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Spontaneous production of 5-fluorocytosine-resistant variants by three Can-
dida albicans isolates is due to segregation from a preexisting heterozygous state.

The fungistatic agent 5-fluorocytosine (5-FC)
has repeatedly proven effective in the treatment
of infections due to the pathogenic yeast Can-
dida albicans (2, 3, 7). This agent is relatively
nontoxic to humans and is a desirable antifungal
agent for that reason. However, resistant strains
occur at significant frequency (1, 8, 14) and limit
the clinical usefulness of 5-FC. Although the
mechanism of action of 5-FC on C. albicans has
been studied extensively (4, 10, 12, 13), the ge-
netic basis of resistance has not. Five genes
determine 5-FC resistance in another yeast, Sac-
charomyces cerevisiae (6, 9).
Recent biochemical and genetic studies indi-

cate that typical C. albicans isolates are diploid
(11, 15, 16). The genetic studies (15, 16) showed,
by induced mitotic segregation, that some clini-
cal isolates are heterozygous for auxotrophic
markers. The fact that 5-FC-resistant strains
are common suggested to us that some or all C.
albicans isolates might be heterozygous for 5-
FC resistance and consequently capable of giv-
ing rise to resistant variants at high frequency
by segregation. In the present report we show
that some isolates give rise to resistant variants
much more frequently than do other isolates
and that three isolates of the former class are
heterozygous for 5-FC resistance.
Seventeen clinical isolates, previously de-

scribed (15), were studied. All were sensitive to
5-FC: growth on a defined miniimal agar medium
(MIN [5]) was inhibited by 5-FC at a clinically
significant concentration (50 ,g/ml). In a stan-
dard experiment, approximately 105 cells (from
culture on MIN agar) were spread on MFC50
agar (MIN plus 5-FC at 50 ,ug/ml), and the
resultant cultures were examined for growth
after incubation at 37°C. Five isolates, which we
have designated type C, were strongly but in-
completely inhibited by 5-FC; the majority of
cells spread on MFC50 gave rise to microcolo-
nies, and a minority of cells gave rise to larger
colonies (Fig. 1). Clones were isolated (on MIN

agar) from twenty of the larger colonies pro-
duced by each type C isolate. All of the clones
grew rapidly on MFC50 agar and produced uni-
formly large colonies; these results demon-
strated that the larger colonies were composed
of resistant variants. It is likely that resistant
variants arose during growth on MIN before
exposure to 5-FC and also during slow growth in
the presence of 5-FC. The time course of colony
formation on MFC50 agar by a type C isolate,
MEN, is shown in Fig. 2. The remaining isolates,
which we have designated type D, did not grow
discernibly on MFC50 agar (Fig. lf) and (with
one exception) did not give rise to resistant
variants, in duplicate experiments. An excep-
tional type D isolate (FC18) gave rise to a single
resistant variant when approximately 2 x 105
cells were tested.
A segregational origin for resistant variants

implies that a mixed (sectored) colony composed
of susceptible and resistant cells will result on
MIN agar if both segregants are viable and that
the segregants are homozygous and thus genet-
ically different from the heterozygous parent.
The alternative origin, mutation, may also result
in a sectored colony; however, in that case cells
in the susceptible sector will not differ geneti-
cally from the parent. Sectored colonies were
obtained from the type C isolate MEN by irra-
diating cells with ultraviolet light to stimulate
sectored colony formation (16). Cells (100 to 250)
were spread on each of a series of MIN agar
plates and irradiated with a dose (200 ergs/mm2)
which did not result in detectable killing. The
colonies formed were replica plated on MFC50
agar and examined for sectored colonies (i.e.,
half resistant to half sensitive) 1 day later. Six
sectored colonies were found among 913 colonies
on the irradiated plates, and no sectored colonies
were found among 3,691 colonies on the unirra-
diated controls. A clone was isolated from the
susceptible sector of each of four sectored colo-
nies. The clones had the property expected of
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FIG. 1. Type C isolatesproduce resistant variants, whereas type D isolates do not. Pure clones were grown
on MIN agar for 24 or 48 h, suspended in saline (0.9% NaCI), and spread (ca. 105 cells) on MIN supplemented
with filter-sterilized 5-FC (50 lg/ml final concentration). The cultures photographed after incubation for 5
days are MEN (a), MC56 (b), UT (c), M-N (d), and Vl (e), and the culture photographed after 7 days is FC18
(f). The result shown for isolate FC18 is typical ofthe type D isolates (FC18, MS24, FS56, MG30, FC15, MS42,
FCU, BG, MA75, PL, S26, MS70). The temperature of incubation for all experiments was 37°C.

