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ABSTRACT In the dimorphic fungus Cad albicans,
the CHS2 gene encodes a chitin synthase that Is expressed
preferentially in the hyphal form. Gene dition of CHS2 in
this diplold asexual fungus was achieved by the "ura-blaster"
protocl described for Sacchkromyces [Alani, E., Cao, L. &
Kieckner, N. (1987) Genetics 116, 541-5451. This Involves the
sequential diruption of multipl alleles by Integrative trans-
formation with URA3 as a single selectable marker. After
disruptig the first CHS2 allele, the Ura- phenotype was
recovered trgh cis recombination between repeated is'G
sequences that flanked the URA3 marker in the disruption
cassette, which was then used again to disrupt further CHS2
alleles. This method of gene disruption is well suited to the
mutational analysis of this genetially recalcitrant human
pathogen. Three rounds of disruption were required, suggest-
Ing that the strain SGY243 is triplold for the CHS2 locus. The
result4ig homozygous Achs2::hisG null mutants were viable
and made germ tubes with a normal morphology. The germ
tubes we're formed more slowly than parental srins in serum-
containing medium and the minating cells had a 40%
reduction In their chitin content compared to germ tubes of the
parent strain. The chitin content of the yeast form was not
affected. A protorophic strain of the chs2 null mutant was not
attenuated signifantly in its virulence when tested in normal
and immun ppr mice.

Chitin is a fibrous polymer off-1,4-N-acetylglucosamine that
constitutes a major structural component of the cell wall of
many species of fungi, including those species that are
pathogenic in humans. Because chitin is not found in mam-
mals and its biosynthesis is normally essential for the shape
and viability of the fungal cell (1, 2), chitin synthesis is an
attractive target for the design of antifungal drugs.
The most common medical mycosis is caused by Candida

albicans, which is a diploid organism with no sexual cycle.
This fungus is capable ofdimorphic growth where growth can
occur by unicellular budding or filamentous hyphal extension
and branch formation (3). The hyphal cell wall has three to
five times the chitin content of the yeast cell wall (4, 5) and
the cells have up to 10 times the in vivo chitin synthase
activity (6). Three genes encoding chitin synthases have been
cloned and sequenced in C. albicans (7, 8, 37). Two encode
chitin synthase zymogens (CHSI and CHS2), homologous to
the CHS genes ofSaccharomyces cerevisiae. The third chitin
synthase gene, CHS3, is homologous to the S. cerevisiae
CSD2 (9) gene (also called CALI) and is apparently the
structural gene for an enzyme, which in S. cerevisiae, does
not require proteolysis for its activity. Northern blot analysis
of the C. albicans CHS genes showed that CHS2 mRNA
levels were elevated in cells undergoing hyphal development,

whereas the CHS1 mRNA was expressed only at low levels
early in germ-tube formation (8).
The role of each of the chitin synthase activities described

in S. cerevisiae has been investigated by disrupting each of
the relevant genes (for a review, see ref. 10). Gene disrup-
tions are more difficult in C. albicans because the organism
is constitutively diploid and because stable multiply marked
strains are required for sequential gene disruptions. Sequen-
tial gene disruption of HEM3 of C. albicans has been
achieved with two genetic markers (11), but host strains with
sufficient markers for the disruption of more than one struc-
tural gene are not yet available. In this study, we employed
the "ura-blaster" protocol originally described by Alani et al.
(12) for use with S. cerevisiae, to disrupt all alleles of the
hyphal-specific C. albicans CHS2 gene. This method allows
the sequential disruption of target alleles. by using Ura3
auxotrophy as a single selectable marker. Because the se-
lectable marker can be regenerated after the disruption of
each allele, this method overcomes the need for multiply
marked host strains and is, therefore, ideally suited for the
analysis of families of genes such as the CHS genes in C.
albicans. We show that the chs2 null mutant was still able to
form germ tubes, albeit with a reduced chitin content com-
pared with the isogenic wild-type parent. A prototrophic
chs2- null mutant was still able to cause disease in normal
and immunosuppressed mice and had a similar virulence to
the parental CHS2 strain. A preliminary report of the con-
struction of the Achs2::hisG null mutant has appeared (13).

