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Hyphae of Candida albicans elongated towards the oxygen-rich direction when exposed to gradients of oxygen concen- 
tration in thin-layer and capillary-tube cultures with corn meal (CM) agar. The thin-layer culture was prepared by cover- 
ing a drop of molten CM agar containing C. albicans cells with a cover slip in Petri dishes. Cells located in the central 
region of the thin-layered medium neither grew nor produced hyphae. Cells in the marginal regions at first directed their 
hyphae in arbitrary directions after forming a small colony. Hyphae then gradually changed their direction of elongation 
and eventually oriented towards the nearest margin. Under anaerobiosis, cells seeded in the thin-layered medium did 
not grow even in the marginal regions. When exposed to air, the cells in the marginal regions rapidly began to form 
hyphae which elongated towards the nearest margin. To prepare an oxygen gradient in capillary-tube cultures, CM 
agar, and dilute and dense cell suspensions in CM agar were introduced sequentially into the capillary tubes, and the end 
closest to the dense cell suspension was sealed with paraffin. Among cells in the dilute layer, only that located closest 
to the meniscus grew well and extended hyphae towards the meniscus, where oxygen concentrations were highest. 
These studies suggest a positive aerotropic response in the hyphal growth of C. albicans. 
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The opportunistic fungal pathogen Candida albicans 
(Robin) Berkhout can grow as an oval yeast cell or 
an elongated hyphal cell, depending on nutritional and 
environmental conditions. Many studies have focused 
on the dimorphism of C. albicans, because its morpho- 
logical conversion is of interest in respect not only to 
cellular differentiation but also to pathogenesis (Odds, 
1988, 1993). A number of factors that control the mor- 
phological conversion of C. albicans have been reported, 
including the partial pressure of oxygen. McClary 
(1952) reported the inability of C. albicans to grow an- 
aerobically. Others, however, reported limited but discern- 
ible anaerobic growth (Szawatkowski and Hamilton- 
Miller, 1978; Kennedy, 1981; Eklund and Jarmund, 
1983; Samaranayake et al., 1983; Webster and Odds, 
1986). The effects of anaerobiosis on morphogenesis 
include a lack of germ tube formation (Pollack and 
Hashimoto, 1985), a predominance of pseudohyphal 
growth (Preusser and Rostek, 1983), and production of 
spiral hyphae (Kaminishi et al., 1994). Thus, it was of 
interest to examine the modes of hyphal growth of C. 
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albicans when exposed to an oxygen gradient in culture. 
Morphological and biochemical events associated 

with the hyphal growth of fungi, including C, albicans, 
are currently a major topic in mycology (Gow, 1994, 
1995a, b; Carlile, 1995; Gooday, 1995). Hyphae of C. 
albicans exhibit galvanotropism in response to applied 
electrical fields (Crombie et al., 1990) and thigmotropism 
due to contact sensing (Sherwood et al., 1992; Gow et 
al., 1994). To date there has been little evidence for 
chemotropism in the Fungi Imperfecti (Gooday, 1975), 
except perhaps towards oxygen, if this is regarded as a 
nutrient. To our knowledge, there is no report of an aero- 
tropic response in C. albicans. Here, we report that C. 
albicans extended its hyphae in response to oxygen 
gradients in thin-layer and capillary-tube cultures in corn 
meal (CM) agar medium. 

Materials and Methods 

Fungal strain The K strain of C. albicans used in the 
present study was isolated from a patient with oral candi- 
dosis (Aoki and Ito-Kuwa, 1982). It was maintained on 
slants of Sabouraud glucose agar (Nissui) held at 4~ 
Culture conditions Yeast-form cells grown on Sabou- 
raud glucose agar at 30~ for 3 -4d  were washed in 
sterile distilled water and transferred into CM agar 
(Nissui), which had been autoclaved and kept molten at 
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50~ in a water bath. The cell concentration of the sus- 
pension was adjusted to about 2.5•  104/m1. For thin- 
layer cultures, 20 ffl of the suspension was dropped onto 
the center of a glass Petri dish (9 cm in diam) warmed on 
a hot plate at 55~ then immediately covered with a 
cover slip (24 x 32 mm), producing an agar layer of about 
26 ffm in thickness that was calculated to contain about 
500yeast cells. The margins of the cover slips were 
sealed with molten 1.5~ (w/v) Bact agar (Difco) to pre- 
vent drying of the thin agar layer. The dishes were 
turned upside down and pieces of moist filter paper were 
placed in the dishes. The cultures were incubated aerob- 
ically at 25~ An anaerobic culture system, 
Anaeromate-P (Nissui), was used for the anaerobic stud- 
ies. Anaerobiosis was achieved within a few hours after 
the onset of incubation of the dishes with a deoxidizer in 
the Anaeromate-P bag. 

