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The basidiomycetous yeast Rhodosporidium toruloides (anamorph, Rhodotorula glutinis) is a common phyllo-
plane epiphyte with biocontrol potential. To understand how R. foruloides adheres to plant surfaces, we ob-
tained nonadherent fungal mutants after chemical mutagenesis with methane-sulfonic acid ethyl ester. Sixteen
attachment-minus (Att™) mutants were identified by three methods: (i) screening capsule-minus colonies for
loss of adhesive ability; (ii) enrichment for mutants unable to attach to polystyrene; and (iii) selection for
reduced fluorescence of fluorescein isothiocyanate-concanavalin A (Con A)-stained cells by fluorescence-
activated cell sorting. None of the 16 mutants attached to polystyrene or barley leaves. The lectin Con A
eliminated adhesion in all of the wild-type isolates tested. Hapten competition assays indicated that Con A
bound to mannose residues on the cell surface. Adhesion of wild-type R. toruloides was transient; nonadhesive
cells subsequently became adhesive, with bud development. All Att™ mutants and nonattaching wild-type cells
lacked polar regions that stained intensely with fluorescein isothiocyanate-Con A and India ink. Lectin,
enzyme, and chemical treatments showed that the polar regions consisted of alkali-soluble materials, including
mannose residues. Tunicamycin treatment reduced wild-type adhesion, indicating that the mannose residues
could be associated with glycoproteins. We concluded that compounds, including mannose residues, that are
localized at sites of bud development mediate adhesion of R. foruloides to both polystyrene and barley leaf

surfaces.

Attachment of microorganisms to surfaces presumably has
survival value and may be required for colonization (28). Most
of the data available on the adhesion of fungi to plant surfaces
concerns preinfection stages of filamentous fungal pathogens
(for reviews see references 5, 17, and 37). Leaf surfaces are
colonized by members of several genera of saprophytic yeasts
that provide a natural buffer against plant pathogens (20). It
has been shown that phylloplane yeasts have biological control
potential (7, 18, 20), yet virtually nothing is known about how
these organisms adhere to plants. Yeast attachment to various
synthetic surfaces has been studied with the human pathogens
Candida albicans and Cryptococcus neoformans (13, 27).

Many fungal adhesives appear to be cell surface glycopro-
teins. Incubation of fungal cells with the lectin concanavalin A
(Con A), which binds to glycoproteins, reduces adhesion of
Colletotrichum graminicola to polystyrene or dimethyldichlo-
rosilane-coated glass (34), adhesion of Magnaporthe grisea to
teflon (23), and adhesion of Nectria haematococca to polysty-
rene (30). Glycoproteins mediate the attachment of C. albicans
to plastic (41) or acrylic (33) and the adherence of Puccinia
sorghi to plastic and glass (8). Bipolaris sorokiniana adheres to
glass with surface polysaccharides composed of galactosamin-
oglycans (38). Not all putative adhesives are glycoproteins or
polysaccharides; attachment of Colletotrichum musae to ba-
nana fruit (40) and attachment of Uromyces appendiculatis to
bean leaves (16) is mediated by cell surface proteins.

Formation of an extracellular polysaccharide (EPS) capsule
is a common in vitro characteristic of leaf surface yeasts (9),
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and yeasts appear to produce slime on the phylloplane (3). The
role of the capsule in attachment of yeasts to leaf surfaces is
unclear. It has been speculated that yeast capsules promote
adhesion to leaves, thereby preventing cells from being dis-
lodged by wind and rain (10). EPS apparently plays a role in
adhesion of the yeastlike fungus Aureobasidium pullulans to
cellulose membranes and apple leaves (1). However, Pertsov-
skaya and Golubev observed that the presence of capsules on
yeast cells decreased the adhesive strength severalfold, as re-
ported by Golubev (22).

To investigate the possible adhesion mechanism(s) of leaf
surface yeasts, we chose as a model system the basidiomycet-
ous yeast Rhodosporidium toruloides Banno (anamorph, Rho-
dotorula glutinis [Fresenius] Harrison), a common component
of phylloplane communities (9). Unlike A. pullulans, about
which little is known genetically, R. foruloides is haploid and
amenable to mutagenesis (42). It has exhibited biological con-
trol potential against Botrytis cinerea on the phylloplanes of
tomato and bean (15) and on apple fruit surfaces during post-
harvest storage (18). The objectives of this study were to pro-
duce and characterize mutants that were not able to attach and
to determine how R. foruloides adheres to barley leaves. We
present evidence that adhesion of R. foruloides to polystyrene
and leaves is not mediated by the EPS capsule directly but is
mediated by a region of material that probably includes man-
noproteins localized at the poles of cells. Attachment appears
to be transient and most pronounced in actively dividing cells.

