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Abstract
Objective: To develop an efficient method for evaluating cell surface hydrophobicity and to apply the method to
demonstrate the effects of fungal growth conditions on cell surface properties.
Methods: Yeast isolates were suspended in phosphate-buffered saline and mixed with deep blue-dyed polystyrene
microspheres. Flow cytometry was used to detect the degree of microsphere binding to yeast cells. Different strains of yeast
were compared for intrinsic microsphere binding activity and changes in growth conditions were invoked to modify the
relative surface hydrophobicity.
Results: Commercially available blue-dyed polystyrene microspheres showed strong fluorescence in the FL3 channel,
whereas yeast cells did not show appreciable FL3 fluorescence. Microspheres and yeast were generally distinguishable on the
basis of size revealed by forward light scatter. This method showed a wide variation in intrinsic cell surface hydrophobicity
among Candida albicans strains. Likewise, variation in hydrophobicity of non-albicans yeast species was observed. Growth on
solid media, incubation at 258C, or 250 mg/dl glucose concentration increased hydrophobicity compared with growth in
liquid media, incubation at 378C, or 50 mg/dl glucose, respectively. Growth in 1 x 1079 M estradiol had no appreciable
effect on hydrophobicity.
Conclusions: Stained latex microspheres fluoresced in the FL3 channel of the flow cytometer and bound to yeast cells to an
extent related to the surface hydrophobicity of the yeast. Binding detected by flow cytometry showed that clinical yeast
isolates varied in intrinsic binding capacity and this binding ability was altered by different growth conditions. The
implications for virulence regulation among yeast isolates are discussed.
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Introduction

It is well recognized that mucosal pathogens depend

on attachment to tissue substrates as part of the

colonization and pathogenic processes. The adher-

ence properties of Candida are of special interest

because the organism attaches both to tissues and to

medical devices. The ability of Candida to attach to

plastics may be exploited in studying its interaction

with surfaces [1–4]. Because Candida is a constituent

of the normal flora, its relation to the host is at times

benign and at times pathogenic; this situation may be

the result of the ability of the organism to regulate

virulence properties under varying environmental

conditions.

Attachment of microorganisms to tissues is com-

plex, involving both specific receptor molecules and

non-specific physical and chemical surface properties

[5, 6]. Researchers have previously engaged in

studies attempting to identify molecules on the

surface of microorganisms, since these substances

are the most likely to be engaged in interaction with

host tissues and the most likely to contribute to

physical interactions (such as hydrophobicity); and

because these surface adhesive factors contribute to

virulence by binding the microorganism to tissues.

Antifungal factors such as antibodies would probably

bind to and interfere with the function of such

surface molecules [7], leading to the quest to better

understand which surface properties contribute to

tissue adherence.

Among the various mechanisms for microbial

adherence, cell surface hydrophobicity is one of the

apparently important contributors in attachment of
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yeast to tissue or to medical devices [8, 9].

Consequently, research on the virulence of Candida

should include assessment of the intrinsic relative

hydrophobicity of the organism and the modulation

of hydrophobicity under various conditions. Several

methods have been used to measure hydrophobicity,

including contact angles, partitioning into organic

solvents and attachment to hydrophobic surfaces

[10]. Of these, attachment to styrene is the most

straightforward method. For example, measurement

of contact angles requires sophisticated equipment

that is not usually found in a standard infectious

disease laboratory, and partitioning of organisms into

aqueous and organic solvents is nearly impossible

with fungal cells because they are so much heavier

than bacteria that they tend to fall out of suspension

very quickly. Binding of styrene microspheres has

therefore become an attractive alternative to contact

angle or solvent portioning. However, microscopic

evaluation of the binding of styrene microspheres to

yeast cells requires skilled observation, judgment

regarding aggregates of microspheres and yeast, and

considerable time to develop statistically adequate

numbers of observations. For these reasons, we

developed a flow cytometry approach to analyze

styrene microsphere attachment to yeast cells.

