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Abstract

To quantify the thigmotropism, we adapted the our previous method using a chemotaxifilter system in combination
with abioluminescent adenosine triphosphate (ATP) assay based on firefly luciferase-luciferin system and analyzed
the relationship between the ability of germ tube formation and thigmotropism of C. albicansand C. tropicalis.
Both the ahility to form germ tube and the amount of hyphae exhibiting thigmotropism varied depending upon
both the species and strains of Candida. C. albicansformed more germ tubesthan C. tropicalis. A good correlation
was observed between the ability to form a germ tube and the capacity for thigmotropism, and the results gave a

level of significance (p < 0.05).

Further, SEM observation revealed that relatively long hyphae of C. tropicaliswith penetrated through the pores
of filter membrane. This phenomenon may be of importancein the development of pathogenesisof C. tropicalisas

well as C. albicans.
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Introduction

Candida albicans is the most common opportunistic
pathogen of humans. Several factors, such as adher-
ence, persorption, dimorphism and/or germ tube for-
mation, phenotypic switching, interference with host
defense system, synergism with bacteria, and produc-
tion of hydrolasesor other metabolites, have been pro-
posed to bevirulencefactorsof thisfungus(1). Among
these virulence factors, dimorphism and/or germ tube
formation is thought to be one of the most important
factors, since there are several ways in which germ
tube or hyphae formation contributes to candidal per-
sistence.

Reports have shown that the germ tube formation
enhancesthe adherenceof thisfungi to host cells(2-5).
Tronchin et al. (1988) has suggested that the germ tube
possesses adhesins that enable the fungus to colonize
inert surfaces, such as plastics (6). Several human pro-
teins, such aslaminin, fibrinogen and C3d have shown
to bind specifically to germtubeof C. albicanscells(7-
-10). Germ tube formation has also been shown to be

involved in the invasion into epithelium of the mucosa
and vascular endothelia using a combination of physi-
cal and enzymatic forces (11,12). Hence, considerable
effect hasbeen focused on the characterization of germ
tube formation and dimorphic regulation.

Recently, Sherwood et al. (1992) demonstrated
thigmotropism (contact sensing) of hyphae of thisfun-
gus(13) and Gow et al. (1994) characterized the nature
of their touch-sensitive responses (14). The phenom-
enon should be of importance in the invasion of the
epithelial surfaces during pathogenesis. However, at
present, there is no information available on the rela-
tionship between the germ tube formation and thig-
motropism. In addition, it iswell known that someiso-
lates of C. tropicalis possess the ability to form germ
tube, but it was not known whether other Candida
species exhibit thygmotropism.

The experiments described here quantify the thig-
motropic responses. We adapted the our previousmeth-
odsusing achemotaxifilter system (15) in combination
with a bioluminescent adenosine triphosphate (ATP)
assay based on firefly luciferase-luciferin system. This
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isasimpleand convenient method for accurate enumer-
ation of viable cells (16) and has been used previously
to examine bacterial (17,18) and fungal biofilms (19).

Thus the purpose of the present study was to ana-
lyze the relationship between ability of germ tube for-
mation and thigmotropism of C. albicansand C. tropi-
calis. Preliminary scanning el ectron microscopic stud-
ieswere a so performed to investigate the nature of the
Candida thigmotropic response.

Materials and methods
Microorganisms and growth conditions

Candida albicans GDH 16, GDH18, GDH 19, GDH
20, C. tropicalis|FO 1070, GDH 1362 and GDH 0465
were used in this study. C. tropicalis IFO 1070 was
purchased from Institute Fermentation for Osaka, and
all of GDH strainswere oral isolates obtained from the
routine microbiology services of the Glasgow Dental
Hospital and School. The isolates were identified by
sugar assimilation test using the APl 20C system (API
Products, Biomeroux, Lyon, France) and “germ tube”
test (20).

A loopful of yeast cells were inoculated into yeast
nitrogen base medium (Difco, Detroit, USA) contain-
ing 250 mM glucose and grown aerobically at 37°C
(21). After overnight culture, the yeast was harvested
inthelate exponential growth phase, washed twicewith
sterilized distilled water and resuspendedto afinal con-
centration of 107 cells/ml by use of a haemocytometer
(15). Germ tube formation.