MATERIALS AND METHODS
Strains andPasi. C. albicans Robin Berkhout SGY 243

(ade2 Aura3::ADE2/ade2 Aura3::ADE2) was a gift from
Rosemarie Kelly (14) and was the parental strain for all
strains constructed in this study (Table 1). The plasmid
pCUB6 (15) was derived from pNKY50 (11), which was
modified by replacement of the Saccharomyces URA3 gene
with the C. albicans URA3 gene obtained from Squibb. The
BamHI-Bgl I fragment containing the C. albicans URA3
gene flanked by 1.1-kb direct repeats of the Salmonella
typhimurium hisG gene was subsequently transferred into
pUC18 to give p5921. The Bgl II site was created at the Sma
I site of the pUC18 polylinker using T4 ligase to add Bgl II
linkers to Sma I-digested phosphatase-treated vector.
Media and Growth Co s. The yeast form of C.

albicans was grown at 300C inYPD or the defined medium SD
(16). Germ-tube growth was induced using 20% (vol/vol)
newborn calf serum (17), N-acetylglucosamine-containing
medium (18), or the regimen of pH- and temperature-
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Table 1. C. albicans strains used
Strain Genotype Ref.

SGY243 ade2/ade2, Aura3::ADE2/Aura3::ADE2, CHS2/CHS2/CHS2 12
NGY1 ade2/ade2, Aura3::ADE2/Aura3::ADE2, CHS2/CHS2/lAchs2::hisG::URA3::hisG This work
NGY2 ade2/ade2, Aura3::ADE2/Aura3::ADE2, CHS2/CHS2/Achs2::hisG This work
NGY5 ade2/ade2, Aura3::ADE2/Aura3::ADE2, CHS2/Achs2::hisG/Achs2::hisG This work
NGY7 ade2/ade2, Aura3::ADE2/Aura3::ADE2, Achs2::hisG/Achs2::hisG/Achs2::hisG:: URA3::hisG This work
NGY10 ade2/ade2, Aura3::ADE2/Aura3::ADE2, Achs2::hisG/Achs2::hisG/Achs2::hisG This work

Strain SGY243 appears to be triploid for the CHS2 locus. This conclusion is based on the following three observations:
(i) three rounds oftransformation were required to create a chs2 homozygous null mutant, (ii) at each stage ofthe disruption,
the only new Xho I band observed upon Southern blot analysis was 8.5 kb (diagnostic for chs2::hisG), and (iii) the relative
intensities of the wild-type (4.7 kb) and mutant (4.0 kb) Pst I bands and the wild-type (3.6 and 5.6 kb) and mutant (8.5 kb)
Xho I bands (Fig. 1). Tandem duplications of the CHS2 gene occurred in some transformants, but not in the above strains.
These duplications, which were recognized through the generation of large diagnostic Xho I bands, were always resolved
to a single chs2::hisG in FOA-resistant progeny (data not shown). Strain NGY1 was created by insertion of the complete
(chs2::hisG::URA::hisG) cassette into CHS2 that, after selection on FOA medium, resulted in the generation of NGY2,
which carries a resolved chs2::hisG locus. After transformation ofNGY2 and selection with FOA, a second heterozygous
mutant (NGY5) was obtained that had a disruption in the second wild-type CHS2 allele. Southern blot analysis showed that
the relative intensities of the wild-type and mutant alleles of CHS2 were reversed in NGY2 and NGY5, which suggested
a 2:1 and 1:2 ratio for the wild-type and disrupted CHS2 alleles (see Fig. 1). Transformation of NGY5 with the disruption
cassette yielded the prototrophic null strain NGY7, which was used in pathogenicity experiments. Selection of auxotrophic
recombinants of NGY7 on FOA agar yielded the homozygous null NGY10.

stimulated dimorphism (19). For growth of C. albicans ura3
strains, medium was supplemented with uridine (50 ug/ml).
Growth rates were calculated from spectrophotometric mea-
surements, and cell biomass yields were measured from dry
weight of tared samples after 38 h ofgrowth in liquid medium
at 300C. The medium for regenerating C. albicans sphero-
plasts was supplemented with 1 M sorbitol.