Methods

Yeast strains

The Des Moines University Infectious Disease

Research Laboratory maintains a collection of 80

strains of Candida albicans and ATCC strains of

Candida glabrata (2001,660321), Candida albicans

(10231,36232), and Saccharomyces cerevisiae

(9763,4098). Strains are maintained on Sabouraud

dextrose (SAB) agar at 48C and are subcultured at 3-

month intervals. Each strain in the collection was

previously tested for the effect of estradiol (1.0 x

1079 M) on growth, for production of colony

outgrowth on spider medium [11], and susceptibility

to fluconazole by NCCLS methods. A subset of the

culture collection was selected, and strains used in

this study are listed in Table I. Before use, each

organism was subcultured on SAB agar for 48 h

unless otherwise noted.

Styrene microspheres

Styrene beads, 0.834 mM, dyed deep blue, were

obtained from Sigma Chemical Company (St.

Louis, MO, USA ). Beads were provided in 1 ml

suspension (10% solids), with the subsequent

addition of 3 ml distilled water. For bead adherence

tests, microsphere suspensions were vigorously

mixed and 10 ml of the bead suspension added to

a 1:100 dilution of a yeast suspension in phosphate

buffer saline (PBS). The yeast suspension was

prepared by dispersing colonial growth from SAB

medium into PBS and diluting to an optical density

of 1.0+ 0.1 AU at 600 nm. Beads and yeast were

allowed to interact at room temperature for 30 min

on a rotator at 14 cycles per min. Subsequently,

each sample was vortexed vigorously and analyzed

by flow cytometry.

Table I. Characteristics of yeast strains used in this study.

Species Strain Growth in estradiol

medium1

Growth in spider medium Fluconazole susceptibility

Candida albicans GT 188 0.1 - S

clinical isolates GT 132 0.14 - S

986 0.26 - R

875G 0.27 + S

980 0.3 + R

984 0.3 - R

GT 148 4.87 + S

9495 5.09 + S

GT 387 6.13 - S

397 8.6 + S

GT 142 12.4 - S

232 1.31 + S

ATCC Candida albicans 10231 1.94 + S

36232 2.25 - S

ATCC Candida glabrata 2001 NT NT NT

660321 NT NT NT

ATCC S. cerevisiae 9763 1.14 - S

4098 1.86 - S

1Relative growth in estradiol involved yeast nitrogen broth media with and without estradiol. Cultures were plated quantitatively after 12 h of

growth. Results are expressed as counts in estradiol medium/counts in control medium. NT, not tested; S, susceptible; R, resistant.
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Flow cytometry

Flow cytometry employed a Becton Dickenson

FAC scan instrument. For each sample analyzed

we recorded forward scatter (FSC) and side scatter

(SSC), each with linear amplification. We also

recorded data from fluorescence channel 3 (FL3-

h) with logarithmic amplification. Unless otherwise

noted, 10 000 events were collected for each

sample. For each sample an FSC/SSC plot was

used to monitor the geometry of particles in the

sample. A histogram plot of events collected versus

FL3-h was also recorded. A marker (M1) was

placed on FL3 histograms to identify events above

the fluorescence threshold, and statistics derived

from the histogram included the mean FL3 channel

fluorescence.

Statistics

All data collected represented continuous variables

(% M1 and mean channel fluorescence) and were

evaluated by paired comparisons using Student’s t

test; p5 0.05 was considered significant.

Results

Deep blue-dyed styrene microspheres have pre-

viously been used for the microscopic evaluation of

yeast hydrophobicity. However, their use as probes

for flow cytometry depends on the ability of the flow

cytometer to detect and distinguish microspheres

from yeast cells. We first determined whether the

beads were fluorescent. Figure 1 shows that FL3

detected the microspheres, but none of the other

Figure 1. Dyed styrene microspheres were evaluated by flow cytometry. The fluorescence of these microspheres appears in fluorescence

channel 3 (FL3), but not in FL1 or FL2.

Figure 2. Flow cytometry is used to distinguish yeasts, dyed styrene microspheres, and yeasts to which styrene microspheres are bound. The

geometry of the particles (yeasts or microspheres) is illustrated in the upper three panels. Microspheres showed a smaller forward scatter

signal than yeasts. When yeasts that have interacted with microspheres are gated (polygon in upper right panel) they produce a strong FL3

signal (lower right panel) due to microsphere attachment. A marker (M1) is used to define fluorescent and non-fluorescent events. The

relative fluorescence of each population is indicated by mean channel fluorescence, which is calculated from the histograms (lower panels).
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fluorescence channels did so. Therefore, the FL3

signal for each subsequent experiment was recorded.