MATERIALS AND METHODS

Yeast strains and inoculum. Wild-type cultures of R. foruloides NRRL Y-1588,
NRRL Y-1091, NRRL Y-6672, and NRRL Y-17902 were obtained from the
Agricultural Research Service Culture Collection, Peoria, Ill. R. toruloides Rgl
and G27 were provided by D. Becher, Ernst-Moritz-Arndt-Universitit, Greif-
swald, Germany. Stock cultures were stored in 15% glycerol at —80°C. Working
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cultures were maintained on potato-carrot agar at 4°C. To prepare inocula,
plates containing yeast nitrogen base (YNB) (Difco Laboratories, Detroit,
Mich.) supplemented with 2% glucose were streaked and incubated at 28°C for
2 to 3 days. We used cells obtained from a single colony to inoculate a 50-ml flask
containing liquid YNB, which was incubated at 26°C for 24 h with agitation (100
rpm). Portions (100 wl) of the resulting 24-h culture were used as inocula for
50-ml YNB cultures, which were the final inocula. Unless stated otherwise, cells
were grown to the mid-log phase (approximately 107 cells ml~'), harvested by
centrifugation (3,000 X g, 10 min), and washed twice with the appropriate test
buffer.

Plant growth conditions. Barley (Hordeum vulgare cv. Hazen) was provided by
the Wisconsin Foundation Seed Program, Madison. Barley seeds were sown in
Redi-Earth Peat Lite Mix (Scotts-Sierra Horticultural Products Co., Marysville,
Ohio) and incubated at 24°C with a light regimen consisting of 12 h of light
(approximately 180 microeinsteins s~! m~2 at pot level) and 12 h of darkness.
The first fully expanded leaf of individual 9- to 11-day-old plants was used for the
adhesion assays.

Adhesion assay. Adhesion was expressed in terms of the number of yeast cells
removed from test surfaces by agitation compared to the original inoculum
density that was applied (30). Briefly, cells were suspended in 10 mM sodium
phosphate buffer (pH 7.0) at a concentration of 3.5 X 10° cells ml~! and applied
in 150- or 175-pl drops onto either 3-cm-long barley leaf segments or 1.5-cm?
polystyrene squares (Ward’s Plastics, Rochester, N.Y.), and the preparations
were incubated in a moist chamber for either 1 h (polystyrene) or 2 h (barley).
The drops and test surfaces were placed into 2-ml silicon-coated microcentrifuge
tubes (Sigma Chemical Co., St. Louis, Mo.) along with 1 ml of buffer and agitated
with a Vortex Genie agitator (Scientific Products, McGaw Park, Ill.) for 10 s at
setting 3. The test surfaces were removed, and the yeast cells in the remaining
solution were counted with an electronic particle counter equipped with a 76-um
orifice and a 500-pm sample tube (Elzone model 80 XY; Particle Data Inc.,
Elmhurst, Ill.). We determined the initial inoculum size by placing a 150- or
175-ul drop of the yeast suspension and 1 ml of buffer into a comparable tube
without a test surface and counting the cells as described above. Prior to enu-
meration, the yeast cells were killed by adding a 1-mg ml~! thimerosal (Spectrum
Chemical Mfg. Corp., Gardena, Calif.) solution to each tube (final concentration,
100 p.g ml~"). The level of adhesion was determined as follows: (number of cells
recovered after incubation on test surface/initial number in inoculum) X 100%.
All experiments were performed at least twice.