Disruption of CHS2. The method used was essentially that
described by Alani et al. (12). The C. albicans CHS2 gene was
obtained originally from a AGEM-li genomic library from J.
Zwicker (Center for Cancer Research, Massachusetts Insti-
tute of Technology). A 4.7-kb Pst I fragment containing the
CHS2 gene was cloned into pBluescript from which the
HindIII site had first been deleted. ABamHI-Bgl II fragment
of pCUB6 containing the hisG:: URA3::hisG cassette was
then cloned between the two internal HindIII sites of the
CHS2 gene to give p1043. Spheroplasts from mid-
exponential-phase yeast cells of C. albicans SGY243 (Table
1) were prepared using P-glucuronidase (Sigma; type H-2S)
according to Kurtz et al. (20). Competent spheroplasts were
not necessarily osmotically fragile, even in the presence of
SDS. Spheroplasts were transformed with 10-15 jug of Pst
I-digested p1043 and transformants were plated on SD with-
out uridine at 30°C. The transformation frequency varied
between 5 and 15 transformants per pug of DNA in various
experiments. Transformants were streaked out to obtain
single colonies, which were then grown in YPD for genomic
DNA preparations. Southern blot analysis was performed to
confirm the constructions of primary transformants and
strains generated at all the subsequent steps ofthe disruption.
Ura- segregants were selected from the Ura+ transformants
by plating on SD agar containing 5-fluoroorotic acid (FOA, 1
g/liter) with added uridine (21). Regeneration of the Ura-
auxotrophy enabled the same Achs2: :hisG:: URA3: :hisG cas-
sette to be used to disrupt the second allele ofthe CHS2 gene.
Measurement of Chitin Content. Chitin contents for the

yeast and hyphal forms of the parental SGY243 and homozy-
gous chs2 null mutants were determined. Yeast cells were
grown overnight in YPD plus uridine (50 pug/ml) at 30°C, and
hyphal cells were harvested after 6 h ofgrowth at 37°C in 20%o
newborn calf serum with uridine (50 ,ug/ml). Cells were
washed, dried to constant weight, and extracted in 5%
(wt/vol) KOH at 100°C for 12 h in the absence of air. The
KOH was exchanged three times during the extraction. The
chitin content ofthe alkali-insoluble material was determined
colorimetrically after deacetylation and deamination by the
method of Ride and Drysdale (22). Chitin standards were

subjected to all extractions to assess.the efficiency of recov-
ery of chitin.

Calcofluor Stainin. The morphology and chitin distribu-
tion of parental and chs2 null mutants were also examined by
fluorescence microscopy after staining with Calcofuor white
(American Cyanamid) at 25 pug/ml.

Pathogenicity in Vivo. Female mice (Charles River Harefield
strain, Glaxo) of 18-22 g were used to assess the virulence of
C. albicans strains in systemic disease. Saline-washed yeast
cells, grown in YPD plus uridine (50 g/mil), were used as
inocula. Inoculation was by intravenous injection in normal
and immunosuppressed mice. Immunosuppression was
achieved by intraperitoneal administration of cyclophospha-
mide (100 mg/kg) every 3 or 4 days, with an initial dose 4 days
prior to infection. Mouse survival was recorded and LD50
values were estimated after 21 days. Fungal cultures from
postmortem kidney homogenates suggested that deaths were
due to C. albicans. Histological examination ofmouse kidney
sections stained with Alcian blue periodic acid Schiffs stain
was by the method of Mowry (23).

