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Genetic analysis of oxygen-sensitive mutants of Cryptococcus neoformans revealed two loci (oxyl and oxy2)
linking hyperoxia sensitivity to production of melanin, a known virulence factor. Hyperoxia-sensitive strain 562
(oxyl oxy2) is albino and avirulent. oxy2-defective strains lacking the oxyl defect are melanin deficient but show
normal hyperoxia resistance. Mutants defective at three additional mapped melanin loci fail to show hyperoxia
sensitivity in the oxyl background. Revertants of strain 562, which regain the ability to synthesize melanin by
mutation at suppressor sites unlinked to oxy2, retain the oxygen sensitivity conferred by their oxyl and oxy2
defects. These data identify the melanin gene oxy2 as unique in its association of hyperoxia resistance and
melanization.

Leukocytes reduce molecular oxygen to deploy free radicals
and other oxidants against microbes (1, 8, 10, 14). Possible
defenses available to pathogens include a variety of antioxi-
dants which protect cells during aerobiosis (13). While corre-
lation studies of superoxide dismutase support its role in
pathogenesis (3), the ability of pathogens to resist oxidant
fluxes is poorly understood.

Cryptococcus neoformans is a yeast which causes opportunis-
tic central nervous system infections. Studies with mutants
suggest that cryptococcal virulence factors include the polysac-
charide capsule (4, 5, 21, 22) and melanization (24, 27).
However, the absence of mapping data relating the small
number of published Mel- mutants to each other leaves it
unproved that all melanin genes are virulence factors. Al-
though cell-mediated immunity (6, 11, 26) is important in host
resistance, killing of C. neoformans by macrophages often
appears inefficient (9), either because of the relatively weak
oxidative attack of this leukocyte (2, 9, 31) or because of fungal
resistance to oxidants. To study the role of fungal antioxidants
in pathogenesis, we have isolated a novel class of cryptococcal
mutants sensitive to hyperbaric oxygen, which generates oxy-
gen free radicals (20, 30, 32). We describe the isolation, genetic
study, and virulence testing of oxygen-sensitive and albino
mutants.

Fresh replica plates of colonies derived from UV-irradiated
cells (15) of wild-type strain B-3501 (20) were subjected to
pressurized oxygen (4 to 6 h, 25 atm [2,532.25 kPa], 35°C) (12).
The plates were removed and incubated overnight at 36°C to
allow wild-type colonies to grow. From 15,000 screened colo-
nies, a sensitive mutant (strain 557; phenotype termed Oxy-)
was isolated. This mutant grew normally in air and was not
sensitive when hyperbaric nitrogen was substituted for oxygen
(Fig. 1). To remove other UV-induced mutations, three con-
secutive purifying crosses of the mutant to wild-type (Oxy+)
strains B-3501 and B-3502 were performed (23). When ran-
dom spores collected by micromanipulation were analyzed, the
ratio of Oxy+ to Oxy- colonies (15 Oxy+, 14 Oxy-) fit poorly
the 3:1 ratio expected if the Oxy- phenotype depended on two
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independently segregating oxy genes (P < 0.01, chi-square test)
but fit well that expected if it depended on the meiotic
segregation of two alleles of a single chromosomal oxy locus (P
> 0.8), which we have named oxyl.
To obtain strains of greater sensitivity, we repeated the

UV-induced mutagenesis, this time in the oxyl background of
strain 557. Of 30,000 colonies screened, several showed greater
sensitivity (phenotype termed Oxy=) (Fig. 1 and Table 1).
Following three consecutive purification crosses to strain 557,
each Oxy= strain was tested for known virulence factors by
using the India ink stain for capsular production and Guizotia
agar (29) for melanization. Although all strains appeared
encapsulated in India ink smears, and mutants 557 and 564
synthesized melanin, Oxy= mutants 554, 555, and 562 were
albino (Mel-) (17).
Random spore analysis of loop-collected spores was per-

formed with crosses of each Oxy= mutant to strain 557 so that
the segregation of the new oxy mutations might be observed in
a homogeneous oxyl background. None of the mutants 554,
555, 562, and 564 showed a ratio of Oxy- to Oxy= consistent
with 3:1 (totals for four crosses, 79:77, 85:66, 96:55, and 85:75,
respectively), suggesting that each bears one oxy mutation in
addition to the oxyl lesion. The poor fit of mutant 562's
segregation to the 1:1 ratio in these experiments (P < 0.001)
was reinvestigated by analysis of micromanipulated spores,
which segregated at 13 Oxy- and 20 Oxy=, confirming single-
gene 1:1 ratio segregation (P > 0.2). The second mutations of
the Oxy= strains have been mapped by meiotic analysis to two
loci distinct from oxyl, Mel- strains 554, 555, and 562 defining
oxy2 and strain 564 defining oxy3 (17).
To determine the degree to which the slowed recovery of

