











VoL. 175, 1993

MO001 Transformants

MO001
H99
3501

kb o S28¢8
e SRS 1

O 00 O 0O
NN OO

§

.56 -

|
1
|
5

FIG. 3. HindIll-restricted DNAs from untransformed MO001,
wild-type H99, and ade* transformants, which received the cDNA
copy of ade2, were probed with the genomic 980-bp ade?2 restriction
fragment.

the HindlIIl-restricted 9.4-kb fragment. Also, homologous
integration with insertion of two or more vectors containing
the ade2 cDNA would generate an additional 4.8-kb frag-
ment that would hybridize to both probes. This expected
pattern of two novel fragments (8.0 and 6.4 kb) was observed
in six transformants (1c, 2c, 1lc, 12c, 14c, and 15c [Fig. 3;
data not shown for pcDNA II probe]). Also, four of these
transformants (1c, 2c, 12c, and 15c) shared a 4.8-kb fragment
which hybridized to both probes (Fig. 3; data not shown for
pcDNA II probe), which suggests that there is more than one
vector insert at the homologous site. In addition to these
fragments, other fragments diagnostic of ectopic integration
were found in transformant no. 12c. The five remaining
transformants (5c, 7c, 8c, 9c, and 10c) showed the ade2
probe hybridizing to a 9.4-kb fragment. These transformants
either are revertants, although none were found in the
control plates, or represent homologous integration of the
ade2 cDNA by a double-crossover event, excluding inser-
tion of plasmid sequences (gene replacement). Transformant
no. 10c also contained one site of ectopic integration. Both
circular and linear ade2 cDNA showed similar patterns of
integration.

Eight transformants that received the genomic ade2 (cir-
cular or HindIIl restricted) were probed with the 980-bp
fragment of genomic ade?2 (Fig. 4). A HindIII site is present
in genomic ade2 (from B-3501) but not in H99, on the basis
of restriction analysis; therefore, HindIIl-restricted wild-
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FIG. 4. HindIll-restricted DNAs from untransformed MO001,
wild-type H99, B-3501, and ade* transformants, which received the
genomic copy of ade2, were probed with the genomic 980-bp ade2
restriction fragment.

type B-3501 DNA was also included. As expected, in B-3501
the ade2 probe hybridized to two fragments with smaller
sizes (7.0 and 3.5 kb) (Fig. 4, lane 3). H99 and M001 showed
the native ade2 gene on the 9.4-kb fragment (Fig. 4, lanes 1
and 2). These findings demonstrate the sequence polymor-
phism in the ade2 locus between the two isolates H99 and
B-3501. If homologous recombination with vector insertion
occurred, the native ade2 gene would be displaced. Provided
that a single-crossover event which excluded the HindIII site
present in the transforming ade2 gene occurred, a novel
15.4-kb fragment which hybridized to both the ade2 and the
vector probes would be generated. Also, homologous inte-
gration of two or more vectors containing the ade2 gene
without the HindIII site would generate a larger fragment
hybridizing to both the ade2 and vector probes. The size of
this new fragment would depend on the numbers of vector
and gene repeats that were inserted. This expected pattern of
a novel 15.4-kb fragment was observed in transformant no. 7
(Fig. 4; data not shown for the SK probe). Also, a much
larger novel fragment (approximately 27.4 kb) was seen in
transformant no. 14 (Fig. 4; data not shown for the SK
probe), which is consistent with the insertion of a triple
tandem repeat of the gene (loss of HindIII site) and vector.
Other fragments diagnostic of ectopic integration were also
found in transformant no. 7. In five transformants (no. 4, 5,
15, 17, 19), the ade2 probe hybridized to a 9.4-kb fragment in
addition to many novel fragments, implicating ectopic inte-
gration. In these transformants, the SK probe hybridized to
a majority of these novel fragments but not to the 9.4-kb
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fragment (data not shown). In transformant no. 13, the ade2
probe hybridized only to a 9.4-kb fragment, suggesting
reversion or gene replacement without plasmid insertion by
a double-crossover event. Circular and linear ade2 DNA
integrated comparably at either homologous or ectopic sites.

DISCUSSION

Successful transformation of C. neoformans has been
reported by Edman et al. (9, 31). Their studies, which
utilized the B-3501 strain of serotype D, involved electropo-
ration to deliver plasmid DNA complementing a C. neofor-
mans ura5 auxotroph. They showed that use of linear ura5
DNA increased the relatively low transformation efficiency
of circular DNA by 50- to 100-fold (200 colonies per pg of
DNA). However, only 12% of these transformants were
mitotically stable (9). Southern analyses revealed that the
stable transformants contained nonhomologous integrating
ura5 sequences, whereas the unstable transformants har-
bored ura5 sequences extrachromosomally (31). These au-
tonomously replicating sequences were linear and had ac-
quired telomeric sequences from C. neoformans (8). Linear
vectors containing these telomeric sequences were shown to
transform at much higher efficiencies. Chromosomal karyo-
typing of the ura5 auxotrophs used in these experiments
showed notable genomic instability and may be a unique
characteristic of this strain. Genomic instability due to
eventual excision of introduced DNA has been proposed as
the apparent mechanism in other fungi (24, 29, 33). From
these previous experiments, it could be inferred that C.
neoformans lacks a gene replacement mechanism yet is
receptive to ectopic integration which eventually produces
rearrangements and/or addition of telomeric sequences with
a telomerase, as seen in Paramecium tetraurelia (11). It was
important to determine whether this was a general charac-
teristic of C. neoformans or unique to the recipient strain,
gene locus, or DNA delivery system.