RESULTS
Construction of Achs2::hisG Nuil Mutant. Disruption of the

C. albicans CHS2 gene was achieved by replacement of the
1.8-kb HindII fragment in the 3.0-kb open reading frame
with a 1.1-kb fragment encoding a bacterial hisG gene using
the ura-blaster protocol (12). The homozygous Achs2::hisG
null mutant was generated after three rounds of transforma-
tion with the Achs2::hisG:: URA3::hisG ura-blaster cassette
using Pst I-digested p1043 DNA. After each transformation,
the Ura+ prototrophs were purified and plated on FOA-
containing agar to select for Ura- auxotrophs that had
undergone cis recombination via the hisG repeats to excise
the URA3 marker. Genomic DNA was isolated from trans-
formants and FOA-resistant progeny and analyzed on a
Southern blot by using a 4.7-kb probe consisting of most of
the CHS2 open reading frame (Fig. 1). Three rounds of
transformation were necessary to disrupt all copies of the
CHS2 gene, and the intensities ofthe mutant Pst I (4.0 kb) and
Xho 1 (8.5 kb) bands increased at each stage relative to the
corresponding wild-type bands. This suggests that the orig-
inal SGY243 strain was triploid for the CHS2 locus (Table 1).

Complications were encountered during the CHS2 gene
disruption. All transformants had insertions of the
hisG:: URA3: :hisG at the CHS2 locus prior to FOA selection,
but some heterozygotes reverted to a wild-type restriction
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pattern after FOA treatment or after subsequent transforma-
tion. Only 25% of the strains recovered after FOA selection
in the first round of transformation were heterozygous and
75% of second-round transformants had a wild-type pattern
in Pst I andXho I digests on Southern blots (data not shown).
Recreation of the wild-type allele could have occurred by
gene conversion with a wild-type CHS2 allele.

Southern blot analysis oftransformants and FOA-resistant
progeny that were generated during the construction of the
chs2 null mutant revealed additional integration and recom-
bination events. Genomic DNA from transformants arising
from the third round of gene disruption (prior to FOA
selection) revealed four bands when digested with Xho I. The
largest predicted band in this Southern blot (11.3 kb) corre-
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FiG. 1. Sequential disruption of the CHS2 gene by using the
ura-blaster technique. (A) Structure of the CHS2 and Achs2::hisG
genes and the probe used to analyze transformants. (B) Southern blot
analysis. The CHS2 openreading ameis representedby theopen box
that contains a 1.1-kb bacterial hisGgene replacingthe 1.8-kb Hindll-
Hindi fiagment of the C. albicans CHS2 gene. The single line
represents chromosomal DNA. H, HindIH; XI, destroyed Hindff
sites; P,Pst I; X,Xho I. Theprobe is a4.7-kb Pst I-Pst I fiagment used
in the Southern blot analysis. Lanes: 1, parental strain SGY243; 2 and
3, NGY2 and NGYS, respectively, from the first and second rounds
of sformation, and are heterozygous mutants; 4, NGY10from the
third round of transformation and is the homozygous null mutant.
DNA is from strains after transformation, strain purification, and
subsequent treatment with FOA. For Pst I digestions, the disruption
results in the loss ofa band at 4.7 kb and generation ofa new fiagment
of 4.0 kb. Xho I digestions generate two bands of 3.6 and 5.6 kb for
wild-type alleles and a single 8.5-kb fragment in a disrupted allele. The
changes in the relative band intensities reflect the numbers of alleles
present and are reversed after the first and second rounds of trans-
formations. NGY2, isolated after the first transformation, is inter-
preted as having two wild-type and one disrupted alleles, and NGY5,
the second-round transformant, has two mutant and one wild-type
alleles.