mutant colonies reflected killing, mutant and wild-type colo-
nies growing on brain heart infusion containing glucose at 36°C
were treated with oxygen for 9 h and suspended, plated, and
allowed to grow into colonies. The plates were observed at
regular intervals until survivors had grown into microcolonies
of at least 30 cells. Colonies and dead cells were then scored
microscopically. In each of three experiments, the viabilities of
wild-type strain B-3501, Oxy- mutant 557, and Oxy= Mel-
strain 562 paralleled the colony Oxy phenotypes, with the
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FIG. 1. Phenotypes of oxygen-sensitive mutants. Plates of identical

colonies received the following treatments before incubation at 36°C:
treatment with hyperbaric nitrogen (A); treatment with hyperbaric
oxygen for 4 h, followed by a 16-h incubation at 36°C (B); and same
treatment as described for panel B but with 12 additional h of
incubation at 36°C (same plate as used for panel B) (C). Strains: 1,
B-3501 (wild type); 2, 557 (Oxy-); 3, 554 (Oxy=); 4, 555 (Oxy=); 5, 562
(Oxy=); 6, 564 (Oxy=).

following average percent survival values (± standard devia-
tions), respectively: 62% ± 26.5%, 40% ± 26.6%, and 10.3%
± 6.13%.
To assess the relationship of the Oxy= phenotype to viru-

lence, the virulences of strains 562 (oxyl oxy2) and 564 (oxyl
oxy3) (17) were compared with that of the wild type (B-3502).
For each strain, two groups of five mice (8 weeks old, general
purpose Swiss females; National Cancer Institute) were inoc-
ulated in the lateral tail vein with either 106 or 107 cells per
mouse. All strains were of mating type a. All mice infected with
the wild type died by the third week, the average days of death
at the 106 and 107 inocula being days 18 and 14, respectively.

TABLE 1. Genetic properties of cryptococcal strains used in
this study

Strain Phenotype Genotype

B-3501a Oxy+ Mel' Wild type
B-3502a Oxy+ Mel' Wild type
609 Oxy+ Mel' Wild type
557 Oxy- Mel' oxyl
554 Oxy= Mel- oxyl oxy2
555 Oxy= Mel- oxyl oxy2
562 Oxy= Mel- oxyl oxy2
562/r4 Oxy- Mel' oxyl oxy2 oxy24
564 Oxy= Mel' oxyl oxy3
569 Oxy+ Mel- oxy2
610 Mel- mell
611 Mel- mell
612 Mel- mel2
613 Mel- mel3

a National Institutes of Health strain.

Similarly, Oxy strain 564 killed all mice (average days of
death at the two inocula, days 11 and 6, respectively). However,
Oxy= Mel- strain 562 killed no mice by the end of the
experiment (42 days). Thus, some, but not all, Oxy= strains
exhibited decreased virulence; the mutant with impaired mel-
anization exhibited defective virulence.

Genetic analyses were undertaken to clarify the relationship
between melanin production and resistance to hyperoxia and
to test the hypothesis that melanin deficiency per se confers
hyperoxia sensitivity upon C. neoformans. In its simplest form,
this model predicts a correlation between melanin defects and
hyperoxia sensitivity, regardless of the particular genes af-
fected. For example, according to this hypothesis, the hyper-
oxia sensitivity of strain 562 (oxyl oxy2), with two mutations
which appear to confer melanin pathway defects (17) and
greater sensitivity than that shown by strain 557 (oxyl), would
be explained as resulting from a further reduction in melanin
production. To determine the phenotypes associated with the
isolated oxy2 defect, double mutant 562 was crossed to the wild
type and an oxy2 progeny strain (569) was identified by its
ability to reconstitute the phenotypes of strain 562 (Oxy=
Mel-) when crossed to strain 557 (oxyl). However, quite
unlike strain 557, which is phenotypically Mel' Oxy-, strain
569 is Mel- Oxy+. The lack of correlation between melanin
production and Oxy phenotype suggested that the degree of
melanin production per se was an imperfect predictor of
hyperoxia resistance. The lack of an Oxy phenotype associated
with the isolated oxy2 mutation suggested further that syner-
gism with oxyl might be required to express Oxy= phenotypes
associated with melanin defects at other loci.
To test these hypotheses, we obtained additional UV-