Capillary tubes (1-5 ffl micropipettes of 0.34 mm in 
inner diam and 12.6cm in length; Drummond Sci.) 
were used. Molten CM agar was introduced first into 
the tubes by capillary action, followed by a dilute cell sus- 
pension (2.5• 104 cells/ml) and finally by a dense one 

(106cells/ml) in molten CM agar. The first column of 
CM agar in the tubes was 0.5-1 cm in length, and the di- 
lute and dense cell suspensions were 2-3 cm each. The 
lower end, proximal to the dense cell suspension of the 
tubes, was sealed with paraffin to prevent contact with 
the atmosphere, while the opposite end was left open to 
the air. These tubes were incubated aerobically at 25~ 
in a plastic box with pieces of moist filter paper. Growth 
of the hyphae in the thin-layer and capillary-tube cultures 
was observed using a light microscope (Olympus BHS) or 
a low power microscope with dark field illumination (Wild 
M400), and photographed on Fuji Neopan SS film. 

Results 

Hyphal growth types in thin-layer cultures When C. albi-  
cans was grown in thin-layered CM agar, celts in the cen- 
tral region of the thin agar medium stopped growth after 
forming minute colonies that could not produce hyphae. 
In contrast, the cells distributed in the marginal regions of 
the thin agar medium (less than 3-4 mm from the cover 
slip edges) produced hyphae after forming minute colo- 

Fig. 1. Time course of hyphal extension from a colony located in the marginal region of the thin-layer culture. 
Times (h) of incubation are: a, 25; b, 40; c, 64; and d, 92. Arrow indicates the edge of the cover slip. Bar= 200 ffm. 
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nies, as shown in Fig. 1. The minute colonies had the 
potential to direct their hyphae in arbitrary directions. 
However, the hyphae gradually changed the direction of 
their extension towards the nearest margin of the thin- 
layered agar medium. The primary hyphae repeatedly 
extended and branched towards the margin (Fig. 2). 
Similar patterns of hyphal extension were observed when 
CM agar was used to seal the cover slips. On CM agar, 
larger colonies produced hyphae which had more yeast 
cells at locations near the edges of the thin-layered medi- 
um (Fig. 3). 

The mode of hyphal extension in the marginal 
regions of the thin-layer cultures was influenced strongly 
by the density of the seeded cells. When the density 
was about 500-1 ,000ce l ls /20~ l ,  hyphae elongated 
vigorously, as shown in Figs. 1 and 2. In contrast, when 
the density was over about 2 ,000cel ls /20~l ,  hyphae 
were produced from minute colonies, but their elongation 
was interrupted by the formation of chlamydospores at 
the hyphal tips (Fig. 4). Thus, we chose a density of 
about 500 cells/20/~l in order to study their tropic be- 
haviour in gradients of oxygen. 

A sparse distribution of seeded cells in the thin-layer 
culture was also necessary to avoid hyphal orientation 
caused by contact wi th adjacent hyphae. As shown in 
Fig. 5, the hyphae of three close colonies extended and 

oriented themselves as if they sensed their mutual 
growth and wished to keep some space between each 
other, although the hyphae eventually extended towards 
the nearest margin. 

Effects of conversion from anaerobiosis to aerobiosis 
on hyphal extension in thin-layer culture are shown in Fig. 
6. When a thin-layer plate was incubated anaerobically, 
the C. albicans cells could neither grow in their yeast 
form nor produce hyphae even in the marginal regions of 
the thin-layered medium. When released from anaero- 
biosis to aerobic conditions, the cells located in the mar- 
ginal regions rapidly began to grow and formed minute 
colonies. The hyphae produced from these colonies ex- 
tended towards the nearest margin, demonstrating that 
the hyphal growth was strictly dependent on oxygen. 