sponded to an allele incorporating the full hisG:: URA3: :hisG
cassette at the CHS2 locus. While most transformants
showed a band at this position, a few transformants had
higher molecular weight bands, suggesting that multiple
copies of the cassette were present in the cell, either inte-
grated within the CHS2 locus or possibly free, as a replicating
plasmid. The existence ofmultiple tandem arrays implies that
a circularized intermediate form of the linear cassette was
generated in vivo during the transformation in some cells.
Since the URA3 gene contains an EcoRI site the presence of
multiple arrays was further tested by digesting Xho I-cut
DNA with EcoRI. This reduced the size of all of these high
molecular weight bands to a smaller fragment corresponding
to the monomeric size, suggesting that the high molecular
weight bands were due to multimers of the ura-blaster (data
not shown). Tandem Achs2::hisG::URA3::hisG copies were
always resolved to a single Achs2::hisG in FOA-resistant
progeny. Tandem duplication events have also been ob-
served during ura-blaster-mediated gene disruption of an-
other Candida gene (R. Swoboda, N.A.R.G., G. W. Gooday,
and A.J.P.B., unpublished data) and tandem integrations
have been observed in S. cerevisiae (24).
To summarize, unsuspected integration and recombination

events can occur after transformation of C. albicans with the
ura-blaster cassette and careful checking of individual steps
in the disruption protocol by Southern blot analysis is,
therefore, required. However, despite these complications
the ura-blaster strategy was able to generate homozygous
chs2 null mutants.
Phenotype and Chitn Content of chs2 Null Mutant. The

specific growth rates of the yeast form of the parental
SGY243 strain and the null strain NGY10 were similar in
YPD (0.23 h-1) and SD (0.20 h-1) media at 30!C. The yield of
cells after overnight growth of the yeast form in these media
was again similar (Table 2). In certain conditions, buds of S.
cerevisiae chsl mutants lyse and appear refractile under
phase-contrast optics (25). Bud lysis has been shown to be
due to the action ofa chitinase with an acidicpH optimum and
it was prevented by buffering of the medium to pH >5.0 (26,
27). However, buds of logarithmic-phase or stationary-phase
cells of the C. albicans NGY10 chs2 null mutant were not
refractile when grown in either rich or minimal medium at
either pH 4.5 or at pH 6.8, the pH optimum for C. albicans
chitinase (R. O'Donnell and G. W. Gooday, unpublished
data).
The percentage of yeast cells of the parental and null

strains that formed germ tubes was tested under three reg-
imens for stimulation of the dimorphic switch. In serum-
containing medium, the chs2 null strain initially formed germ
tubes more slowly than the parental strain, but ultimately the
extent of germ-tube formation was similar in each (Table 2).
Germ-tube formation was similar for both strains using either
pH and temperature (19) or N-acetylglucosamine-containing
medium (18) to stimulate dimorphism and was reduced com-
pared to clinical isolates and nongenetically marked strains
under identical conditions (data not shown). Thus NGY10
was fully competent to form germ tubes, albeit at a reduced
rate in some media.

Calcofluor white-stained yeast and hyphal cells ofSGY243
and the NGY10 null strain were indistinguishable, suggesting
that there were no dramatic aberrations in the arrangement of
chitin in the cell walls. The chitin contents of yeast and
hyphal cells of the null mutant and parent strains were
determined after alkali extraction of whole cells. The chitin
content of the yeast cells of the NGY10 null and the SGY243
parental strains were not significantly different (Fig. 2).
However, the chitin content of the hyphal cells of 5GY243
was five times that in the yeast form. In comparison, the
chitin content of the hyphal form of the null mutant NGY10
was only 155% of that in the parental yeast form of SGY243

x
m~~~~~~~

m
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Table 2. Growth of parental strain SGY243 and chs2 null mutant NOY10
Growth Medium SGY243 NGY10

Germ-tube formation, % Serum (1 h) 84 + 3 40 ± 5
Serum (3 h) 95 2 95 ± 2
Temperature/pH shift (2 h) 15 ± 1 18 ± 1
Temperature/pH shift (6 h) 66 4 68 ± 4
N-Acetylglucosamine (24 h) 7 + 2 1 ± 1

Yield (yeast form), mg/ml YPD 4.9 ± 0.1 5.9 ± 0.3
SD 2.5 0.1 1.9 ± 0.1

Germ-tube formation was in prewarmed medium at 370C at an inoculation density of 5 x 106 yeast
cells per ml in 20% newborn calf serum (17), in Soll's medium for pH/temperature shift (19), or
N-acetylucosamine-containing medium (18). Yield measurements are for cells in overnight cultures
at 30WC in nondefined (YPD) and defined (SD) media (16). Values are the mean ± SD (n = 3).