To determine whether yeast and styrene micro-

spheres could be distinguished by flow cytometry, we

analyzed the FSC/SSC patterns in relation to FL3

fluorescence for yeast alone, for microspheres alone,

and for a combination of yeast and microspheres.

Figure 2 shows that the yeast cells, which are

generally 2 to 5 mM in diameter, were clearly

distinguishable from microspheres (sub-micrometer

size) on the basis of particle geometry (FSC/SSC).

The yeast cells, which do not fluoresce in the FL3

channel, showed fluorescence only when micro-

spheres were allowed to interact with them. We

were able to apply a gate (as shown in Figure 2) to

the yeast/microsphere mixtures in order to remove

fluorescence associated with unbound microspheres.

On the basis of these observations, we were able to

evaluate the intrinsic cell surface hydrophobicity

implied by microsphere binding to yeast. Twelve

clinical isolates of Candida albicans and six ATCC

yeast strains were grown on SAB agar and evaluated

for microsphere binding capacity. Table II sum-

marizes the results, which indicate that both the

percentage of M1 and mean channel fluorescence

(FL3) vary among strains.

Having observed the intrinsic hydrophobicity of

these test organisms, we then investigated whether

changes in environmental and growth conditions

could alter the hydrophobicity of these yeasts. A

series of studies evaluated differences in growth

temperatures, growth in liquid medium versus solid

medium, glucose concentrations, and growth in the

presence of various concentrations of estradiol, in

relation to cell surface hydrophobicity.

The results, shown in Table III, indicate that

yeasts grown in submerged (liquid) culture were

Table II. Intrinsic hydrophobicity of 18 fungal strains.

Species Strain % M1* MCF*

Candida albicans clinical isolates GT 188 97.42 211.66

GT 132 99.86 260.84

986 97.26 169.58

875G 98.79 202.56

980 98.74 381.58

984 98.36 190.31

GT 148 87.31 179.78

9495 78.71 137.88

GT 387 99.16 217.62

397 97.93 174.25

GT 142 93.97 207.17

232 98.88 237.49

Mean for all clinical isolates 95.53 214.22

ATCC Candida albicans 10231 86.01 177.39

36232 67.42 143.12

ATCC Candida glabrata 2001 77.97 239.85

660321 99.53 144.67

ATCC Saccharomyces cerevisiae 9763 99.61 477.40

4098 77.25 224.47

Mean for ATCC organisms 84.63 234.48

*Mean channel fluorescence for FL3; increasing %M1 numbers

indicate higher percentage of yeast cells having any beads attached,

whereas MCF for FL3 indicates the relative number of beads

attached per yeast cell.

Table III. Effect of environmental conditions on yeast hydrophobicity.

%M1* SD p Value Mean FL3* SD p Value

Growth on solid

agar media

88.62 11.31 206.42 81.68

Growth in liquid

media

74.84 12.99 0.00005 166.22 110.10 0.13054

Growth at 258C 88.38 12.34 186.33 70.21

Growth at 378C 67.31 18.88 0.0006 153.61 107.57 0.05463

Glucose

concentration

0 mg/100 ml 88.2 12.31 165.04 76.84

50 mg/100 ml 89.72 10.64 0.2091 188.85 81.81 0.00313

100 mg/100 ml 91.92 8.78 0.0113 198.92 81.03 0.01376

250 mg/100 ml 92.92 8.54 0.0128 213.05 85.65 0.00003

500 mg/100 ml 93.53 7.92 0.0191 208.33 87.44 0.00011

17b-estradiol
concentration (M)

0 84.96 13.25 214.48 105.40

1079 85.40 14.09 0.891 176.38 54.94 0.120

1078 90.84 11.13 0.001 266.58 292.72 0.472

1077 94.88 5.58 0.004 333.60 110.64 0.001

1076 86.92 13.12 0.166 214.91 83.51 0.978

SD, standard deviation; *mean channel fluorescence for FL3. Increasing %M1 numbers indicate higher percentage of yeast cells having any

beads attached, whereas MCF for FL3 indicates the relative number of beads attached per yeast cell. Average for all 18 strains tested.
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consistently less hydrophobic than those grown on

semi-solid media. In addition, growth at 258C versus

378C was associated with greater relative hydropho-

bicity. Glucose concentrations ranging from levels

potentially reflecting hypoglycemia to those poten-

tially reflecting hyperglycemia were also tested.