The germ tube formation of Candida spp. was
determined by a modified method of Ibrahim et al
(22). One hundred microliters of yeast suspension (107
cells/ml) was added to 500 ul of neat serum (human
serum; Sigma Chemical Co. St Louis, MO, USA), and
sampleswereincubated at 37°C for 2 hrs. Samplewere
then fixed by adding 500 | of 4% (vol/vol) glutaral de-
hyde in distilled water at 4°C for 2 hrs. The number
of yeast cells with germ tubes, of length at least 1
blastospore diameter, was counted microscopically by
the use of haemocytometer. Each strain was tested in
triplicate, and at least 600 yeast cells per strain were
examined.

Thigmotropism assay

A chemotaxicell (pore size 3 um; Kurabo, Osaka,
Japan; 15) was placed on 20% (v:v) serum agar, made

with human serum (Sigma Chemical Co. St Louis,
MO, USA), pre-warmed to 37°C, so that the filter of
Chemotaxicell was in contact with the surface of the
agar (13). Subsequently, 150 pl of yeast suspension
was dispensed into each Chemotaxicell and the whole
assembly was incubated at 37°C for 72 hrs. The sur-
faceareaof filter of Chemotaxicell for culturewas0.48
cn.

Afterwards, each filter with fungi was carefully
removed from Chemotaxicell, washed in a ultrason-
ic device for 10 min and then washed vigorously by
rinsing three times for a total of 60 seconds with dis-
tilled water to remove non-penetrating organisms or
associated blastospores. Then the filter with remain-
ing hyphae was immersed in 1.0 ml of the extraction-
reagent (benzal konium; 23) and allowed to react for 15
min with ultrasonication. The resultant reagent solu-
tion was then subjected to ATP- measurement to quan-
tify the amount of ATP using a bioluminescence appa-
ratus (ATPA-100, TOA ElectronicsLtd., Tokyo, Japan)
(17,19). This apparatus used the firefly-luciferase sys-
tem to determinethe concentration of cellular ATPand
is based upon the measurement of light emission pro-
duced during the oxidation of luciferin by molecular
oxygenin the presence of ATP and magnesiumions. In
this system, the light intensity is directly proportional
to the concentration of ATP (23).

The assays were carried out on two independent
occasions in quadruplicate. Numerical data were ana-
lyzed by analysis of variance (ANOVA) and Tukey’s
multiple rangetest at 5 and 1% levels.

Ultrastructural observations

For ultrastructural studies, specimens were removed
from Chemotaxicells, washed with sterile digtilled
water and fixed in 2.5% glutaraldehyde. Afterwards
they were dehydrated through a graded series of ethyl
alcohol (50-90%), immersed in ¢-butyl alcohol (three
times for 10 mm) and stored at 4°C. Each specimen
was then freeze dried, sputter coated with a layer of
gold to athickness of 2025 nm and observed under a
Scanning Electron Microscope (SEM, JM S-6300, Joel,
Tokyo, Japan) using standard procedures (15,19).

Results
As shown in Fig. 1a, the ability to form germ tube

varied depending upon the species and isolate of Can-
dida. C. albicans had the higher ability to form germ



tube than that of C. tropicalis, as generally accepted,
and C. albicans GDH 18 showed the most, decreased
in the order of GDH 20, GDH16, and C. albicans
GDH 19 and three isolates of C. tropicalis showed
the least (ANOVA, p < 0.01). Similarly, the amount
of hyphae conducted by thigmotropism was highest
with C. albicans GDH 18, decreased in the order of
GDH20 = GDH16 > GDH 1362, GDH 19, GDH
0465, and C. tropicalis IFO 1070 showed the least
(Fig. 1b). A relatively good correlation was observed
between the ability to form germ tube and thig-
motropism, and the results gave alevel of significance
(p < 0.05; Fig. 2).

SEM observation revealed that at the initial stage
of germ tube formation on the Chemotaxifilter (4-hrs
incubation), both germ tubes and a small amount of
blastospores were on the inner surface of the filter,
and that germ tube began to penetrate the filter pore
(Fig. 3a). After 24 hrs-incubation, a relatively large
amount of hyphae penetrating through the filter pore
was observed (Fig. 3b).

After three days incubation, a large amount of
hyphae of C. albicans GDH 18 formed multilay-
ered networks on the inner surface of the filter was
observed (Fig. 4a). Similarly, a layered network was
also observedwith C. albicansGDH 16 (Fig. 4b). Asto
C. albicansGDH 19 and 20, relatively thin hyphal net-
work was formed and helical hyphae was occasionally
observed (Fig. 4c,d).