FIG. 2. Progressive background growth and colony formation by isolate MEN. A clone (grown for 49 h on
MIN agar) was suspended in saline, and 0.1 ml (1.6 x 105 cells by viable count) was spread on each of five
MIN plus 5-FC (50 pg/ml) plates. The seeded plates were incubated at 37°C for the times indicated in the
figure (2 to 6 days), refrigerated, andphotographed.
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the homozygous segregant: they failed to give
rise to resistant variants and differed signifi-
cantly from the parent strain in that respect.
When tested by the method described in Fig. 1,
each gave a result identical to that shown in Fig.
lf. These results indicate origin of resistant var-
iants by segregation, rather than by mutation.

Isolate MEN was partially resistant to 5-FC,
as shown by its slow growth on MFC50 agar
(discussed above). In contrast, the clones from
the four susceptible sectors seemed to be suscep-
tible rather than partially resistant in that they
did not grow discernibly on MFC50 agar. Sup-
port for the apparent difference in resistance
was obtained by determining the minimum 5-
FC concentration which prevented growth when
added to liquid MIN (minimum inhibitory con-
centration (MIC); Table 1). It was found that
isolate MEN was intermediate in resistance
(MIC = 10 or 50 (,pg/ml) in different experi-
ments) between susceptible segregants (MIC =
1 ,tg/ml) and resistant segregants (MIC > 500
,ug/ml). These results, taken with those obtained
with MFC50 agar, indicated that resistance was
partially expressed by the heterozygote.
We have also obtained a sectored colony from

each of two other type C isolates (MC56, UT),
and we have found that those colonies are also
the result of segregation. Thus, the characteris-
tic behavior of at least three of the five type C
isolates is due to heterozygosity for 5-FC resist-
ance. The type D isolates (with one exception)
resemble the homozygous sensitive segregants
of MEN in their failure to produce resistant

TABLE 1. MICs of5-FC for clinical isolates and
segregantsa

Strain MIC (pg/mi)
MEN ................ 10, 50b
SiC ................... 1
RlC ................. >500
S2 ................ 1
R2 ................ >500
Type Dd. 1
FC18 ................ 10

a Approximately 2,000 cells were introduced into (1
ml) liquid MIN supplemented with filter-sterilized 5-
FC (0, 0.1, 1.0, 10, 50, and 500 ug/ml), and growth was
assessed visually after 4 days of standing incubation.
MIC is the lowest 5-FC concentration which prevented
visible growth.

b Isolate MEN gave variable values for MIC, prob-
ably due to clonal variation in numbers of resistant
variants in the inocula.

'SI and Ri are pure clones from the sensitive and
resistant sectors, respectively, of a sectored colony
from MEN, S2 and R2 are pure clones from the
sensitive and resistant sectors of another sectored
colony from MEN.

d All type D isolates, except FC18.

variants under standard conditions and their
susceptibility, as measured by MIC and growth
on MFC50 agar. We take those properties to
indicate that type D isolates (with one excep-
tion) are homozygous sensitive at the 5-FC re-
sistance gene which is heterozygous in MEN.
The exceptional type D isolate (FC18) was
slightly resistant (Table 1) and was the only type
D isolate to yield a resistant variant (cited
above); the genetic basis of its behavior is un-
known.

It is possible that the frequent occurrence of
5-FC-resistant C. albicans isolates noted by sev-
eral workers is due to selection for homozygous
resistant segregants produced by heterozygotes
which are themselves partially resistant and
therefore selectable by 5-FC, particularly by low
5-FC concentrations. Isolates which yield a high
frequency of resistant variants were common (5
of 17) among the isolates examined in the pres-
ent study; examination of a larger sample will
provide a better estimate of their frequency in
the general C. albicans population. Other work-
ers (1, 8, 10, 14) have briefly mentioned results
which suggest to us that some of their isolates
were heterozygous for resistance. Zimmerman
and Kern (17) have considered the possible oc-
currence of heterozygosity in a general discus-
sion of drug resistance in pathogenic fungi.
The use of 5-FC in treating infections due to

strains heterozygous for resistance seems inad-
visable because of the possibility of selection for
the heterozygote and the strong likelihood of
rapid overgrowth of resistant segregants. The
simple screening procedure described in this pa-
per (Fig. 1) may provide a routine presumptive
method for detecting heterozygotes.

Conventional genetic analysis of Candida al-
bicans is precluded by the apparent absence of
a sexual phase. We have recently provided a
limited alternative method of genetic analysis
(15, 16). We can now, because 5-FC resistance is
recessive and selectable, select for the products
of meiosis, partial meiosis, or haploidization.
That selective ability may be useful in discov-
ering or devising a genetic system.
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