induced Mel- mutants of B-3501, isolated by plating UV-
treated cells on Guizotia agar (29). If melanin production
controls hyperoxia sensitivity, it might be expected that single
mutant strains showing very low levels of melanin production
would show resulting Oxy- or Oxy= phenotypes. However,
consistent with our finding for melanin mutant 569 (oxy2),
none of the Mel- mutants showed sensitivity to hyperoxia.
To identify melanin loci represented by the mutants, we

undertook recombinational mapping of their melanin muta-
tions. However, we found interfering allelic differences be-
tween the melanin genes of the commonly used but noninbred
wild-type strains B-3501 (mating-type a) and B-3502 (mating
type a). For example, a large proportion of the progeny of
crosses between the two wild types is Mel-. To prevent this
phenomenon from confusing mapping analyses, we con-
structed a mating-type a wild type inbred to B-3501, beginning
with a Mel' mating-type a strain from a cross between B-3501
and B-3502. This strain was then backcrossed to B-3501 to
allow isolation of an a strain genetically closer to B-3501.
Backcrosses were continued until an a strain (609) sufficiently
isogenic with B-3501 was identified, as judged by uniformly
Mel' progeny produced by its crosses to B-3501. Each melanin
mutant was then crossed to strain 609, and Mel- progeny
representing mutant pairs were crossed for recombinational
mapping. Nonallelic mutations were identified as those pro-
ducing large numbers of Mel' progeny. This analysis identified
three melanin genes (termed mell, mel2, and mel3) affected in
the four mutants tested (Table 2).
To explore further the analogy between the mel loci and

oxy2, the ability of each mel mutation to confer the Oxy=
phenotype in the presence of an oxyl mutation was compared
with that of oxy2. When mutants representing each of the mel
genes were crossed to strain 557 (oxyl), none produced Oxy=
progeny. This suggests that the oxy2 mutation is unique among

VOL. 62, 1994



5696 NOTES

TABLE 2. Mapping of melanin mutations

No. of Mel+ Genetic
Cross colonies recombinants intenretation

observed (%)

610 x 611 100 1 mell610 x me11611
610 x 612 80 11 me11610 X me12612
610 x 613 100 29 mell610 X mel3613
611 x 613 100 11 mell611 X mel3613
612 x 613 100 20 mel2612 X me13613

the tested melanin mutations in its ability to confer the Oxy=
phenotype in an oxyl background.
The uniqueness of oxy2 was confirmed through analyses of

spontaneous Mel' revertants of strain 562 (oxyl oxy2). If the
Oxy= phenotype of strain 562 results from effects of the oxy2
mutation on something other than melanin production per se,

then Mel' revertants of strain 562 due to suppressor mutations
at genes other than oxy2 might retain their Oxy= phenotype.
Of four revertants isolated, three remained Oxy= despite their
regained abilities to synthesize melanin (562/rl, 562/r2, and
562/r3), consistent with earlier experiments suggesting a lack of
correlation between melanin production and hyperoxia sensi-
tivity. One strain (562/r4) coreverted the Oxy phenotype,
becoming Mel' and Oxy-. If oxy2 were unique, among the
melanin loci capable of reverting the melanin phenotype of
562, in its ability to confer sensitivity to hyperoxia, only
reversion at the oxy2 locus would be expected to corevert both
phenotypes. To test this prediction, each Mel' revertant was

crossed to strain 557 (oxyl) to map the reversion site relative to
oxy2. Random spore analysis was then performed on at least 40
spore colonies collected by scraping with a loop. Mel' rever-
sion at a gene other than oxy2 was inferred by the finding of
significant numbers of Mel- progeny resulting from segrega-
tion of the oxy2 and suppressor mutations, which is only
expected if they are unlinked. Consistent with the hypothesis,
only the reversion site in 562/r4 mapped to oxy2. As was found
in the melanin mutant study, manipulating melanin production
through mutation at sites other than oxyl and oxy2 does not
appear to affect sensitivity to hyperoxia.
Oxy mutants are of interest for several reasons. Initially

