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Large chromosomal events such as translocations and segmental duplications enable rapid adaptation to
new environments. Here we marshal genomic, genetic, meiotic mapping, and physical evidence to demonstrate
that a chromosomal translocation and segmental duplication occurred during construction of a congenic strain
pair in the fungal human pathogen Cryptococcus neoformans. Two chromosomes underwent telomere-telomere
fusion, generating a dicentric chromosome that broke to produce a chromosomal translocation, forming two
novel chromosomes sharing a large segmental duplication. The duplication spans 62,872 identical nucleotides
and generated a second copy of 22 predicted genes, and we hypothesize that this event may have occurred
during meiosis. Gene disruption studies of one embedded gene (SMG1) corroborate that this region is
duplicated in an otherwise haploid genome. These findings resolve a genome project assembly anomaly and
illustrate an example of rapid genome evolution in a fungal genome rich in repetitive elements.

Organisms evolve by natural selection, whereby individuals
that harbor beneficial mutations are enriched in populations
and those with deleterious mutations decline. While point mu-
tations contribute, large-scale DNA transactions involving
transposition, deletion, duplication, and translocation can en-
able more global genomic changes that can engender broad
phenotypic changes. The creation of new genes through seg-
mental duplication enables considerable evolutionary poten-
tial, and this mechanism is apparently common, even in hu-
mans (1, 11). These events therefore play a unique role in
evolution by providing two copies of a gene: one to retain the
original function and a second that is free to diverge. Ohno
hypothesized that duplicated gene pairs might bear the sig-
nature of accelerated evolution in one of the two copies
(26), and this hypothesis has recently been experimentally
verified (19).

The fungi represent a unique opportunity in which entire
relatively small genomes can be analyzed for unique genomic
architectures that have punctuated their evolutionary history.
For example, in Saccharomyces cerevisiae, an ancient whole-
genome duplication event gave rise to over 60 regions of the
genome that harbor duplicated genes in a syntenic arrange-
ment (36). Comparison of the S. cerevisiae genome to related
fungi, including Ashbya gossypii and Kluveryomyces waltii, con-
firmed that S. cerevisiae and closely related sensu stricto species
derived from an ancestral organism in which the entire genome
was duplicated �100 million years ago (6, 19). Many dupli-
cated genes were subsequently lost, but others were retained
and have fostered evolution as paralogs with divergent func-
tions. Thus, whole-genome duplication can drive evolution.

In contrast, recent analysis of more distantly related fungi
revealed that more limited segmental duplications are rampant
in the genomes of many yeasts (7). For example, in response to
selective pressure, a growth-defective S. cerevisiae ribosomal
protein mutant yields faster-growing variants in which segmen-
tal duplications and translocations duplicate a conserved para-
log that restores normal growth (20). Similar variants arise in
response to selective pressures during fermentation and car-
bon source utilization (8, 17). Thus, either whole-genome du-
plication or segmental duplication can provide new genes as
raw material for evolution. Furthermore, laboratory-induced
changes in chromosome structure have been observed in Can-
dida albicans that confer resistance to fluconazole or enable
utilization of alternative metabolites (27, 30).

Although aneuploidy occurs in many fungi (3, 34), the spe-
cific mechanisms that give rise to duplications have not been
detailed in pathogenic fungi. Using two genomic sequences, a
genetic linkage map, and physical maps, we have discovered
that a region of the haploid genome of a strain of the human
pathogen Cryptococcus neoformans is segmentally duplicated.
Our evidence supports a model showing that two chromo-
somes underwent telomere-telomere fusion, generating an in-
termediate dicentric chromosome that was subsequently bro-
ken to generate a chromosomal translocation, forming two
novel chromosomes sharing a large segmental duplication.
This unusual genomic event is also made apparent by compar-
ing the two completed genomes, and it posed a formidable
assembly anomaly. Similar telomere-telomere fusions, chro-
mosome instability, and rearrangements have been described
in S. cerevisiae telomere checkpoint mutants (25) and human
cancer cells (5, 38) and even as the mechanism underlying the
formation of human chromosome 2 (10, 16, 35, 37). This pro-
cess is therefore a general mechanism of genome instability
leading to chromosomal translocations and segmental dupli-
cations with implications for virulence, speciation, and onco-
genesis. We hypothesize that this event occurred during mei-
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osis, implying that sexual reproduction may imperil the
integrity of the genome. Indeed, like for many other patho-
genic fungi (18, 21), evidence for an active sexual cycle for C.
neoformans in nature has only recently been reported (23).

