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Introns are a defining feature of eukaryotic genomes, though the mechanism of intron gain or loss is not well
understood. Reverse transcription of mRNA followed by homologous recombination with the genome has been
posited as a mechanism of intron loss, though little direct evidence of recent loss events has been described to
support this model. We find supporting evidence for an mRNA-mediated mechanism of loss through compar-
ative genome analyses that revealed a recent loss of 10 adjacent introns in a 22-exon gene in the human-
pathogenic fungus Cryptococcus neoformans. We surveyed the gene structures of the entire genomes of Crypto-
coccus gattii, which diverged from the C. neoformans lineage 37 million years ago (Mya), and C. neoformans var.
grubii and var. neoformans, which diverged 18 Mya. Our comparison revealed greater than 99.9% intron
conservation, with evidence from 20 genes showing evidence of intron loss, but no convincing evidence of intron
gain. Our findings confirm that Cryptococcus introns have been quite stable over recent evolutionary time, with

occasional mRNA-mediated intron loss events.

The mechanism and implications of change in the exon-
intron structure of genes are a poorly understood aspect of
genome evolution. Recent work on intron gain, loss, and con-
servation in metazoan, plant, and fungal lineages has shown
that gene structure is a slowly evolving phylogenetic character,
but that work has been unable to identify specific recent events
due to the deep evolutionary distances compared and is unable
to address the mechanism of intron loss (23, 29-31). Loss and
gain of group I rRNA gene introns has been explored (2, 13)
but appears to be distinctly different from the process of intron
loss and gain in protein-coding genes (21) because of the highly
repetitive nature of rRNA genes.

While loss of a single intron can occur by deletion of
genomic DNA (19), simultaneous precise loss of multiple ad-
jacent introns is suggestive of a mechanism involving a spliced
RNA intermediate. Homologous recombination of a reverse-
transcribed transcript has been previously proposed as a model
of intron loss (3, 11, 15, 22-24), but whether this occurs
through direct recombination of the transcript with the locus
or through integration of a transcript into the genome to form
a pseudogene (7) followed by gene conversion (10) has not
been established.

In addition to intron loss, several molecular mechanisms for
intron gain have been proposed. These mechanisms include
transposition of introns (4, 21), transposon insertions that mu-
tate to become introns (4), and tandem duplication of se-
quences where one copy mutates to become an intron (5, 21).
These proposed mechanisms share one trait in common, in
that they require a newly acquired intron to be a copy of
another sequence in the genome. Thus, new introns created by
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one of the mechanisms should be identifiable through the
presence of homologous sequences in the genome until suffi-
cient sequence divergence has occurred.

We sought to identify examples of recent changes in gene
structure to uncover the signatures of the molecular process of
intron gain or loss. Comparing entire genome sequences of
closely related species provided an opportunity to search for
genes whose exon-intron structure had changed. For closely
related species a signature of the molecular mechanism of
intron loss or gain should be identifiable, since insufficient time
will have passed to obscure the signals through accumulation
of random mutations.

Cryptococcus neoformans is a generally haploid, single-celled
basidiomycete fungus with an intron-rich genome (an average
of five introns per protein-coding gene) (20). The fungus is an
opportunistic human pathogen with three varieties (17) caus-
ing cryptococcosis: Cryptococcus gattii has been shown to infect
immunocompetent hosts (14), and C. neoformans var. neofor-
mans and var. grubii are more commonly found in immuno-
compromised hosts (26). The C. gattii and C. neoformans an-
cestor diverged approximately 37 million years ago (Mya),
while C. neoformans var. grubii and var. neoformans diverged
18.5 Mya (36). The genomes of two C. gattii strains, one C.
neoformans var. neoformans strain, and one C. neoformans var.
grubii strain were recently sequenced, providing a data set to
identify recent intron loss and gain (20; http://cneo.genetics
.duke.edu/, http://www.broad.mit.edu/, and http:/www.bcgsc.ca).