chosen as a novel and convenient gaseous selection for oxi-
dant-sensitive mutants, hyperoxia has allowed identification
and study of a new gene, oxy2, implicated in fungal aerobiosis.
Moreover, the pleiotropic phenotypes associated with oxy2
mutations suggest that oxidant resistance is important in
pathogenesis and that melanization, long a poorly understood
virulence factor of C. neoformans, may serve as an antioxidant
(17).
While the Mel- and Oxy= traits are tightly linked to oxy2

mutations in the oxyl genetic background (17), thus far the
association between the traits appears unique to oxy2 among
the defective melanin genes tested and requires the oxyl lesion.
Notwithstanding such qualifications, the implication of mela-
nin in resistance to oxidants remains strong. Assays of the
classical oxidant scavenger enzymes superoxide dismutase and
catalase in Oxy mutants have indicated normal activities (18),
while assays of melanizing enzymes indicated deficiencies
along the melanin pathway (17). Secondly, direct evidence
indicates a protective antioxidant role for endogenous or
exogenous melanin against the exogenous anionic oxidants
hypochlorite and permanganate but not against the neutral
oxidant hydrogen peroxide (19). The implied direct antioxidant
role of melanin in defending cells from exogenous oxidants
contrasts with our present findings, which suggest that the

mechanism of defense against endogenous oxidants associated
with hyperoxa stress relies most heavily on oxyl and oxy2. It
will thus be of interest to study further the roles of oxyl and
oxy2 and the specific mechanisms linking each with melaniza-
tion.

In attempting to classify melanin genes by meiotic mapping,
our early results were confounded by genetic dissimilarity
between wild-type strains, a finding which may possibly be
related to the regulation of melanization at elevated temper-
ature (16). We approached this problem by constructing a
mating-type a strain (609) inbred to B-3501 (National Insti-
tutes of Health). Using this inbred pair as a corrected genetic
background, we resolved three melanin loci by recombina-
tional mapping. These isogenic constructions should be helpful
in future studies of the genetics of melanization in C. neofor-
mans.

This work was supported in part by Public Health Service grant
AI29628 from the National Institute of Allergy and Infectious Diseases
(H.E.) and by the Veterans Administration (E.J.).

REFERENCES
1. Babior, B. M., R. S. Kipnes, and J. T. Curnutte. 1973. Biological

defense mechanisms. The production by leukocytes of superoxide,
a potential bactericidal agent. J. Clin. Invest. 52:741-744.

2. Bainton, D. F., and D. W. Golde. 1978. Differentiation of macro-
phages from normal human bone marrow in liquid culture.
Electron microscopy and cytochemistry. J. Clin. Invest. 61:1555-
1569.

3. Beaman, L., and B. L. Beaman. 1984. The role of oxygen and its
derivatives in microbial pathogenesis and host defense. Annu.
Rev. Microbiol. 38:27-48.

4. Bulmer, G. S., and M. D. Sans. 1967. Cryptococcus neoformans. II.
Phagocytosis by human leukocytes. J. Bacteriol. 94:1480-1483.

5. Bulmer, G. S., M. D. Sans, and C. M. Gunn. 1967. Cryptococcus
neoformnans. I. Nonencapsulated mutants. J. Bacteriol. 94:1475-1479.

6. Cauley, L. D., and J. W. Murphy. 1979. Response of congenitally
athymic mice (nude) and phenotypically normal mice to Crypto-
coccus neoformans infections. Infect. Immun. 23:644-651.

7. Commoner, B., J. Townsend, and G. E. Pike. 1954. Free radicals in
biological materials. Nature (London) 174:689-691.

8. Curnette, J. T., R. S. Kipnes, and B. M. Babior. 1975. Defect in
pyridine nucleotide dependent superoxide production by a partic-
ulate fraction from the granulocytes of patients with chronic
granulomatous disease. N. Engl. J. Med. 93:628-632.

9. Diamond, R. D., and J. E. Bennett. 1973. Growth of Cryptococcus
neoformans within human macrophages in vitro. Infect. Immun.
7:231-236.

10. Drath, D. B., and M. L. Karnovsky. 1975. Superoxide production
by phagocytic leukocytes. J. Exp. Med. 141:257-262.

11. Graybill, J. R., and D. J. Drutz. 1978. Host defense in cryptococ-
cosis. II. Cryptococcosis in the nude mouse. Cell. Immunol.
40:263-274.

12. Gregory, E. M., S. A. Goscin, and L. Fridovich. 1974. Superoxide
dismutase and oxygen toxicity in a eukaryote. J. Bacteriol. 117:
456-460.