MATERIALS AND METHODS

Strains and media. The reference strains used in this study were the following
serotype D strains of C. neoformans: NIH12 (MAT�), NIH433 (MATa), B3501
(MAT�), B3502 (MATa), JEC21 (MAT�), and JEC20 (MATa) (15, 22). Strains
were grown on yeast extract-peptone-dextrose medium.

Molecular techniques. Standard methods were performed as described by
Sambrook et al. (31). C. neoformans genomic DNA for Southern blot analysis
was prepared as described by Pitkin et al. (29). Electrophoretic karyotypes were
produced for all reference strains, and chromosomes were transferred from gels
onto positively charged nylon membranes as described previously (24), with the
following altered parameters: block 1, 75- to 150-s switch, 4.0 V/cm, 12°C for
40 h; and block 2, 200- to 400-s switch, 4.0 V/cm, 12°C for 60 h. These Southern
blots of electrophoretically separated chromosomes were probed with sequences
as indicated elsewhere (see Table S1 in the supplemental material). Probes for
chromoblot analysis were labeled with digoxigenin (DIG), and the hybridizations

were performed according to kit instructions supplied with the Roche DIG
Luminescent Detection System (Roche, Mannheim, Germany) (24). Probes for
genomic Southern blots were prepared with the Rediprime II Random Prime
Labeling system (Amersham Biosciences). Sequences of primers and PCR prod-
ucts generated referred to in the text are presented elsewhere (see Table S1 in
the supplemental material).

Gene disruption. The smg1::URA5 mutant allele was made by PCR overlap as
previously described (4). The left fragment was amplified with primers 130 and
132, and the right fragment was amplified with primers 184 and 136, with
genomic DNA from strain JEC21 as a template. The URA5 fragment was am-
plified with primers 131 and 185. All three PCR amplicons were combined for
the final overlap PCR with primers 130 and 136. The mutant allele was biolis-
tically transformed into strain JEC43 as described previously (33), and transfor-
mants were selected on synthetic medium lacking uracil.

Nucleotide sequence accession numbers. The novel telomeric sequences have
been submitted to GenBank under accession no. AY772393 (chromosome 8) and
AY772394 (chromosome 12). The sequences for the new telomeres, new chro-
mosome numbering, and subsequent renaming of the JEC21 open reading
frames (ORFs) have all been incorporated into the Cryptococcus neoformans var.
neoformans strain JEC21 genome sequence.

FIG. 1. A duplication in the C. neoformans genome. Compiling complementary information from the meiotic map, the JEC21 BAC scaffolds,
and the B3501A and JEC21 whole-genome sequence projects enabled the identification of a duplication in the JEC21 genome. Probing
chromoblots with genes from the JEC21 chromosome 4 assembly revealed translocated (TPS1) and duplicated (SMG1) genomic regions. CEN,
centromere.
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RESULTS AND DISCUSSION

A JEC21 genome assembly anomaly. Construction of a
C. neoformans var. neoformans congenic strain pair (JEC20
and JEC21) over a decade ago provided a robust platform
for molecular genetic studies of this important human path-
ogen (15, 22). However, during development of a meiotic
linkage map, we discovered that these strains contain a
chromosomal translocation compared to the parental iso-
lates (24). Although karyotype variability had previously
been observed in environmental isolates (28), during labo-
ratory passage (12), in the host during persistent infection
treated with long-term antifungal therapy (13), and follow-
ing meiosis (2), the underlying molecular mechanisms were
unknown. Given its prevalence, karyotypic variability may
promote survival under adverse conditions.