Production of R. foruloides attachment-minus mutants. R. toruloides NRRL
Y-1588 was mutagenized with methane-sulfonic acid ethyl ester (EMS) (31).
Unless stated otherwise, EMS treatment killed approximately 50% of the initial
population. Three methods were used to select for R. foruloides attachment-
minus (Att™) mutants. First, mutagenized cells were plated directly onto capsule-
inducing agar (yeast carbon base [Difco Laboratories] containing 3% glucose),
and the nonencapsulated colonies were screened for loss of adhesive ability by
the assay described above. Second, Att™ mutants were obtained by a polystyrene
enrichment procedure (26). Following mutagenesis, the cells were divided into
separate populations and grown for 24 h in 50 ml of YPD (1% yeast extract, 2%
peptone, 2% glucose). Each culture containing mutagenized cells was pelleted by
centrifugation (3,000 X g, 10 min) and washed with 50 mM potassium phosphate
buffer (pH 7.0). Aliquots (9 ml) of each cell population (10° cells ml~') were
placed in 9-cm polystyrene petri dishes and incubated for 90 min at room
temperature. Nonattached cells were resuspended by agitating the plates gently
(100 rpm) for 3 min and were transferred to new petri dishes. This process was
repeated through three passages. The final enriched, nonadhesive fraction was
pelleted, resuspended in phosphate buffer, and plated onto YPD amended with
50 g of chloramphenicol per ml. From each plate representing a separate initial
population of mutagenized cells, 12 to 18 colonies were retested for the loss of
adhesive ability as described above. Third, potential Att™ mutants were obtained
by fluorescence activated cell sorting (FACS) by selecting for fluorescein iso-
thiocyanate (FITC)-Con A (Vector Laboratories, Burlingame, Calif.)-stained
cells that exhibited 10- to 100-fold less fluorescence than nonmutagenized cells.
Mutagenized cells were grown for 24 h in 50 ml of YPD broth. The cells were
pelleted, washed with lectin buffer (10 mM HEPES [pH 7.5], 0.15 M NaCl, 0.1
mM CaCl,, 0.01 mM MnCl,), and incubated with 50 g of FITC-Con A per ml
for 30 min at 22°C. The cells were sorted with an EPICS Elite flow cytometer
(Coulter Corporation, Miami, Fla.) equipped with a 488-nm argon ion laser
tuned to 15 mW. FITC fluorescence was detected by using a 525-nm band pass
filter. Cells that exhibited reduced FITC-Con A fluorescence were collected
individually by using the AUTOCLONE adaptation with 96-well microtiter
plates containing (per well) 250 ul of YPD containing 50 g of chloramphenicol
per ml and were incubated at 28°C for 2 to 3 days. Putative Att™ colonies were
tested for loss of adhesive ability as described above.

All Att™ mutants were tested for presence of auxotrophic mutations, and the
growth rates in YNB were determined. Mutants that were markedly debilitated
(e.g., had reduced growth rates) were discarded.

Determination of cell surface polysaccharides and effect of lectins on adhe-
sion. The presence of specific cell surface polysaccharides on R. toruloides was
determined by using FITC-labeled lectins with different sugar affinities (Fluo-
rescein Lectin Kit I; Vector Laboratories). Cells were pelleted, washed in lectin
buffer, and incubated with 200 pg of FITC-labeled lectins per ml for 30 min at
22°C, and the presence of a fluorescent signal was assessed by fluorescent mi-
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croscopy. Lectins that bound to the cell surface, which indicated that the corre-
sponding sugar or hapten was present, were tested to determine their effects on
adhesion. Yeast cells were incubated with wheat germ agglutinin (WGA), Ulex
europaeus agglutinin T (UEAI), or Con A at a concentration of 200 pg ml~! for
30 min at 22°C and then applied to polystyrene or barley. The adhesion and
FITC-Con A fluorescence patterns of Att™ mutants were assessed as described
above. We tested a lectin(s) that interfered with adhesion by using five additional
wild-type R. toruloides isolates to ensure that the effects observed were not isolate
specific.

To determine to which sugar moiety Con A bound on the cell surface of
R. toruloides, we used a hapten competition assay (21). Various haptens (50 mM
methyl mannoside, 50 mM methyl glucoside, 50 mM mannose, 50 mM glucose,
50 mM N-acetyl-p-glucosamine, 50 mM sucrose, and 50 mM phenyl glucoside) in
10 mM HEPES (pH 7.5) were incubated for 30 min at 22°C with 50 ug of
FITC-Con A per ml before yeast cells were added. The compounds were as-
sessed for their abilities to block FITC-Con A staining of R. toruloides cells.

