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High-Frequency Switching of Colony Morphology in 

Candida albicans 

Abstract. The pathogenic yeast Candida albicans switches heritably and at high 
frequency between at least seven general phenotypes ident$ed by colony morpholo- 
gy on agar. Spontaneous conversion from the original smooth to variant phenotypes 
(star, ring, irregular wrinkle, hat, stipple, and fuzzy) occurs at a combined frequency 
of 1.4 x but is increased 200 times by a low dose of ultraviolet light that kills 
less than 10 percent of the cells. After the initial conversion, cells switch spontane- 
ously to other phenotypes at a combined frequency of 2 x Switching is 
therefore heritable, but also reversible at high frequency. The genetic basis of this 
newly discovered process and its possible role in Candida pathogenesis are consid- 
ered. 
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The dimorphic yeast Candida albicans 
is one of the most pervasive fungal 
pathogens in man (1). Although it has 
been assumed that its pathogenicity de- 
pends to a large extent on its capacity to 
grow in either a budding or hyphal form, 
this single developmental characteristic 
has never seemed to be sufficient to 
account for its capacity to invade so 
many diverse body locations, in many 
instances to evade antibiotic treatment 
(2) and the immune system (3), and to 
opportunistically infect a diverse spec- 
trum of compromised hosts (4). In addi- 

tion, it has been shown that C,  albicans 
is a diploid (5) with balanced lethals (6) 
and therefore most likely without a sexu- 
al phase or meiotic cycle. Where, then, 
does C,  albicans obtain the diversity that 
appears to be basic to its success? The 
answer to this question may lie in the 
discovery that C. albicans spontaneous- 
ly and reversibly switches at high fre- 
quency between at least seven general 
phenotypes that can be distinguished by 
a simple agar assay for colony morpholo- 
gy. 

When clonal colonies of a standard 
strain of Candida albicans (3 153A) were 
grown on an amino acid-rich agar (7) at 
24°C for 7 days, the colony morphology 
was "smooth" (Fig. 1A). Smooth colo- 
nies exhibited an unmottled, or unwrin- 
kled, surface, with no aerial mycelia. 
Cells removed from the surface of a 

smooth colony were exclusively in the 
budding form of growth. On the under- 
side of a mature colony, at the colony- 
agar interphase, hyphae penetrated the 
agar. Because of its smooth colony mor- 
phology, we will refer to the original 
parent strain as "original smooth" or 
''0-smooth." 

When large numbers of cells of o- 
smooth were plated as clones, variant 
colony morphologies appeared sponta- 
neously at a frequency of 1.4 x In 
50,500 colonies examined, we found sev- 
en variant colonies: two "star" (Fig. 
lB), three "ring" (Fig. lC), and two 
"irregular wrinkle" (Fig. ID). Colonies 
with the star morphology exhibited a 
slightly thickened perimeter encompass- 
ing a star with between 8 and 12 arms 
projecting peripherally and equidistant 
from one another (Fig. 1B). The arms 
usually did not connect centripetally, 
and their peripheral tips extended off the 
colony proper. Colonies with the ring 
morphology exhibited a very thick pe- 
rimeter, encompassing up to one-third of 
their radius (Fig. 1C). The center of a 
ring colony was relatively thin in com- 
parison, and was usually mottled in tex- 
ture. Colonies with the irregular wrinkle 
morphology exhibited deep wrinkling 
throughout their surface (Fig. ID). In 
contrast to o-smooth colonies, cells re- 
moved from the surface of star, ring, and 
irregular wrinkle colonies exhibited both 
budding and hyphal phenotypes. When 
original isolates of the three spontaneous 
variant morphologies were in turn plated 
as clones, the respective variant pheno- 
type persisted in the majority of off- 
spring. These phenotypes persisted in 
successive clonal platings. 

When cells of o-smooth were plated as 
clones on agar and immediately treated 
with low doses of ultraviolet light, result- 
ing in relatively low levels of cell death, 
variant colony morphologies appeared 
with even higher frequencies. At an ul- 
traviolet light dose that killed only 8 
percent of the cells, 136 out of the 5600 
surviving clones exhibited variant colo- 
ny morphologies, a combined frequency 

Table 1. The frequency of variants in an ultraviolet-induced star colony emanating from original smooth and in ring, stipple, fuzzy, and r-smooth 
colonies emanating from the star. 