MATERIALS AND METHODS

Genome annotation and analysis. Genome annotation of the C. neoformans
var. grubii and C. gattii genomes was performed with an automated pipeline using
a combination of ab initio and evidence-based gene prediction methods incor-
porating cDNA, protein, and fungal genome sequence data into composite gene
predictions, utilizing the GLEAN tool (A. J. Mackey, Q. Liu, F. C. N. Pereira,
and D. S. Roos, unpublished data). All the generated gene predictions can be
downloaded from our public web server for fungal genome annotation, including a
genome browser for visualizing the annotation (33; http:/fungal.genome.duke.edu).
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FIG. 1. A. Phylogenetic tree based on average synonymous site differences for 5,298 orthologous loci across the four Cryptococcus genomes,
C. neoformans var. neoformans (strain JEC21, serotype D), C. neoformans var. grubii (strain H99, serotype B), and two strains of Cryptococcus gattii
(strains WM276 and R265, serotypes B and B/C). B. Schematic of the locus CNI01550 exon-intron structure of the orthologous locus in C.
neoformans var. neoformans, C. gattii, and C. neoformans var. grubii. As indicated by open boxes, exons 9 to 19 of C. neoformans var. grubii
correspond to introns 9 through 19 in the other three strains. Exons and introns are drawn to scale, except where indicated by a dashed line. PCR
primers are shown as arrows above the exon boxes. C. Agarose gel showing PCR products amplified across exons 9 to 19. Lanes are in the following
order: DNA ladder I (Gene Choice, Frederick, Md.); C. neoformans var. neoformans (JEC21; size, ~2.0 kb); C. gattii strains (WM276 and R265;
size, ~2.0 kb); C. neoformans var. grubii strains (H99, 2462, 35-23, BT-100, BT-63, and BT-157; size ~1.5 kb).

A more thorough description of the genome annotation protocol is in prepa-
ration.

The C. neoformans var. grubii strain H99 genome sequence was obtained from
the Broad Institute and Center for Genome Technology at Duke University
(Duke assembly dated October 2004; available from the fungal genome website).
The C. gattii strain R265 sequence (assembly dated January 2005) was obtained
from the Broad Institute website. The C. gattii strain WM276 was obtained from
the BC Genome sequencing center (assembly dated March 2004). The annotated C.
neoformans var. neoformans strain JEC21 genome was obtained from GenBank
(accession numbers AE017341.1 to AE017353.1 and AE017356.1).

The algorithm for identifying and evaluating intron positions was implemented
in the Perl language utilizing the BioPerl tool kit (version 1.5.1) (32). Ortholo-
gous genes for species pairs among the four genomes were identified via best
reciprocal hits of protein sequences using FASTP (version 3.4t25). We identified
four-way orthologous genes by creating single-linkage clusters from the pairwise
orthologs and identifying clusters with exactly one member from each genome.
These four-way orthologous proteins were aligned with MUSCLE (version 3.6)
(9, 25), and introns were inserted back into the alignment. Alignment columns
containing an intron were classified by the number of species that shared the
intron, allowing the inspection of patterns of intron conservation or acquisition.
Intron columns in the alignment were only considered if there were no gaps in
three adjacent columns on either side of the intron in the protein alignment and
if the six-column region had an average percent identity of 90% or higher at the
protein sequence level. The 90% cutoff was based on a manual investigation of
the alignments to minimize false positives. There were 33,494 total intron posi-
tions across the 5,298 orthologous alignments, and 18,731 positions from 4,690
loci met the filtered requirement of no gaps and 90% or better average sequence
identity. Functional annotation of the genes was obtained through the EBI
InterProScan SOAP service (27).

The average identity of the orthologous introns was computed by identifying
orthologous introns which fall into the same column of the protein alignment and
aligning the intron sequence with ClustalW (version 1.83) (35) and computing
the overall identity with the alistat application (SQUID package [http://selab
wustl.edu/cgi-bin/selab.pl?mode = software#squid]). The R package (version
2.2.0) was used for summary statistics of the sequence alignments (28).

Genomic PCR. Genomic PCR was performed with Ex Taq polymerase
(Takara, Madison, Wis.) and the primers forward (5'-CAA GGT CAG AGA
GTT GAC TG-3') and reverse (5'-ATA TGC GCT TGG AGC AGG AT-3")
located in exons 9 and 20 of CNI01550 flanking the region of intron loss to
produce a 2,116- or 2,124-bp (intron-containing) or 1,574-bp (intron missing)

product. The PCR routine consisted of 95°C for 5 min followed by 35 rounds of
30 s at 95°C, 30 s at 55°C, and 2 min at 72°C and finished with 10 min at
72°C. J. A. Fraser, J. Heitman, A. P. Litvintseva, and T. G. Mitchell generously
provided strains.