Enrichment for nonattaching wild-type cells and cell surface staining pat-
terns. Nonattaching Y-1588 cells were enriched from mid-log-phase cultures by
using carboxymethyl (CM)-Sephadex C-25 cation-exchange beads (Sigma). Ad-
herent cells attached to CM beads, while nonadherent cells remained in the
buffer solution. The beads were washed six times in 50 ml of 10 mM sodium
phosphate buffer (pH 7.0) and then added to mid-log-phase cultures to give a
final bead-to-volume ratio of 1:4 (beads were present in approximately 25% of
the buffer volume). The bead-cell mixtures were incubated for 1 h at 22°C with
gentle agitation (75 rpm). The beads and attached cells were allowed to settle
and were discarded; nonattached cells in the supernatant were collected by
vacuum filtration with 8.0-pm-pore-size filters and were resuspended in buffer.
Adhesion to polystyrene and barley leaves was determined as described above.

We used India ink as a positive stain (29) with wild-type cells and Att™ mutants
to determine cell surface staining patterns and as a negative stain to detect EPS
capsules.

Characterization of a potential adhesive(s) with enzyme and chemical treat-
ments of wild-type R. toruloides. Nonadhesive wild-type cells were obtained by
CM-Sephadex enrichment as described above and were resuspended in condi-
tioned medium in order to obtain relatively uninterrupted growth without a lag
phase in the new medium (36). Conditioned medium was prepared by centrifu-
gation of mid-log-phase Y-1588 cultures and filter sterilization (pore size, 0.22
wm) of the supernatants. To determine if glycoprotein synthesis was involved in
adhesion, we incubated cells for 9 h on an orbital shaker (250 rpm, 22°C) with or
without tunicamycin (5 pg ml™'). Treated and control cells were collected by
vacuum filtration, washed, and resuspended in phosphate buffer, and the level of
adhesion was determined.

Our chemical characterization of potential adhesive materials included the use
of the following enzymes (all obtained from Sigma). Sulfatase (25 U ml™'),
a-mannosidase (2 U ml™ "), crude glucuronidase (type HP-2; crude solution from
Helix pomatia; 3,300 U ml™'), and purified glucuronidase (type VII-A; 3,125 U
ml~") were incubated with cells (10 cells ml~') in 50 mM sodium acetate buffer
(pH 4.8). The crude glucuronidase solution contained up to 5,000 U of sulfatase
activity per ml according to the manufacturer. The purified glucuronidase solu-
tion contained less than 0.05% B-galactosidase, B-N-acetyl glucosamidase, a-ga-
lactosidase, or a-L-fucosidase activity according to the manufacturer. Chitinase
(2.5 mg ml~ ') was incubated with cells in 50 mM sodium acetate buffer (pH 5.5).
Pronase E (2.5 mg ml™!) and protease (type XIII; 2.5 mg ml ") with and without
35 mM B-mercaptoethanol were suspended in 25 mM HEPES (pH 7.0). Gluco-
sidase (20 U ml™!') and 35 mM B-mercaptoethanol were suspended in 25 mM
HEPES (pH 7.0). The controls contained no enzyme and heat-denatured en-
zymes (enzymes boiled for 10 min). Cells and enzymes were incubated for 3 h,
pelleted, and washed twice in the appropriate buffer, and the level of adhesion
was determined.

The chemical treatments used included treatments with alkali (1.0 N NaOH),
acid (1.0 N HCI), and hot ethanol (final ethanol concentration, 75%). The cells
were incubated for 1 h at 30°C (acid or alkali) or at 70°C (ethanol), pelleted, and
washed twice in the appropriate buffer, and the level of adhesion to polystyrene
was determined.

Microscopy and image analysis. The images were averages of six frames
obtained with a model B60 microscope (Olympus America Inc., Lake Success,
N.Y.) equipped with a model DEI-470 cooled charge-coupled device camera
(Optronics Engineering, Goleta, Calif.) controlled by Optimas 6.2 software (Op-
timas Corp., Bothell, Wash.). The images were subjected to postacquisition
processing as follows: background subtraction was performed to eliminate noise
and field artifacts, and the contrast was adjusted with Adobe Photoshop 5.0
(Adobe Systems, Mountain View, Calif.).