Num- Total Frequency of individual switch phenotypes Combined 
Switch Ntz- ber frequency 
pheno- of 

of col- Irregular of 
onies type clones onies Star Ring wrinkle Stipple Fuzzy r-Smooth switching 

Star 1 25,000 442 7.4 x 2.0 x 4.1 x 6.4 x 5.2 x 1.8 x 
Ring 10 57,000 1,398 1.0 x 1.0 x 4.7 x 2.6 x 9.8 X 2.5 X 

Stipple 6 36,100 3,933 7.8 x 2.9 x 7.1 x 2.4 x 6.1 x 1.1 X lo-' 
Fuzzy 4 25,400 665 2.2 x 8.3 x 5.1 x 1.3 x 9.4 x 2.6 x lo-' 
r-Smooth 5 30,700 444 6.6 x 6.3 x 1.2 x 2.9 x 1.4 x lo-' 
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of 2.5 x for survivors. This repre- 
sents approximately a 200-fold increase 
ovet the frequency of spontaneous 
switching. In addition to the three spon- 
taneous variant colony phenotypes ob- 
served in untreated populatibns (star, 
ring, and irregular wrinkle, Fig. 1, B to 
D), three additional phenotypes were 
observed: "stipple," "hat," and 
"fuzzy" (Fig. 1, E to G). Colonies with 
the stipple morphology were mottled, or 
bumpy, in appearance (Fig. 1E). Colo- 
nies with the hat morphology exhibited a 
peripheral rim around a domed center 
(Fig. IF). A distinct mycelial edge encir- 
cling the superficial colony was always 
evident in the lateral agar. Colonies with 
the fuzzy morphology exhibited a thick- 
ened, irregular rim and thin interior (Fig. 
1G). Aerial mycelia composed of hyphal 
bundles emanated from the entire colony 
surface. Again, cells removed from the 
surface of these variant colonies con- 
tained hyphae as well as budding cells. 
When the variants from ultraviolet-treat- 
ed cell cultures were in turn plated as 
clones, the variant phenotypes persisted 
in the majority of offspring. 

To measure both the heritability and 
reversibility of variant phenotypes ema- 
nating from o-smooth, we focused initial- 
ly on the variant star. A single clone of 
star obtained from an o-smooth culture 
treated with a low dose of ultraviolet 
light was grown in liquid nutrient medi- 
um to exponential growth phase and then 
clonally plated. Of 25,000 mature colo- 
nies examined, 24,558 (98.2 percent) ex- 
hibited the same star morphology as the 
parent colony, demonstrating the herita- 
bility of this switch phenotype (Table 1). 
However, 442 (1.8 percent) exhibited 
other switch morphologies, including 
smooth. This represents a combined fre- 
quency of 1.8 x The individual 
frequencies of ring, irregular wrinkle, 
stipple, fuzzy, and smooth were 7.4 x 
1W3, 2.0 X 4.1 X 6.4 X 

and 5.2 x respectively. The 
smooth colonies emanating from switch 
phenotypes will be referred to as "rever- 
tant smooth," or "r-smooth," because 
they do not always represent true rever- 
tants to o-smooth. 

Spontaneous variants from o-smooth 
were also assessed for switch frequen- 
cies. Although this analysis was not as 
extensive as the preceding one for ultra- 
violet-induced star; the combined fre- 
quency of secondary switching for seven 
individual clones (three star, two irregu- 
lar wrinkle, and three ring) was 
4.9 x again demonstrating the dra- 
matic increase in spohtaneous switching 
frequency after the initial switch has 
occurred. 
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To test whether the variant colony 
morphologies emanating from the ultra- 
violet-induced star clone (i) were herita- 
ble, (ii) switched to other variant mor- 
phologies, and (iii) switched back to star 
as well as smooth, ten clones of ring, six 
of stipple, four of fuzzy, and five of r- 
smooth were individually grown in liquid 
nutrient medium and plated as clones. 

Each origitial ling colony contained cells 
that had switched to two or more other 
switch phenotypes. The frequency of 
variant colonies (other than ring and 
including r-smooth) ranged between 
0.8 x and 5.9 x lo-*. The average 
frequency for the ten ring clones was 
2.5 x (Table 1). This was roughly 
180 times higher than the frequency of 

Fig. 1 .  The variant colony phenotypes of Candida albicans. Each panel contains an individual 
colony representative of each phenotype. Clonal colonies were grown on amino acid-rich agar 
at 24°C for 7 days (7). (A) "0-smooth"; (B) "star"; (C) "ring"; (D) "irregular wrinkle"; (E) 
"stipple"; (F) "hat"; (G) "fuzzy"; and (H) "r-smooth". 