Higher glucose levels were associated with increased

hydrophobicity. Whereas 17b-estradiol has been

shown to affect growth of Candida, it did not have

an appreciable effect on hydrophobicity except at 1 x

1077 M 17b-estradiol.

Discussion

Because Candida albicans is the fourth most common

nosocomial pathogen and frequently causes mucosal

infections such as vaginal candidiasis, its virulence

properties are of interest. In particular, understand-

ing what environmental conditions result in a change

from colonization to symptomatic infection may be

critical in understanding mucocutaneous infections.

We have focused on hydrophobicity as one of the

putatively important virulence attributes of Candida

albicans. The key contributions of Hazen’s [1, 9, 10]

group have underscored the importance of hydro-

phobicity in microbial virulence and suggest that

studies involving hydrophobicity, although not ad-

dressing all known fungal virulence attributes, will

probably refer to both binding to tissues as well as

binding to phagocytic cells. We attempted to develop

a simple method for evaluating the relative cell

surface hydrophobicity of yeast by means of flow

cytometry. This new method is reported and its use

in identifying environmental conditions that affect

cell surface hydrophobicity is summarized.

Hydrophobicity of microbial surfaces is a potential

contributor to the adherence of yeast to tissue or

medical materials, but is probably not the only factor

involved. For example, specific ligands for extra-

cellular matrix substances have been identified [12].

Adherence to surfaces such as catheters may, in

addition to hydrophobicity, depend on the produc-

tion of biofilm [13, 14]. Therefore, cell surface

hydrophobicity alone may not predict how likely an

organism is to attach to tissues. However, the

method we describe can be used to provide a

measure of an organism’s intrinsic affinity for

hydrophobic surfaces, and this affinity has been

reported to have at least some relationship to

virulence [5].

Perhaps of greater interest among our findings is

the fact that different species and different strains of

yeast displayed variable levels of hydrophobicity.

Other authors have also noted that epithelial

colonization was variable [15], as was adherence to

surfaces [16]. Different adherence assays reflect a

particular set of physical and chemical interactions

with substrates; some authors have examined yeast

adherence to buccal epithelium [17, 18] or cultured

enterocytes [19], whereas others, including our-

selves, have focused on inanimate particles.

However, none of these assays are known to predict

binding to vaginal epithelium. As a result, such

binding studies will need to be the subject of future

research.

Regardless of the relationship of microsphere

binding to vaginal epithelial adherence, our method

is able to assess how different growth and incubation

conditions influence the intrinsic cell surface hydro-

phobicity of our test organisms. We observed that,

although yeasts varied in their intrinsic cell surface

hydrophobicity, most environmental conditions

tested affected yeasts in a consistent manner. For

example, growth on a semi-solid medium always

produced cells that bound more microspheres than

cells grown in submerged culture. Cells grown at

ambient temperature were consistently more hydro-

phobic than cells grown at 378C. Increasing glucose

concentrations seemed to modestly increase relative

hydrophobicity.

Observations on growth at 258C and 378C agree

with reports in the literature for both yeasts and some

bacteria [8, 20–23]. Comparison with glucose find-

ings in the literature is complex because different

concentrations of glucose were studied and a variety

of adherence assays were performed [13, 14, 24, 25].

However, biofilm formation is certainly enhanced by

very high glucose concentrations [14]. We limited

our studies to concentrations of glucose that might

be observed in healthy and in diabetic individuals.

This approach was also followed by Hostetter’s

group [25, 26], who found that another putative

virulence factor, iC3b analog, was increased in high

glucose states.

The current study lays the groundwork for a more

comprehensive evaluation of conditions that can alter

cell hydrophobicity or of reagents that may interfere

with the binding of yeasts to tissue sites. Adhesive

factors continue to represent an opportunity for

novel anti-microbials and, at the same time, repre-

sent a target less studied than molecular targets

related to cellular biosynthetic mechanisms.
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