RESULTS

Isolation of Att™ mutants. Sixteen independent Att™ mu-
tants were isolated by the three methods used, as follows: 4
mutants were isolated by the capsule screen method, 11 mu-
tants were isolated by the polystyrene enrichment method, and
1 mutant was isolated by FACS. The mutants isolated by the
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TABLE 1. Growth phenotypes, presence of polar FITC-Con A and India ink staining patterns, and capsule production
in R. toruloides wild-type parent Y-1588 and Att™ mutants

Isolate Isolation Growth Strong polar FITC-Con A Strong polar India ink Capsule
method” phenotype” staining pattern staining pattern production®
Parent strain Y-1588 wt Yes Yes Yes
Mutants
5d caps clumping No No No
15d caps clumping No No No
26d caps clumping No No No
38d caps clumping No No No
2f poly clumping No No Yes
4a poly clumping No No Yes
5-11 poly wt No No Yes
1-12 poly wt No No Yes
2d poly wt No No Yes
1n poly wt No No Yes
de poly wt No No Yes
3-3 poly wt No No Yes
Sa poly wt No No Yes
3k poly wt No No Yes
2i poly wt No No Yes
1ID2 FACS wt No No Yes

“ caps, loss of capsule production; poly, enrichment from polystyrene; FACS, flow cytometry and cell sorting (see text).
b wt, growth phenotype similar to the growth phenotype of the wild-type parent; clumping, clumps of cells readily fell out of solution.

¢ Determined by negative staining with India ink.

capsule screen method were obtained in two experiments. In
one experiment, EMS treatment killed approximately 69% of
the cells. Three Att™ mutants (5d, 15d, and 26d) were obtained
from 22 capsule-minus mutants obtained from 12,000 colonies.
In a second experiment, EMS treatment killed approximately
55% of the cells. One additional stable Att™ mutant (38d) was
obtained from the 37 capsule-minus mutants obtained from
the 17,000 colonies examined. The fact that capsules were
absent was confirmed by negative staining and microscopy.
Two of the 11 independent Att™ mutants obtained by enrich-
ment with polystyrene exhibited a clumping phenotype (cells
grew in aggregates and fell out of solution), but all of the
mutants isolated by the enrichment method produced a cap-
sule (Table 1). One Att™ mutant (IID2) was obtained from 709
colonies sorted by FACS based on reduced FITC-Con A flu-
orescence intensity compared to the fluorescence intensity of
nonmutagenized cells (Table 1). The total fluorescence inten-
sity of FITC-Con A-stained Att™ mutant [ID2 cells, as deter-
mined by flow cytometry, was less than the total fluorescence
intensity of stained wild-type cells (Fig. 1).

The adhesion of the nonclumping Att™ mutants to polysty-
rene and barley was significantly less than the adhesion of wild-
type strain Y-1588 (Fig. 2). The six clumping Att™ mutants
also did not adhere to either test surface (data not shown).
Twelve of the 16 Att™ mutants produced an EPS capsule on
agar plates or in liquid cultures (Table 1), as determined by
negative staining with India ink and microscopy. Capsule-
minus, Att™ mutants all exhibited an altered, clumping growth
phenotype in liquid culture, although clumping also occurred
with two capsule-positive, Att™ mutants (isolates 2f and 4a).

Characterization of cell surface polysaccharides. Four of
the seven FITC-lectin preparations tested, the preparations
containing Con A, WGA, UEAI, and Ricinus communis ag-
glutinin I, labeled the cell surfaces of both wild-type R. foru-
loides strains, indicating that chitin, fucose, and galactose were
present (Table 2). Con A binds to a-mannose, a-glucose, and
N-acetyl-glucosamine in decreasing order of affinity (21). Pre-
incubation of FITC-Con A with the hapten a-p-methyl man-
nopyranoside (but not with glucose or glucosamine) greatly
reduced the subsequent fluorescent labeling of yeast cells, in-

dicating that the lectin bound to mannose residues on the yeast
(data not shown).