Fig. 2. A switch from ring to 
star. The agar dish contained 
60 colonies, 59 ring and 1 star. 
This ring clone emanated from 
an ultraviolet-induced star 
clone. 

variants in o-smooth colonies and rough- 
ly the same frequency observed after low 
ultraviolet treatment of o-smooth. Al- 
though all of the tested ring colonies 
emanating from star exhibited the same 
original colony phenotype, the frequen- 
cy of variants was not uniform. It should 
be noted that the frequency of variants in 
a colony depends on the time at which 
the initial switch occurs in the colony 
history as well as the relative rates of cell 
division of the switch phenotypes. 
Therefore, the average frequency of var- 
iants for a number of independent colo- 
nies affords a more accurate representa- 
tion of switching frequency. All of the 
ring colonies contained cells that had 
switched to star and smooth, but not 
necessarily to irregular wrinkle, stipple, 
or fuzzy. However, the frequency of 
these latter morphologies may have been 
too low to measure for the number of 
colonies scored. An example of a switch 

from ring to star in a ring population is 
presented in Fig. 2. 

Each of the six stipple colonies exam- 
ined exhibited switching to three or more 
other phenotypes. The frequency of vari- 
ant colonies (other than stipple and in- 
cluding r-smooth) ranged between 
1.6 x to 2.7 x lo-'. The average 
frequency for the six clones was 
1.1 x lo-' (Table 1). The four fuzzy 
clones examined exhibited variant colo- 
nies (other than fuzzy and including r- 
smooth) at frequencies between 
1.3 x and 1 x lo-'. The average 
frequency for the four clones was 
2.6 x (Table 1). Finally, the clones 
of revertant-smooth exhibited variant 
colonies (other than smooth) at frequen- 
cies between 3.4 x lW3 and 5.6 x 
The average frequency for the six clones 
was 1.4 x (Table 1). 

Within the r-smooth clones, there ap- 
peared to be subphenotypes. One clone, 

Fig. 3. The frequen- 
cies of switching be- 
tween star, ring, stip- 
ple, fuzzy, and r- 
smooth. These clones 
emanated from a star 
clone obtained after 
low ultraviolet treat- 
ment of o-smooth. 

Stipple 
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labeled "flat-top," exhibited a flat rather 
than round surface. Another, labeled 
'1 cone," exhibited a peak at the center of 
the colony. In addition, the limited num- 
ber of r-smooth clones emanating from 
star exhibited switch frequencies higher 
than o-smooth, indicating that they did 
not represent true revertants to o- 
smooth. 

The average frequencies of switching 
between star, ring, stipple, fuzzy, and r- 
smooth are shown in Fig. 3. Switching of 
irregular wrinkle was not included be- 
cause of the low frequency of appear- 
ance of this phenotype in initial star 
clones (Table 1). It should also be noted 
that we found no switches from r-smooth 
to fuzzy. 

To examine in more detail whether 
variants revert back to ttue o-smooths, 
an irregular wrinkle clone (S19) that ap- 
peared spontaneously from o-smooth 
was clonally plated. S19 formed variant 
colonies at a combined frequency of 
5.5 x From among these S19 
switch colonies, two r-smooths exhibit- 
ing colony morphologies indistinguish- 
able from o-smooth and one star were 
plated as clones. The switching frequen- 
cies of the two r-smooths were 
5.1 x and < 1 x that of the 
star was 3 x Therefore, the two r- 
smooths isolated from S19 reverted not 
only to the colony morphology of o- 
smooth but also to lower switching fre- 
quencies, suggesting true reversion. 

In 1968, J. Brown-Thomsen (8) exam- 
ined streaks of 314 strains of Candida 
albicans on malt-extract agar. He dis- 
cerned 15 different forms as well as vari- 
ants resulting from parent strains moni- 
tored for 6 months. He found differences 
not only in streak macromorphology but 
also in cloned colony morphology, fer- 
mentation of sugar, assimilation of sug- 
ars, reduction of tetrazolium salt, pro- 
duction of chlamydospores (large ovoid 
cells with thick walls), and the extent of 
mycelium formation. We found that this 
extraordinary level of variability does 
not refiect variation between strains, but 
rather an inherent capacity for extreme 
and reversible phenotypic variability 
within each cell. A standard laboratory 
strain of C .  albicans switches spontane- 
ously to a number of variant colony 
morphologies at an initial frequency of 
1.4 x The initial frequency is in- 
creased 200-fold by a low dose of ultravi- 
olet light that results in a kill rate of less 
than 10 percent. After the initial switch, 
spontaneous switching continues at a 
frequency of approximately 2 x 
The high frequency of switching as well 
as complete reversibility suggests that 
reversible genetic changes (for instance, 
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changes in the location of mobile genetic 
elements) (9) may be basic to the switch- 
ing mechanism, although heritable extra- 
chromosomal changes have not been 
ruled out. 