Following electrophoresis by contour-clamped homogenous
electric field (CHEF), Southern hybridizations of the sepa-
rated chromosomes revealed a translocation entailing the ex-
change of genetic material between chromosomes 9 (linkage
group 4) and 12 (linkage groups 14 and 18) of parental strain
B3501A (Fig. 1). This event generated novel chromosome sizes
in the congenic strains (linkage groups 14 and 18 on chromo-
some 8 and linkage group 4 on chromosome 12 of JEC21) (24).
With additional molecular and genetic analyses, we reconciled
the completed genomes of strains B3501A and JEC21, deter-
mining the molecular basis of this translocation.

The B3501A genome data set produced at the Stanford
Genome Technology Center (SGTC) revealed 14 chromo-
somes, which agreed in size with those determined by CHEF
analysis (chromosome 9 was 1.20 Mb according to CHEF anal-
ysis and 1.07 Mb according to genome analysis, and chromo-
some 12 was 0.94 Mb according to CHEF analysis and 0.89 Mb
according to genome analysis). In contrast, the JEC21 genome
sequence from The Institute for Genomic Research (TIGR)

resolved 13 chromosomes; the sequences equivalent to chro-
mosomes 9 and 12 of strain B3501A represented a single large
contig of 2.04 Mb, designated chromosome 4. Alignment of the
JEC21 and B3501A assemblies resembled a tandem fusion of
chromosomes 9 and 12 (Fig. 1). Furthermore, during annota-
tion of the JEC21 genome, each chromosome contained a
large transposon cluster thought to represent the centromere.
A single cluster is present on each chromosome except chro-
mosome 4, which bears two and would therefore be predicted
to be dicentric and unstable.

In C. neoformans, chromosomes are appended with tandem
AGGGGGTT telomeric sequence arrays (9). Analysis of the
fusion point of B3501A chromosomes 9 and 12 in the JEC21
chromosome 4 assembly revealed embedded copies of the ca-
nonical AGGGGGTT telomeric repeat on one strand. Inter-
spersed are four partial copies of the class 1 transposable
element Cnl1 (14), which is localized exclusively to subtelo-
meric regions with this cluster as the only exception in the
genome.

The possibility that this large chromosome resulted from a
misassembly in the fused telomeric region was discounted by
probing high-density bacterial artificial chromosome (BAC)
library filters, which revealed multiple clones spanning the
fusion boundary (not shown). This finding agrees with physical
maps based on BAC fingerprinting that scaffolded the se-
quence assembly (32).

Segmental duplication in a haploid genome. Superimposing
the BAC physical map contigs on the chromosome 4 assembly
revealed that JEC21 BAC contig 18 covers the entire region
representing chromosome 12 from B3501A and overlaps the
chromosome 9 portion by �240 kb. In contrast, JEC21 BAC
contig 12 corresponds to the opposite end of the chromosome
9 portion of the assembly, leaving a 116-kb gap that may
contain a spurious join (Fig. 1).

FIG. 2. Fine-mapping novel JEC21 telomeres by Southern blotting. Following restriction digestion (SnaBI or ClaI), the location of each du-
plication boundary/telomeric end was established by Southern blotting. Filled black arrows represent predicted genes, and the probe used for each ter-
minus is indicated. Small arrows represent primers used in conjunction with telomeric primer JOHE13427 to amplify the novel chromosome ends.
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Hybridizing CHEF blots with probes to opposite ends of the
large assembly (B3501A predicted ORF CNBI1520 from chro-
mosome 9 and CNBL0870 from chromosome 12) confirmed
the JEC21 chromosome 4 assembly was incorrect (Fig. 1). This
analysis revealed two smaller chromosomes corresponding in
size to chromosomes 8 and 12 that were created by the trans-
location (24). To determine the precise point of the anomaly,
probes from the BAC contig map break region were probed
with CHEF chromosome blots. One such probe, TPS1 from
B3501A chromosome 9, confirmed that a translocation was
present, as it hybridized to the same chromosome as the
B3501A chromosome 12 probe CNBI1520 rather than to the
same chromosome as the B3501A chromosome 9 probe
CNBL0870. However, while most probes identified either
novel chromosome 8 or 12 from strains JEC20 and JEC21,
three (SMG1, CNBI2940, and CNBI2900) hybridized to both,
indicating that this region is duplicated (Fig. 1).