The cell surface FITC staining patterns obtained with the
various lectins were different. With wild-type R. toruloides cells
FITC-Con A fluorescence occurred over the entire cell surface
and was very intense at the poles of some cells (Fig. 3A). The
intense polar staining was variable; cells were stained at one
pole, at both poles, or at neither pole (data not shown). The
strong polar FITC-Con A staining patterns were not observed
with any of the Att™ mutants (a representative mutant is shown
in Fig. 3B), and the staining was less intense in the nonadhesive
wild-type fraction. FITC-WGA fluorescence covered the entire
wild-type cell surface, and there was no polar pattern similar to
the FITC-Con A fluorescence pattern observed with Att™ mu-
tants (Fig. 3B). The staining obtained with FITC-UEAI was

25 37
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1 1 10 L] 1608

Relative Fluorescence (arbitrary units)

FIG. 1. Relative fluorescence intensities of FITC-Con A-stained cell popu-
lations (5,000 cells per isolate) of R. toruloides wild-type strain Y-1588 (wt) and
Att™ mutant IID2 (Att™) and wild-type autofluorescence (af), as determined by
flow cytometry.
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FIG. 2. Attachment of wild-type strain R. foruloides Y-1588 and Att™ mu-
tants to polystyrene (A) and barley leaf segments (B). The data are the means
and standard deviations for four polystyrene replicates and six barley replicates.

weak but covered the entire cell surface. FITC-R. communis
agglutinin I fluorescence was stronger than UEAI fluores-
cence, but the distribution over the cell surface was patchy
(data not shown).

Effect of lectins on adhesion of R. toruloides. Con A was the
only lectin tested that eliminated attachment of R. foruloides to
both polystyrene and barley leaf segments, suggesting that
mannose residues are involved in adhesion (Fig. 4). Preincu-
bation of Con A with the hapten a-p-methyl mannopyranoside
significantly (P = 0.01) reduced the Con A inhibition of adhe-
sion of R. toruloides (Fig. 4). Con A significantly reduced the
attachment to polystyrene of all of the wild-type isolates of
R. toruloides tested, indicating that the effect on adhesion was
not isolate specific.

Dual attachment phenotype and differential India ink stain-
ing patterns of R. toruloides. Wild-type populations of R. foru-
loides cells were composed of attachment-competent and
attachment-incompetent cells; enrichment for nonattaching
wild-type cells with CM-Sephadex beads resulted in a signifi-
cant decrease in the observed attachment to polystyrene and
barley (Fig. 5A). The ability of the cells to adhere increased
with growth (9 h of incubation) (Fig. 5A). Loss of attachment
was correlated with a loss of the polar staining pattern ob-
tained with the positive stain India ink (Fig. 5B). India ink
stained the poles of cells at sites of bud development, and the
pattern was similar to the pattern observed with FITC-Con A
(Fig. 3A and C). Preincubation of wild-type R. toruloides with
Con A eliminated subsequent polar staining with India ink
(data not shown). Wild-type cells that were not able to attach
and all of the Att™ mutants did not exhibit polar staining
patterns with either India ink or FITC-Con A, suggesting that
the localized, stained areas were involved in adhesion (Fig. 3
and Table 1). Wild-type R. toruloides cells often associated in
small clumps consisting of three or more cells; none of the
Att™ mutant cells appeared to clump (Fig. 3). The polar India
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ink staining patterns were observed with all of the wild-type
R. toruloides isolates and therefore were not isolate specific. In
general, the proportion of wild-type cells that stained with
India ink was correlated with the adhesion observed (data not
shown).

Effect of enzyme and chemical treatments on adhesion. Treat-
ment of the cells with tunicamycin, which disrupts glycoprotein
synthesis, resulted in a significant decrease in the ability of the
cells to attach to polystyrene (Table 3) and barley (data not
shown) compared to untreated control cells. Partial cell wall
digestion with crude or purified glucuronidase significantly re-
duced adhesion. Enzymatic digestion by mannosidase reduced
but did not eliminate adhesion. Treatments that are used to
disrupt cell surface proteins (proteolytic enzymes or B-mercap-
toethanol) had no effect on adhesion. Alkali and ethanol treat-
ment eliminated adhesion of R. toruloides Y-1588.

DISCUSSION

The main significance of our work is the finding that R. foru-
loides attaches to leaf surfaces by means of a localized region
consisting of adhesive material that apparently is produced
transiently at sites of bud growth. This region contains man-
nose residues (possibly mannoproteins). The yeast capsule
does not directly mediate adhesion of R. toruloides to barley
leaf segments or polystyrene. The evidence which led to these
conclusions is discussed below.