13. Hassan, J. M., and I. Fridovich. 1984. Oxygen toxicity in pro-
karyotes, p. 128-138. In J. V. Bannister and W. H. Bannister (ed.),
The biology and chemistry of active oxygen. Elsevier Science
Publishing, Inc., New York.

14. Holmes, B., A. R. Page, and R. A. Good. 1967. Studies of the
metabolic activity of leukocytes from patients with a genetic
abnormality of phagocyte function. J. Clin. Invest. 46:1422-1432.

15. Jacobson, E. S., D. J. Ayers, A. C. Harrell, and C. C. Nicholas.
1982. Genetic and phenotypic characterization of capsule mutants
of Cryptococcus neoformans. J. Bacteriol. 150:1292-1296.

16. Jacobson, E. S., and H. S. Emery. 1991. Temperature regulation of
the cryptococcal phenoloxidase. J. Med. Vet. Mycol. 29:121-124.

17. Jacobson, E. S., and H. S. Emery. 1991. Catecholamine uptake,
melanization, and oxygen toxicity in Cryptococcus neofornans. J.
Bacteriol. 173:401-403.

INFECT. IMMUN.



NOTES 5697

18. Jacobson, E. S., N. D. Jenkins, and J. M. Todd. 1994. Relationship
between superoxide dismutase and melanin in a pathogenic fun-
gus. Infect. Immun. 62:4085-4086.

19. Jacobson, E. S., and S. B. Tinnell. 1993. Antioxidant function of
fungal melanin. J. Bacteriol. 175:7102-7104.

20. Jamieson, D., B. Chance, E. Cadenas, and A. Boveris. 1986. The
relation of free radical production to hyperoxia. Annu. Rev.
Physiol. 48:703-719.

21. Kozel, T. R. 1977. Non-encapsulated variant of Cryptococcus
neoformans. II. Surface receptors for cryptococcal polysaccharide
and their role in inhibition of phagocytosis by polysaccharide.
Infect. Immun. 16:99-106.

22. Kozel, T. R., and J. Cazin, Jr. 1971. Non-encapsulated variant of
Cryptococcus neoformans. I. Virulence studies and characteriza-
tion of soluble polysaccharide. Infect. Immun. 3:287-294.

23. Kwon-Chung, K. J. 1976. Morphogenesis of Filobasidiella neofor-
mans, the sexual state of Cryptococcus neoformans. Mycologia
68:821-833.

24. Kwon-Chung, K. J., I. Polacheck, and T. J. Popkin. 1982. Melanin-
lacking mutants of Cryptococcus neoformans and their virulence
for mice. J. Bacteriol. 150:1414-1421.

25. Mason, H. S., D. J. E. Ingram, and B. Allen. 1960. The free radical
property of melanins. Arch. Biochem. Biophys. 86:225-230.

26. Monga, D. P. 1981. Role of macrophages in resistance of mice to
experimental cryptococcosis. Infect. Immun. 32:975-978.

27. Rhodes, J. C., L. Polacheck, and K. J. Kwon-Chung. 1982. Phe-
noloxidase activity and virulence in isogenic strains of Cryptococ-
cus neoformans. Infect. Immun. 36:1175-1184.

28. Sealy, R C., L L. Felix, J. S. Hyde, and H. M. Swartz. 1980.
Structure and reactivity of melanins: influence of free radicals and
metal ions. Free Radical Biol. Med. IV:209-259.

29. Shields, A. B., and L. Ajello. 1966. Medium for selective isolation
of Cryptococcus neoformans. Science 151:208.

30. Turrens, J. F., B. A. Freeman, and J. D. Crapo. 1983. Enhance-
ment Of 02 and H202 production by lung mitochondria and
microsomes during hyperoxia, p. 365-370. In R. A. Greenwald and
G. Cohen (ed.), Oxy radicals and their scavenger systems. II.
Cellular and medical aspects. Elsevier Science Publishing, Inc.,
New York.

31. Van der Meer, J. W. M., R H. J. Beelen, D. M. Fluitsma, and R
van Furth. 1979. Ultrastructure of mononuclear phagocytes de-
veloping in liquid bone marrow cultures. A study on peroxidatic
activity. J. Exp. Med. 149:17-26.

32. Yusa, T., J. D. Crapo, and B. A. Freeman. 1984. Hyperoxia
enhances lung and liver nuclear superoxide generation. Biochim.
Biophys. Acta 798:167-173.

VOL. 62, 1994