RESULTS

Evidence for intron loss. Using predicted protein se-
quences of the four genomes, we identified 5,298 ortholo-
gous genes among the four genomes of C. neoformans and
C. gattii strains. Based on four-way coding sequence align-
ments of the orthologous loci, we estimated an average
synonymous substitution rate (K;) between C. gattii and C.
neoformans of 0.35 substitutions per site and, between C.
neoformans var. neoformans and C. neoformans var. grubii,
an average K, of 0.22 (Fig. 1A), which is roughly equivalent
to the divergence of mouse and rat (12).

We aligned the predicted protein sequences of the ortholo-
gous genes and mapped the introns into the alignment to study
how introns were conserved among these species. Intron posi-
tions were classified by observing the alignment column where
an intron occurred and identifying how many species shared an
intron in the same position. The comparison revealed that
between C. neoformans and C. grubii, 99% of intron positions
are conserved and the sequences of these introns have a mean
82% sequence identity, while the mean coding sequence iden-
tity is 90%. Within these conserved genes only 80 intron posi-
tions in 46 loci differed by presence in at least one of the
sequences out of 18,731 filtered intron positions and 4,690 loci
considered.

In particular, two loci had loss of more than three consecu-
tive introns in one lineage. CNI01550, a putative RNA heli-
case, and CNN02320/FKS1, a 1,3-beta-glucan synthase, show
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FIG. 2. Annotation for genes in the Cryptococcus genomes, showing changes in intron-exon structure. These changes have been confirmed by
evaluating genomic sequence alignments. Open boxes indicate portions of the gene where exon-intron structure differs. A. CNN02320/FKS1 locus,
a 1,3-beta-glucan synthase, showing changes in four introns between exons 3 and 7 in C. neoformans var. grubii. B. CNA(01350 locus, a PRPS
homolog and putative splicing factor, showing changes in two introns after exons 4 and 5 in C. neoformans var. grubii strain H99. C. CNG04610,
a putative ubiquitin-protein ligase, showing changes in exon 5 of C. neoformans var. neoformans strain JEC21. The first two introns are not shown.

evidence of deletion of 10 and 4 introns, respectively, in C.
neoformans var. grubii. We examined the CNI01550 locus and
the surrounding genes and found that these 10 consecutive
introns were lost precisely at the intron splice sites (Fig. 1B; see
also Fig. S1 in the supplemental material). CNI01550 genes are
orthologous based on synteny and sequence similarity, and no
homologous copy of the locus was detected in a similarity
search of any of the Cryptococcus genomes.

To confirm the missing introns in the genomic sequences
among the population of C. neoformans var. grubii individuals,
we used PCR to amplify this locus (Fig. 1C) in six strains of C.
neoformans var. grubii (H99, 2462, 35-23, BT-100, BT-63, and
BT-157) that have been shown to be members of three distinct
population clades (18). In addition, we amplified the ortholo-
gous region from the C. neoformans var. neoformans strain
JEC21 and two C. gattii strains, R265 and WM276. The
intronless form was only seen in the C. neoformans var.
grubii strains and was not present in any other Cryptococcus
strains sampled. Additional examples of intron loss in a
single lineage include the loss of four introns as previously
reported (18, 34) in CNN02320/FKS1 (Fig. 2A) and loss of
two introns from a PRPS homolog and putative splicing
factor, CNA01350 (Fig. 2B).

Putative intron gains. We did not observe strong evidence of
intron gain in any of the loci surveyed. We inferred gain by two
criteria, namely that the intron position was unique in one of
the species and that this intron position was not seen in any
other fungi. However, we identified two loci that are possible
cases of intron gain. One case is the fifth intron in CNG04610
(Fig. 2C), a putative ubiquitin-protein ligase, where the intron
is found only in C. neoformans var. neoformans. An alignment
of this locus to orthologs in other available fungal sequences
reveals this intron position is not shared with any other ho-

molog. Similarly, in the gene CNK02730, a putative galactose
transporter, introns 5 through 10 in JEC21 are missing in C.
gattii while intron 6 is only present in C. neoformans var. grubii
(see the alignment in Fig. S1 in the supplemental material).
This circumstance could be the result of an intron insertion in
the C. neoformans var. grubii lineage or parallel loss in the C.
neoformans var. neoformans and C. gattii lineages.