AsshowninFig. 4e—g, relatively long hyphae of C.
tropicalis were mainly located on the periphery of the
filter, and hyphal growth with penetrating through the
filter pore which may be introduced by thigmotropism
was observed.

Discussion

The significance of topographic changesin germ tube
or hyphae of C. albicans induced by contact sensing
or thigmotropism was excellently suggested by Sher-
wood et al. (1992) (13). They also suggested that con-
tact guidance of hyphae of C. albicans should confer
an advantage in the penetration of human epithelial
layers. Since this topic should be of importance in
considering the pathogenesis of this fungus, it seems
to be important to assess the interrelation between the
thigmotropism and virulence of this fungus. However,
there has been no method or information to quantify
this phenomenon.
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To quantify the thigmotropism, firstly, we adapt-
ed the chemotaxifilter system (15). Thisfilter enables
us to culture or grow hyphal phase of Candida on the
known area of the filter. Secondly, we used a biolumi-
nescent adenosine triphosphate (ATP) assay based on
firefly luciferase-luciferin system, which is known as
a simple and convenient method for accurate enumer-
ation of viable cells (16) and has been previously used
for fungal biofilm (19). We previoudly confirmed that
the quantitative ability of this method for C. albicans
cells both in hyphal and blastospore phase.

As shown in Figs. 1 and 2, a relatively good cor-
relation was observed between the ability to form
germ tube (germ tube test) and thigmotropism, and
theresultsgavealevel of significance(p < 0.05). This
finding suggested that the ability to form the hyphaeby
thigmotropism may be partly attributed to the potential
of isolates to form germ tubes. However, we recently
reveal ed that the thigmotropism of Candida should be
one of the predisposing factors of biofilm formation
on pellicle-coated acrylics, though no significant cor-
relation was observed between the ability of germ tube
formation and fungal biofilm formation (unpublished
data). Thus, as suggested by Gow et a. (1994) (14),
the (topographic) nature of the surface, on which the
hyphal growth was induced, may aso be involved in
this phenomenon.

In addition, SEM observation revealed that alarge
amount of hyphae of C. albicans, particularly with
GDH 18, formed multilayered networks on the inner
surface of the filter, with small amount of blastospore
cell (Fig. 4a—d), most of which were observed to be
budding hyphal form from our previous study (15). In
contrast, as shownin our previousstudy, when we used
the liquid media, such as neat serum, diluted serum or
TC 199, to obtain the hyphae on the same Chemo-
taxifilter, the fungal layer formed on the inner surface
of the filter was mainly comprised of a large amount
of blastospore phase, while a large amount of hyphal
growth penetrated through the filter pore was observed
on the outer surface of the filter at the same time (15).
Although, itisdifficult to offer areason for thisstrange
phenomena, we speculate that the phenomenamay be
partly attributed to the differences in the manner of
supply of nutrientsfrom liquid and agar medium, since
Sherwood et al. (1992) has suggested that the hyphae
grew away from the nutrients (13). Further analysis
should be needed on the phenomenon.

Interestingly, asshownin Fig. 4e—g, relatively long
hyphae of C. tropicalis were observed. It should be
noted that two isolates of C. tropicalis which possess
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Figure 1. Ability to form germ tubes of Candida albicans (GDH 16, GDH 18, GDH 19 and GDH 20) and Candida tropicalis (IFO 1070, GDH
1362 and GDH 0465) (a) and the amount of hyphae induced by thigmotropism (b)

very low ability to form germ tube (GDH 1362 for Since Sherwood et a. (1992) has suggested the impor-
0.789 + 0.191%; GDH 0465 for 0.8821 + 0.337%) tance of thigmotropism of C. albicansin the pathogen-
showed the hyphal growth with penetrating throughthe esis (13), thigmotropism of C. tropicalis, we demon-
filter pore which may beintroduced by thigmotropism.
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Figure 2. Relationship between ability to form germ tubes and the amount of hyphae induced by thigmotropism.

Figure 3. An example of germ tube penetration at 4-hrs incubation (a) and hyphal penetration through the filter pore at 24-hrs incubation (b).
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Figure 4. SEM observations on hyphal formation of Candida spp. induced by thigmotropism. Candida albicans GDH 18 (a), GDH 16 (b),
GDH 19 (c), GDH 20 (d), Candida tropicalis IFO 1070 (€), GDH 1362 (f) and GDH 0465 (g).
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