The above results suggested that the tropic hyphal 
extension in the thin-layer cultures on CM agar was due 
to a response to oxygen. To demonstrate the presence 
of oxygen in the thin-layer cultures, a photogenic bacte- 
rium isolated from a marine fish was used. The lumines- 
cence was generated by the bacterium's cells only at the 
edges of the thin-layered medium, suggesting a very 
slow diffusion of oxygen into the thin-layered agar medi- 
um (data not shown). Thus, the oxygen concentration 
was likely to be highest at the margins of the thin-layered 
plates and lower as the distance from the margins in- 

Fig. 2. Hyphal extension from a colony located in the marginal region of a 4 d thin-layer culture. 
Arrow indicates the edge of the cover slip. Bar = 200 f~m. 
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Fig. 3. Dark-field photomicrograph of aerotropic hyphal growth from a colony located in the marginal region of a 2 9 d  thin-layer 
culture, 
Note the larger size of the colony and extensive blastospore production by the hyphae as a result of  the cover slip being sealed wi th  
CM agar, instead of plain agar, and the prolonged culture period. Ar row indicates the edge of the cover slip. Bar= 1 mm. 

Fig. 4. Hyphal g rowth  by densely seeded cells in a 4 d thin-layer culture. 
Hyphal extension ceased after format ion of chlamydospores at the hyphal tips. 
Bar = 200 fzm. 

Ar row indicates the edge of the cover slip. 
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Fig. 5. Time course of hyphal growth from closely located colonies in thin-layer culture. 
The direction of hyphal extension was probably affected by the "Langeron effect", although the hyphae eventually extended 
towards the margin. Times (h) of incubation are: a, 25; b, 40; c, 64. Arrow indicates the edge of the cover slip. Bar= 200 fzm. 

creased. 
To confirm the prevalence of the tropic hyphal 

growth among other C. albicans strains, five oral isolates 
from normal subjects were subjected to thin-layer cul- 
ture. All the tested strains, like strain K, exhibited tropic 
hyphal elongation in the culture, demonstrating that the 
tropic response was not restricted only to strain K (data 
not shown). 
Hyphal extension in capillary-tube cultures To make an 
oxygen gradient in an agar medium, capillary-tube cul- 
tures were devised by successively introducing CM agar, 
dilute and dense yeast cell suspensions into the tubes. 
The lower ends of the tubes were sealed with paraffin, 

while the upper ends were left open to the atmosphere. 
In the three-layered capillary medium, the oxygen con- 
centration was expected to be highest at the meniscus of 
the first CM agar ~ayer and lowest at the sealed tip of the 
third layer with a dense cell suspension, because of the 
rapid consumption of oxygen by the densely seeded cells 
and absence of oxygen diffusing from the sealed tip. 
Thus, cells located in the middle, dilute cell suspension 
layer were expected to be exposed to an oxygen 
gradient. 

Cells located in the dilute layer of the capillary-tube 
culture grew to form minute colonies. Among the colo- 
nies, only that located nearest to the meniscus produced 
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Fig. 6. Effects of conversion from anaerobiosis to aerobiosis on hyphal elongation in thin-layer culture. 
a, Minute colonies formed after 8 d under anaerobic conditions (arrow heads); b and c, hyphal growth 1 and 2 d after exposure to 
aerobic conditions, respectively. Arrow indicates the edge of the cover slip. Bar=400  Fro. 
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hyphae extensively. The hyphae extended towards the 
meniscus, but not in the opposite direction, where the 
capillary had been sealed with paraffin (Fig. 7). The 
other colonies in the dilute layer did not develop any 
hyphal growth towards the meniscus. 

Experiments were devised to determine whether the 
absence of hyphal extension towards the sealed capillary 
tip by the colony located closest to the meniscus was due 
to depletion of nutrients or inhibition by accumulation of 
metabolites. When a capillary tube cultured for 7 d was 
cut at a site in the dense cell suspension layer and ex- 
posed to the atmosphere, the cells in the dense cell layer 
began to grow rapidly (data not shown). This result 
showed that the limited growth of the cells in the dense 
cell layer before cutting was due to anaerobiosis and ex- 
cluded the possibility of hyphal growth inhibition due to 
the depletion of nutrients or the accumulation of metabol- 
ic products in the capillary-tube cultures. 