The differences in colony morphology 
between smooth and variant phenotypes 
appear to be due to spatial, temporal, 
quantitative, and qualitative differences 
in bud and mycelium formation (10). 
However, the molecular or cytological 
basis for these developmental differ- 
ences have not been elucidated. All of 
the seven switch phenotypes described 
here retain the basic capacity of dimor- 
phism, and are therefore capable of 
forming buds and mycelia, but the envi- 
ronmental constraints, such as pH-regu- 
lated dimorphism (11), on the transitions 
between bud and hyphal forms vary 
markedly between o-smooth and the 
switch phenotypes (10). 

Switching has been shown to occur 
not only in our standard laboratory strain 
but also in strains of C ,  albicans isolated 
from the mouths of healthy individuals 
(12) and in the related yeast C .  tropicalis 
(13). It therefore seems reasonable to 
suggest that switching may provide C .  
albicans and related infectious yeasts 
with the diversity that is expected of 
such pervasive and successful patho- 
gens. Switching may provide an orga- 
nism with the capacity to (i) invade di- 
verse body locations, (ii) evade the im- 
mune system in a fashion analogous to 
Salmonella (14) and trypanosomes (15), 
or (iii) change antibiotic resistance. It 
may also account for a significant por- 
tion of the 90 or more Candida "spe- 
cies" that have been described (16). 
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Psoriatic Fibroblasts Induce Hyperproliferation of Normal 
Keratinocytes in a Skin Equivalent Model in Vitro 

Abstract. A skin equivalent model has been used t o  fabricate tissues with psoriatic 
and normal cells. Psoriatic jibroblasts can induce hyperproliferative activity in 
normal keratinocytes. The psoriatic epidermis from lesions continues t o  proliferate 
at high rates for at least 15 days in this model,  and normaljibroblasts are unable t o  
suppress this hyperproliferation. The primary defect in psoriatic skin may  reside in 
the dermal jibroblast. 
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Psoriasis is a common skin disease 
characterized clinically by the appear- 
ance of sharply circumscribed scaly red 
plaques. Histopathological changes in 
established psoriatic plaques are essen- 
tially epidermal, with keratinocyte hy- 
perproliferation in the basal layers and 
incomplete keratinization. The main 
changes in the dermis consist of papillary 
edema, dilatation of the papillary capil- 
laries, and the appearance of a moderate 
infiltrate of inflammatory cells. The role 
of dermal fibroblasts in inducing plaque 
formation is the subject of this report. 

There is strong evidence that the dis- 
ease may not be of systemic origin but 
that the defect may originate within the 
skin (I). When full-thickness psoriatic 
skin is grafted to the nude mouse, the 
epidermis from lesions [involved psoriat- 
ic (PP) skin] maintains most of its patho- 
logical features for at least 6 weeks and 
the epidermis from apparently normal 
areas [uninvolved psoriatic (PN) skin] 
can develop certain features of the psori- 
atic lesion (1). However, the rates of 

proliferation and the patterns of differen- 
tiation of keratinocytes from PP or PN 
skin monocultured in vitro do not differ 
from each other or from the rates and 
patterns of normal cultured keratino- 
cytes (2). 

Keratinocytes cultivated without a liv- 
ing dermal component may be an incom- 
plete model for studying interrelations 
within the skin that could explain the 
mechanism of plaque formation. To 
overcome this handicap we have adapted 
a model system (3), called a skin equiva- 
lent, made from matrix materials with 
dermal and epidermal cells to study this 
aspect of the disease. The dermal com- 
ponent, called a dermal equivalent, origi- 
nates from the contraction of a collagen 
gel by dermal fibroblasts (4) that have 
first been grown as conventional mono- 
layer cultures on plastic. In the original 
experiments, the epidermis was applied 
to the dermal equivalent as a cell suspen- 
sion (3); in the experiments reported 
here a new procedure, the insertion of a 
small full-thickness punch biopsy into 
the dermal equivalent, was used. The 
multilayered epidermis that develops in 
vitro by a process of epiboly (Fig. 1, A 
through C) consists of tightly associated, 
well-differentiated keratinocytes ema- 
nating from an organized basal layer of 
cells (5). Using the skin equivalent mod- 
el, we have studied the outgrowth of 
keratinocytes from punch biopsies of PP 
and PN skin harvested from the forearms 
of untreated patients afflicted with 
chronic plaques of psoriasis and from 
punch biopsies of normal skin (NN) from 
age- and sex-matched healthy volun- 
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