To map the duplicated genomic region, Southern hybridiza-
tions were performed, using probes for randomly chosen pre-
dicted genes in the anomalous region. The presence of a
nearby chromosomal terminus serves as a common restriction
fragment end, creating additional fragments that do not cor-
respond to those predicted from the genome sequence. Ac-
cordingly, CNBI3110 and CNBI2900 gene-specific probes pro-
duced additional hybridization signals, allowing more precise
mapping of the left and right ends of the duplication (Fig. 2).
This revealed that the duplication spans a region of �60 kb,
including the three duplicated genes detected based on chro-
moblot analysis.

In C. neoformans, linear extrachromosomal DNA fragments
are appended with tandem arrays of the telomeric octanucle-
otide repeat AGGGGGTT (9), and the stability of novel chro-
mosomal ends requires telomerase activity. The predicted new
telomeres were amplified using CNBI3110- and CNBI2900-
specific primers (Fig. 2) in conjunction with a generic telomeric
primer. This approach yielded unambiguous products for both
predicted end points, and sequencing determined the specific
nucleotide at which each new chromosome terminates at telo-
meric repeats. The duplication is exactly 62,872 bp in length
and contains 22 genes with diverse predicted functions (see
Table S2 in the supplemental material).

When these data are incorporated into the whole-genome
sequence, the larger incorrect assembly (JEC21 chromosome
4) is divided into two smaller contigs of 1.194 and 0.907 Mb,
defining these as the 8th and 12th largest chromosomes, re-
spectively, in accord with those observed on CHEF gels (1.20
Mb for JEC21 chromosome 8, 0.96 Mb for JEC21 chromo-
some 12).

Comparison of the region duplicated in strain JEC21 with
the corresponding genomic region reveals it to be single copy
in B3501A and monomorphic between the two. The genetic
map could not detect the translocation as there are no poly-
morphisms in this region; rather, CHEF blot hybridizations
were required. While the translocation is 257 kb in length, due
to the duplication event, only 195 kb was lost from the JEC21
equivalent of B3501A chromosome 9, a size change that alters
its designation to chromosome 12.

SMG1 is duplicated. The SMG1 gene was identified in an
independent genetic screen, but disruption experiments sup-
port the hypothesis that SMG1 lies in the JEC21 duplication.

BLAST searches and Southern hybridizations analyzing the
SMG1 locus initially suggested that a single copy was present in
the JEC21 genome (not shown). In gene disruption experi-
ments (Fig. 3A), genomic DNA from 140 transformants was
analyzed by PCR. Using SMG1 internal primers, a 0.6-kb am-
plicon was present in all transformants, suggesting that each

FIG. 3. The SMG1 gene is duplicated in strain JEC21. (A) The
SMG1 gene was replaced with URA5 to create an smg1::URA5 mutant.
Arrows indicate primer positions. Primers 136 and 137 correspond to
regions outside the smg1::URA5 allele. (B) Genomic DNA from the
indicated strains was used as PCR templates with the indicated prim-
ers. Primers 137 and 16 amplify a 1.1-kb product from strains in which
the smg1::URA5 allele precisely replaced the SMG1 locus. WT, wild
type. �, deletion mutant. (C) Genomic DNA from the indicated strains
was XhoI digested and analyzed by Southern blotting with an SMG1
gene probe.
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strain retains the wild-type SMG1 gene (Fig. 3B). Using prim-
ers that amplify different size fragments from the SMG1 wild-
type or smg1 mutant locus, PCRs of strains RPC59 and RPC71
yielded products consistent with the presence of both wild-type
and mutant SMG1 alleles. Southern hybridization also con-
firmed that both alleles are present (Fig. 3C), providing cor-
roborative evidence that a segmental duplication exists in the
JEC21 genome.