Discussion 

In the present study, the CM agar medium was used to 
observe the manner of hyphal extension of C. albicans in 
thin-layer and capillary-tube cultures. We reported previ- 
ously the inability of respiration-deficient mutants of C. 
albicans to grow on CM agar (Ito-Kuwa et al., 1990). 
This indicated that CM agar contains little or no amounts 
of easily fermentable carbon sources and, thus, growth 
of C. albicans on CM agar depends on respiration. 
Therefore, oxygen is most likely to be the sole factor con- 
trolling the growth of C. albicans in the thin-layer and 
capillary-tube cultures. 

Robinson (1973) demonstrated positive aerotropism 
in Geotrichum candidum Link: Persoon using a perforated 
plate wi th a central hole. When arthrospores of the fun- 
gus were seeded densely on the perforated plate, germi- 
nation and germ tube production occurred in response to 
the oxygen which had diffused from the central hole of 
the perforated plate. On the basis of these observa- 
tions, he hypothesized that a tropic response to oxygen 

occurred when the oxygen concentration began to limit 
respiration of the spores and their germ tubes. In the 
micro-environment of the perforated plate assay, a steep 
oxygen gradient caused an imbalance in respiratory activ- 
ity between the opposite sides of the hyphae. This im- 
balance gave rise to production of fewer apical vesicles 
on the side of the hypha nearest to the lower oxygen con- 
centration. As a consequence, the hypha turned 
towards the hole from which the oxygen had diffused 
(Robinson, 1973). In C. albicans, the apical cells of the 
hyphae are rich in cytoplasm (Gow and Gooday, 1984) 
and large mitochondria (Aoki et al., 1989), and they ex- 
tend leaving behind highly vacuolated intercalary com- 
partments. These morphological features demonstrate 
the crucial role of respiration in the production of energy 
for cell wall synthesis and hyphal tip extension. Incor- 
porating the hypothesis of Robinson (1973) into these 
results, the tropic hyphal growth of C. albicans described 
above can be explained as fol lows. The concentration 
of oxygen in thin-layered CM agar is highest in the margin 
of the medium, and decreases gradually as the distance 
from the margin increases. Thus, the zone of the 
respiration-limiting oxygen concentration moves from 
the central region to the marginal region of the medium as 
the fungal cells consume oxygen. Thus, the apical cells 
of the hyphae direct their extension towards the oxygen- 
rich margin. This is also the case in the hyphal growth 
towards the meniscus in the capillary-tube cultures. 

Recently, Bartnicki-Garcia et al. (1995) demonstrat- 
ed that the shape of the hypha of Rhizoctonia solani KLihn 
was determined by movement of the Spitzenk6rper in the 
hyphal tips. Thus, it would be of interest to examine 
whether such an intracellular structure functions in the 
aerotropic hyphal growth of C. albicans, although a 
SpitzenkSrper or an equivalent structure has yet to be 
demonstrated in this species. 

Two tropic responses, galvanotropism (Crombie et 
al., 1990) and thigmotropism (Sherwood et al., 1992; 
Gow et al., 1994), have been reported in the hyphal 
growth of C. albicans. It has been suggested that the 

Fig. 7. Hyphalgrowth 14 d after inoculation in capillary-tube culture. 
The cell located nearest to the meniscus grew to form a minute colony (arrow head) and hyphae extended from the colony in the 
direction of the meniscus (arrow). Bar= 500~m. 
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lat ter t ropic response plays a role in the pr imary invasion 
of epithel ia during superf icial Candida infect ions. In the 
present s tudy the presence of posit ive aerot ropism was  
st rongly  suggested as the third t rop ic  response in the 
hyphal g row th  of C, albicans. We reported previously 
the impor tance of respirat ion in both yeast and hyphal 
g row th  of C. a lb icans (Aoki and I to-Kuwa,  1982, 1987; 
I to -Kuwa et al., 1990; Aoki  et al., 1993),  and that  the 
morphologica l  studies of mi tochondr ia l  behaviour sup- 
ported this v iew  ( I to-Kuwa et al., 1988;  Aoki et al., 
1989).  Considering the results obtained in the present 
s tudy together  w i th  those reported previously,  it should 
be stressed that  the g rowth  of C. a lb icans is 
predominant ly  dependent  on respirat ion. Thus, aero- 
t rop ism seems to play an impor tant  role in the hyphal ex- 
tension of C. a lb icans when subjected to oxygen- l imi ted 
condi t ions.  The operat ion and role of the aerot rop ism of 
C, a lb icans in v ivo or in pathogenesis remains to be 
resolved in future studies. 
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