-sequences spanning each filtered intron identified as above
were extracted from the annotated N. tetrasperma a genome, and
searched for in each of the 92 N. tetrasperma genomes by LASTZ
(Harris 2007). If the two exons hit on the same contig in a rese-
quenced genome, and the distance between the two exons was
equal or longer than 30 bp, we scored it as an intron presence in the
corresponding genome. If the two exons hit on the same contig at
a distance shorter than 30 bp, we scored it as an intron absence. For
each gained intron polymorphism, the intron sequences was
aligned by MAFFT with option LINSI (Katoh et al. 2002), and the
alignment quality was inspected manually to confirm that the
gained sequences are homologous and not the result of parallel
gains of introns at the same location. See the example of an align-
ment of an intron of gene NCU02858 in Supplemental Figure S8.

To test whether the gained introns were young and have been
the subject of a recent selective sweep, we compared the nucleotide
diversity and Tajima’s D statistic (Tajima 1989) for each gained intron
(fixed or polymorphic-excluding singletons) in N. tetrasperma versus
all conserved introns of a similar size (10 bp) in the genome, both
within lineages (L5, L8, and L10) and over all N. tetrasperma strains.
Any gained intron that had a nucleotide diversity and Tajima’s D <
95% of the conserved introns of similar size was considered as an
intron that may have undergone a selective sweep.

Data access

The reads for the resequenced strains of Neurospora tetrasperma
generated in this study have been submitted to the NCBI Sequence
Read Archive (SRA; http://www.ncbi.nlm.nih.gov/sra) under ac-
cession numbers SRP040006 and SRP040007.
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