The present study with C. neoformans H99 serotype A
showed significant differences in its transformation proper-
ties compared with those of B-3501 serotype D. First, H99
was not receptive to efficient transformation by electropora-
tion but could be transformed at high frequency by biolistic
DNA delivery. The inability to transform four H99 ade2
auxotrophs (M001, M027, M049, and M098) by electropora-
tion appears to be strain dependent and to be independent of
the transforming ade2 gene, since the ade2 auxotroph from
B-3501 (aade2-27) was transformed to adenine prototrophy
by electroporation. The reason for the difference in the
extent of transformation by electroporation among different
C. neoformans strains is unknown. Further work will be
needed to determine whether this difference is serotype or
strain dependent. In contrast, ade2 auxotrophic strains from
two different serotypes (A and D) were highly receptive to
transformation by biolistic DNA delivery. With the biolistic
system, both circular and linear ade2 generated similar
numbers of transformants per plate: 20 to 30 colonies with
ade2 cDNA and 10° to 10* colonies with genomic ade2. This
finding concurs with biolistic transformation of S. cerevisiae,
in which both circular and linear DNAs had similar transfor-
mation frequencies (2). However, these results are quite
different from those with electroporation, in which only the
linear ade2 generated a significant number of aade2-27
transformants (Table 1). It should be noted that the concen-
tration of genomic ade2 delivered by biolistics was 400 ng
per plate, whereas only 100 ng was used in the electropora-
tion experiment. However, we believe that the concentra-
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tion of DNA is unlikely to be a factor, because we have been
able to transform a ura5 mutant from B-3501 by the biolistic
system and have obtained 10° to 10* transformants per plate
with 100 ng of DNA.

The C. neoformans transformation efficiency generated by
biolistics is limited only by the size of the plate containing
the yeasts. The high frequency obtained will allow for
screening of many molecular events, including transforma-
tion with entire DNA libraries. The greater number of
transformants (10° per plate) produced by the genomic ade2
versus its cDNA copy (10 to 30 per plate) is likely because of
the nature of the transforming DNA. Unlike the ade2 cDNA
copy, the genomic copy contains upstream activating se-
quences necessary for transcription; therefore, stable trans-
formants may arise by both ectopic and homologous integra-
tion. In contrast, transformants receiving the ade2 cDNA
copy would appear only if integration occurred at the site of
the resident gene or at a site which is in frame with a usable
promoter region.

The mitotic stability of C. neoformans transformants has
been shown to correlate with integration of the transforming
DNA (31). Our results, which show that all stable transfor-
mants bear integrated ade2 sequences, support this associ-
ation. These studies with the ade2 auxotrophic mutants from
H99 and B-3501 also showed a greater percent of mitotically
stable transformants than with the ura5 auxotrophs gener-
ated by electroporation (9). The mitotic stabilities of trans-
formants from M001 and M049 ranged from 35 to 40% and
were higher than those from M098, M027, and aade2-27
mutants, which ranged from 15 to 24%. However, it should
be emphasized that for the serotype A strain of C. neofor-
mans, over one-half of the transformants were unstable after
biolistic transformation. Although these unstable transfor-
mants were not examined, it is likely that mechanisms of
extrachromosomal vector replication found in strain B-3501
with electroporation are also present in this strain.

Integrative transformation in fungi occurs at sites that are
homologous with either type I or type III integration and/or
ectopic (13). In S. cerevisiae, integration is almost always
homologous (22). Integration in N. crassa is usually ectopic,
although in this species with the #rpl gene, homologous
integration is strain dependent (15). Two basidiomycetes,
Ustilago maydis and Coprinus cinereus, show predomi-
nantly ectopic integration (4, 32). In our system, we have
increased the frequency and number of integrative events in
the basidiomycete C. neoformans over those from a previ-
ously reported scheme (31). Although ectopic events fre-
quently occurred, both type I integration with vector se-
quence and type III integration or gene replacement were
found. The presence of transformants showing gene replace-
ment or conversion was supported by the fact that no
revertants were found on control plates. In S. cerevisiae
(22), the frequency of homologous integration increases
when the transforming gene is cut within its coding region.
This does not occur in N. crassa (7, 15) or A. nidulans (34),
and we did not find this increase when C. neoformans was
transformed by biolistics. The occurrence of these integra-
tive events in C. neoformans at homologous and/or ectopic
sites is likely to depend on multiple factors, including the
auxotrophic recipient, transforming gene, and/or the DNA
delivery system.

The ability to generate large numbers of stable transfor-
mants, of which a reasonable proportion represent homolo-
gous integration, provides the basis for targeted gene disrup-
tions in C. neoformans. This transformation scheme has
been successfully used to restore the virulence of an aviru-
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lent ade2 auxotroph (M001) in a rabbit meningitis model (30).
The molecular tools are now available for specifically dis-
rupting candidate virulence genes and determining their
importance in the pathobiology of this yeast. These strate-
gies will potentially lead to the development of drugs tar-
geted against these gene products or their receptors.
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