As models for intron gain generally assume duplication of an
existing sequence, we examined alignments of introns between
the four sequenced Cryptococcus strains. The mean percent
identity was 82% (standard deviation, 6.2%) for orthologous
introns shared in all four species, while the mean percent
identity was 90% (standard deviation, 4.7%) for the ortholo-
gous coding regions. This high similarity indicates that introns
can be recognized by sequence similarity alone, and it should
be possible to identify the source of newly generated introns
between these closely related varieties. A search of all introns
for significantly similar sequences within the genome did not
identify any clear examples of intron duplication. In addition,
the introns identified as putatively gained had no significant
sequence similarity to any regions in the host genome or in the
genomes of any of the Cryptococcus species.

DISCUSSION

The change of exon-intron structure occurred after the di-
vergence of C. neoformans var. grubii and C. neoformans var.
neoformans, as confirmed by comparison of all three Crypto-
coccus genomes (Fig. 1A). The recent divergence of these
strains suggests that the introns were lost from CNI01550 over
a short period of time or, more likely, all at once. Considering
that intron loss is a rare event—Iless than 1% of the loci (46 out
of 4,690) surveyed had evidence of intron-exon structure
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change in the four-way comparison—it is highly unlikely that
independent losses of 10 adjacent introns through a DNA
deletion mechanism would occur. The deletions are precise
excisions of the intron sequences as seen in the alignment of
the genomic DNA (see Fig. S1 in the supplemental material).
These introns are of the typical length found in C. neoformans
(51 to 64 bp) and appear to have canonical GT-AG splice sites;
furthermore, the genes observed to have intron loss events do
not fall into a single type of functional pathway or gene ontol-
ogy category. The sequence identity of CNI01550 between the
strains is highly similar (96% DNA sequence identity between
C. neoformans var. neoformans and C. neoformans var. grubii),
as is typical of orthologs in these strains, indicating that neither
copy is a result of a recent horizontal transfer event from a
more distant species. There is no evidence of a paralogous
copy in any of these genomes, ruling out intron loss through
gene conversion with a second copy. The deletion of consecu-
tive introns suggests that the loss event involved a spliced
mRNA intermediate, and this is consistent with homologous
recombination of a reverse-transcribed transcript into the lo-
cus. While reverse transcriptase activity has not been directly
shown, cDNA sequencing from C. neoformans (16, 20) con-
firms that transcripts from putative reverse transcriptase-con-
taining loci are expressed (e.g., accession no. CF679825). For
CNI01550, the eight 5'-most introns and three 3’-most introns
and are still present in the C. neoformans var. grubii lineage,
indicating an event involving the central portion of the spliced
mRNA. This is consistent with the observed intron loss among
euascomycete fungi that lacked a 3’ loss bias (23). Previous
work has demonstrated that reverse-transcribed mRNA can
serve as a template for gene conversion of an artificial con-
struct in Saccharomyces cerevisiae (6). This example from C.
neoformans appears to be an unambiguous example of intron
loss in a fungus driven by a spliced mRNA intermediate.

While CNI01550 and CNN02320/FKS1 showed unambigu-
ous evidence of intron loss, no definitive examples of intron
gain were identified. The apparent intron gain in CNG04610
could also be explained by two independent loss events in the
C. gattii and C. neoformans var. grubii lineages. That the addi-
tional intron seen in C. neoformans var. neoformans has no
significant sequence similarity elsewhere in the genome of
JEC21 or the other Cryptococcus genomes suggests that this
intron could not have been gained by a mechanism copying the
intron, such as intron transposition.

The intron composition of the Cryptococcus genome appears
to be quite stable. Assuming all differences in introns are due
to loss, a constant rate of loss of 0.4% of introns over 18 million
years implies an intron half-life of 3 billion years. To arrive at
the current number of approximately 33,000 introns, the com-
mon ancestor of the fungi (estimated to have emerged 800 Mya
[1, 8]) would have had approximately 40,000 introns in 5,300
genes. In contrast, the intron-poor hemiascomycete yeasts, in-
cluding Saccharomyces cerevisiae, must have experienced a sig-
nificantly higher intron loss rate in their evolutionary history.

All of the loss events observed in these Cryptococcus species
are precise splice site deletions, suggesting mRNA-mediated
intron loss not only occurs but also is the primary means of
intron loss. These findings suggest that reverse transcriptase
may have an important role in maintenance of transcript fidel-
ity. When an intron is mutated and inefficiently spliced, reverse
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transcriptase can act to purge the defective intron from the
genome. This may explain the widespread existence of reverse
transcriptase in eukaryotic genomes.
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