(Fig. 2). Therefore, the CHS2 gene does contribute to chitin
synthesis in hyphal cells.
The Homozygous Acha2::hisG Null Mutant Is Virulent.

Ura3 auxotrophic and prototrophic strains of C. albicans,
with and without the Achs2::hisG double disruption, were
tested for virulence in systemic infections after intravenous
injection of yeast cells into normal and immunosuppressed
mice. As reported (28-31), auxotrophic strains including
Ura- auxotrophs had greatly attenuated virulence in animals
(Table 3). Thus Ura+ strains of the heterozygous and ho-
mozygous Achs2::hisG null mutants, isolated prior to treat-
ment with FOA, were also used in virulence tests. In a Ura+
background, the apparent LD5o for the NGY7 null mutant
was increased marginally compared toNGY1, which retained
a functional copy of CHS2 (Table 3). This was reflected in a
slight increase in the mean time of mouse survival when
normal or immunosuppressed mice were injected with NGY1
compared to NGY7 at three inoculation doses (data not
shown). Histological examination of the kidneys of mice
infected with the heterozygous and homozygous Achs2: :hisG
prototrophic strains revealed an infiltration of invasive hy-
phae in the cortex (Fig. 3). The kidneys were also positive for
the growth of C. albicans, which, upon isolation and culture,
was identical phenotypically to the inoculum.

DISCUSSION
The ura-blaster technique described here is well suited to
genetic analysis of C. albicans, which lacks a sexual cycle
and is constitutively diploid. This technique also circumvents
the need for multiple genetic markers that are needed for the
disruption ofpairs of alleles from one or several target genes.

8

J

6

4

2

O SGY243
C NGY1O

yeast mycelial

FIG. 2. Chitin contents of the yeast and hyphal cells of the
parental SGY243 strain and NGY10, a homozygous Achs2::hisG null
mutant. The error bars are SDs of five replicate samples.

Because auxotrophic strains of C. albicans have greatly
attenuated virulence (28-31), a further advantage of the
technique is that virulence studies can be performed on Ura+
isolates ofthe null strains by utilizing the prototrophic strains
recovered after initial transformation and prior to FOA
treatment in animal models. The strong negative selection
against spontaneous auxotrophic revertants in pathogenicity
tests presumably helps maintain the stability ofthe inoculum
in animals.

This study shows that the CHS2 gene is not essential for
growth of the yeast or hyphal form of C. albicans. Northern
blot analysis has shown that CHS2 is expressed preferentially
in the hyphal form of C. albicans (8), and this finding is
consistent with our analysis of the homozygous Achs2::hisG
null mutant, which had a reduced chitin content in hyphal
cells but a normal chitin content in yeast cells. However, the
morphology of the null mutant hypha was normal despite the
reduced chitin content of the cells.

InS. cerevisiae, chsl mutants have a normal chitin content
but have an increased tendency to undergo bud lysis in some
media (10, 25-27). In this yeast, chs2 mutants often have
aberrant morphologies and have a normal or increased chitin
content but apparently lack the chitinous primary septum
upon which the bulk of the chitin containing bud and birth
scar material is assembled (10, 32, 33). The C. albicans CHS2
gene may be more homologous to CHS1 of S. cerevisiae (34).
However, our results suggest that the C. albicans CHS2 is
not functionally homologous to either CHS gene of S. cere-
visiae since the null mutant did not form fragile buds, had a
normal morphology in both yeast and hyphal forms, and had
a reduced chitin content in the hyphal cell. In hyphae of
Neurospora crassa, chslRIP mutants were morphologically
abnormal and had a greatly reduced chitin content but still
produced some chitin in the cell wall (2). These data suggest
that the CHS genes may play an active role in chitin synthesis
in filamentous fungi, including the hyphal form of C. albi-
cans. In S. cerevisiae, the CHS3 (CSD2) gene product is
responsible for the synthesis of most of the chitin in the cell
wall (9, 10). Northern blot analysis of all three chitin synthase