Translocation during congenic strain pair production. We
have identified a significant genomic event that remained un-
detected by the genome project. When did the fusion occur?
As the congenic strains were produced by crossing parental
strains NIH12 and NIH433, neither of which contains the du-
plication (Fig. 1), the proposed chromosomal events must have
occurred during either meiosis or laboratory passage. During
one of these initial steps in the isolation of the JEC20/JEC21
congenic pair, chromosomes 9 and 12 underwent telomere-
telomere fusion (Fig. 4). Furthermore, PCR analysis of
three independent subcultures of the F1 MATa and MAT�
progeny (B3501 and B3502) obtained from different laborato-
ries—in one case from Kwon-Chung laboratory lyophilized
stocks—revealed the same novel telomeric sequences, indicat-
ing that this result is not an artifact of passage in our laboratory
(data not shown). Analysis of the fusion point does not reveal
a head-to-head arrangement of the telomeric repeats; rather
the telomeric sequence from chromosome 12 is absent at the
junction point. This is in contrast to the well-characterized
telomere-telomere fusion that formed human chromosome 2,
where such head-to-head telomeric repeats are found embed-
ded at the fusion point (16). This structure in C. neoformans

therefore suggests that this translocation was caused by recom-
bination, possibly within subtelomeric Cnl1 elements, rather
than nonhomologous end joining. The unstable dicentric chro-
mosome formed by this fusion was then broken, subsequently
forming a segmental duplication of 62,872 bp in a region that
shares 100% identity with the corresponding region in strain
B3501A. This also contrasts with human chromosome 2, where
instead of chromosome breakage resolving the dicentric struc-
ture, one of the centromeres (2q) was instead suppressed (10).
In C. neoformans, the canonical telomeric repeat AGGG
GGTT was then appended to the termini of these newly
formed novel chromosomes. The original JEC21 genome chro-
mosome 4 assembly (21 October 2003 release) therefore rep-
resents the transitional dicentric chromosome.

In S. cerevisiae, the occurrence of telomere-telomere fusion
is increased in cell cycle-telomere checkpoint control mutants
(25). In mec1 tel1 mutant strains, telomere-telomere fusions via
nonhomologous end joining are rampant and breakage of the
resulting dicentric chromosomes rapidly and dramatically al-
ters the entire organization of the genome; similar mechanisms
may have driven ascomycete speciation. Furthermore, such
events are common in tumors, where the cell cycle is perforce
unregulated, with telomere-telomere fusion driven by nonho-
mologous end joining (38). However, in the example discov-
ered here, the mechanism driving segmental duplications may
have been meiotic recombination between subtelomeric trans-
posable elements. If so, this mechanism would be different
from that of S. cerevisiae mec1 tel1 mutants, where nonhomolo-
gous end joining mediates telomere-telomere fusion (25). Of
course, we cannot exclude the possibility that this chromo-

FIG. 4. Translocation and formation of a segmental duplication during congenic strain construction. (Left) Construction of a C. neoformans
strain pair. The outlined mating scheme incorporates more recent discoveries that strains JEC20 and B3502 are identical. (Right) Proposed
model for genomic events giving rise to a segmental duplication in the otherwise haploid C. neoformans genome. First, either during laboratory
passage or meiosis in the construction of the JEC20/JEC21 congenic strain pair, the parental chromosomes 9 (filled) and 12 (open) underwent
telomere-telomere fusion, most likely via recombination. This produced an unstable dicentric structure, represented by the misassembled
chromosome 4 in the TIGR genome sequence, which subsequently broke, duplicating a 61-kb genomic region in the process of forming a
translocation. CEN, centromere.
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somal rearrangement transpired mitotically. Further studies of
environmental, clinical, and laboratory isolates will be required
to determine when and at what frequency similar large-scale
genomic events occur in C. neoformans.

The generation of segmental aneuploidy offers a rapid alter-
native response to drastic changes in the environment or host.
Further studies of this evolutionary mechanism will help eluci-
date how this evolutionary force might contribute to the devel-
opment of drug resistance, limited fecundity, the ability to occupy
novel evolutionary niches, sexual isolation, and speciation.
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