Table 3. LD50 values of normal and immunosuppressed mice
after intravenous administration of Ura+ and Ura- strains of
C. albicans with heterozygous or homozygous null mutations
in CHS2

LD50

Normal Immunosuppressed
Strain Phenotype mice mice
SGY243 Ura- Chs2+ >7.02* 6.71
NGY1 Ura+ Chs2+ 6.60 5.69
NGY7 Ura+ Chs2- 6.84 5.78
NGY10 Ura- Chs2- >6.86* 6.80
LD5o values are expressed as the logarithm of the colony-forming

units.
*No death occurred even at the highest doses with these mice.

hficrobiology: Gow et aL
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FIG. 3. Effect of disruption of the CHS2 gene on virulence of C.

albicans. Sections of mouse kidneys 2 days after intravenous inoc-

ulation of normal mice with NGY1 (A) and NGY7 (R), stained with

Alcian blue periodic acid Schiff's stain. These strains are URA3S, are

prototrophic for uridine, and contain heterozygous (A) or homozy-

gOUs (B) disruptions in CHS2. Some hyphal cells are indicated with

arrows.

genes in C. albicans grown under a wide range of conditions

again suggests that CSD2 is the most abundant transcript in

both yeast and hyphal cells (D). Schofield, B. Hube, G. W.

Gooday, and N.A.R.G., unpublished data). Gene disruption

of the Candida CSD2 gene is, therefore, likely to have a more

profound affect on the chitin content of both growthi forms of

the fungus than disruption of the CHS2 gene.

In support of previous findings, the virulence of auxo-

trophic mutants was severely attenuated compared to pro-

totrophic strains in an otherwise isogenic background (25, 26,

35). However, the virulence of the homozygous Aichs2::hisG
mutant was only marginally attenuated compared to the

heterozygote, which is phenotypically Chs2+. Recent prog-

ress in establishing methodologies such as the ura-blaster

technique and other systems for reverse genetics in C.

albicans (36) should significantly increase progress in the

analysis of virulence and dimorphism in this human patho-

gen.

We thank Alex Hiusler, Christine Bulawa, and David Holden for

helpful discussions and comments on the manuscript. This work was

supported by a University of Aberdeen Research Fellowship and a

Wellcome Trust Grant to N.A.R.G. and a grant from the National

Institutes of Health (GM31318) to P.W.R.

1. Shaw, J. A., Mol, P. C., Bowers, B., Silverman, S. J., Val-

divieso, M. H., Duran, A. & Cabib, E. (1992) J. Cell Rio!. 114,

111-123.

2. Yarden, & Yanofsky, C. (1991) Genes Dev. 5, 2420-2430.

3. Gow, N. A. R. & Gooday, G. W. (1987) Crit. Rev. Microbiol.
15, 73-78.

4. Chattaway, F. W., Holmes, M. R. & Barlow, A. J. E. (1968)J.
Gen. Microbiol. 51, 367-376.

5. Sullivan, P. A., Yin, C. Y., Molloy, C., Templeton, M. D. &
Shepherd, M. G. (1983) Can. J. Microbiol. 29, 1514-1525.

6. Braun, P. C. & Calderone, R. A. (1978) J. Bacteriol. 135,
1472-1477.

7. Au-Young, J. & Robbins, P. W. (1990) Mol. Microbiol. 4,
197-207.

8. Chen-Wu, J., Zwicker, J., Bowen, A. R. & Robbins, P. W.
(1992) Mol. Microbiol. 6, 497-502.

9. Bulawa, C. E. (1992) Mol. Cell. Biol. 12, 1764-1776.
10. Bulawa, C. E. (1993) Annu. Rev. Microbiol. 47, 505-534.
11. Kurtz, M. B. & Marrinan, J. (1989) Mol. Gen. Genet. 217,

47-52.
12. Alani, E., Cao, L. & Kleckner, N. (1987) Genetics 116,

541-545.
13. Gow, N. A. R., Swoboda, R., Bertram, G., Gooday, G. W. &

Brown, A. P. J. (1993) in Dimorphic Fungi in Biology and
Medicine, eds. Vanden Bossche, H., Odds, F. C. & Kerridge,
D. (Plenum, New York), pp. 61-72.

14. Kelly, R., Miller, S. M., Kurtz, M. B. & Kirsch, D. R. (1987)
Mol. Cell. Biol. 7, 199-207.

15. Fonzi, W. A. & Irwin, M. (1993) Genetics 134, 717-728.
16. Guthrie, C. G. & Fink, G. R. (1991) Methods Enzymol. 194,

13-14.
17. Gow, N. A. R. & Gooday, G. W. (1982)J. Gen. Microbiol. 128,

2319-2326.
18. Mattia, E., Carruba, G., Angiolella, L. & Cassone, A. (1982) J.

Bacteriol. 152, 555-562.
19. Buffo, J., Herman, M. A. & Soll, D. R. (1984) Mycopathologia

85, 21-30.
20. Kurtz, M. B., Cortelyou, M. W. & Kirsch, D. R. (1986) Mol.

Cell. Biol. 6, 142-149.
21. Boeke, J. D., La Croute, F. & Fink, G. R. (1984) Gen. Genet.

197, 345-346.
22. Ride, J. P. & Drysdale, R. B. (1972) Physiol. Plant Pathol. 2,

7-15.
23. Mowry, R. W. (1956) J. Histochem. Cytochem. 4, 407.
24. Orr-Weaver, T. L. & Szostak, J. W. (1983) Mol. Cell. Biol. 3,

747-749.
25. Bulawa, C. E., Slater, M., Cabib, E., Au-Young, J., Sburlatti,

A., Adair, W. L. & Robbins, P. W. (1986) Cell 46, 213-225.
26. Cabib, E., Sburlatti, A., Bowers, B. & Silverman, S. J. (1989)

J. Cell Biol. 106, 1665-1672.
27. Cabib, E., Silverman, S. J. & Shaw, J. A. (1992) J. Gen.

Microbiol. 138, 97-102.
28. Manning, M., Snoddy, C. B. & Fromtling, R. A. (1983) Can. J.

Microbiol. 30, 31-35.
29. Shepherd, M. G. (1985) Infect. Immun. 50, 541-544.
30. Kirsch, D. R. & Whitney, R. R. (1991) Infect. Immun. 59,

3297-3300.
31. Polak, A. (1992) Mycoses 35, 9-16.
32. Bulawa, C. E. & Osmond, B. C. (1990) Proc. Natl. Acad. Sci.

USA 87, 7424-7428.
33. Sburlatti, A. & Cabib, E. (1986) J. Biol. Chem. 261, 15147-

15152.
34. Bowen, A. R., Chen-Wu, J. L., Momany, M., Young, R.,

Szanislo, P. J. & Robbins, P. W. (1992) Proc. Natl. Acad. Sci.
USA 89, 519-523.

35. Birse, C., Fonzi, W. A., Saporito, S., Irwin, M. & Sypherd,
P. S. (1992) inNew Strategies in FungalDisease, eds. Bennett,
J. E., Hay, R. J. & Peterson, P. K. (Churchill Livingstone,
Edinburgh, United Kingdom), pp. 133-152.

36. Gorman, J. A., Chan, W. & Gorman, J. W. (1991) Genetics
129, 19-24.

37. Sudoh, M., Nagahashi, S., Doi, M., Ohta, A., Takagi, M. &
Arisawa, M. (1993) Mol. Gen. Genet. 241, 351-523.

6220 Aficrobiology: Gow et A