Con A eliminated attachment of R. foruloides, presumably by
attaching to mannose residues, and this lectin blocks adhesion
in several other fungal systems (23, 30, 34, 39). The following
two lines of evidence support the hypothesis that mannose
residues are involved in the observed adhesion of R. toruloides:
the results of hapten competition assays and the reduction in
adhesion resulting from mannosidase digestion but not from
glucosidase digestion. However, the data do not imply that
mannose residues alone are directly responsible for adhesion;
Con A could also physically block access of other adhesive
compounds (e.g., proteins).

The evidence that glycoproteins are involved in the adhesion
of R. toruloides includes the fact that adhesion is reduced by
tunicamycin. This drug blocks glycoprotein synthesis in yeast
cells (2). Tunicamycin reduced adhesion of C. albicans to hu-
man buccal epithelial cells (14) but had no effect on adhesion

TABLE 2. Cell surface polysaccharides of R. toruloides wild-type
isolates as determined by FITC-lectin staining

Fluorescence signal
on cell surface

Lectin Sugar affinity”
R. toruloides R. toruloides
Y-1588 Y-1091
Con A Mannose > glucose > N- +b +
acetylglucosamine
WGA N-Acetylglucosamine + +
UEAI a-L-Fucose + +
Ricinus communis  Galactose + +
agglutinin I
Dolichos biflorus a-Linked N-acetylgalactos- - -
agglutinin amine

Soybean agglutinin Terminal N-acetylgalactos- - -
amine

Galactosyl (B-1,3) N-acetyl- - -
galactosamine

NA®¢ - -

Peanut agglutinin

Lectin buffer

“ Data from reference 21.
b+, present; —, absent.
¢ NA, not applicable.
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FIG. 3. FITC-Con A fluorescence staining patterns for R. toruloides Y-1588 cells (A) and Att™ mutant IID2 cells (B) and India ink staining patterns (dark blotches)
for R. toruloides Y-1588 cells (C) and Att™ mutant 1ID2 cells (D). Note the strongly stained polar regions on the wild-type strain Y-1588 cells obtained with both
FITC-Con A and India ink (arrows) and the pronounced reduction in the mutant. Bar = 10 pm.

of N. haematococca conidia to polystyrene (25). However, pro-
teolytic enzymes or mercaptoethanol had no effect on adhesion
of R. toruloides. These data suggest that if glycoproteins are
involved in adhesion, the protein moiety might be physically
protected from enzymatic digestion. Disruption of cell wall
integrity by glucuronidase reduced the adhesion observed, pos-
sibly by releasing glycoproteins.

Mannoproteins are extremely common on the surfaces of
yeast cells and account for 56% of the total surface glycopro-
teins of R. toruloides (6). Mannoproteins are commonly iso-
lated from yeast cell walls by alkali extraction and are precip-
itated by ethanol (19). Both alkali and hot ethanol eliminated
adhesion, which supported the hypothesis that glycoproteins
are potential adhesives.

The strong localized staining patterns obtained with FITC-
Con A were presumably due to the presence of large amounts
of mannose residues at the poles of adhesive cells. Positive
staining with India ink produced similar staining patterns. This
probably reflected the ink’s affinity for proteins with positively
charged and/or hydrophobic regions (29). We are currently
investigating the role of cell surface charge or hydrophobic
interactions in the observed adhesion of R. foruloides to leaves.
The localized staining patterns occurred at sites of bud initia-
tion. Budding in R. toruloides is enteroblastic (phialidic); i.e.,
the first bud leaves an opening in the cell wall through which
subsequent buds develop (43). Localized degradation of sur-
face mannoproteins associated with sites of germination is
involved in the adhesion of C. albicans to plastic (41). Cell wall
changes at the early germ tube emergence stage are believed to
be responsible for the strong adhesion of Botrytis cinerea
conidia (12). Marchant and Smith (32) observed that mother
cells of R glutinis produced localized mucilage which sur-
rounded the developing daughter cells. They hypothesized that
this mucilage physically protects the developing buds. We pro-

pose that a similar pattern of mucilage deposition could also be
involved in the adhesion of this yeast to leaves.

The EPS capsule does not appear to mediate adhesion of
R. toruloides to leaves or polystyrene. Twelve of our 16 Att™
mutants produced a capsule, and most capsule-minus isolates
attached to polystyrene. Nonencapsulated strains of C. neofor-
mans are three times more adherent to glial cells than encap-
sulated strains are (35). Merkel and Scofield (35) hypothesized
that capsular material may actually block adhesins present on
the yeast cell surface. Coating an acapsular mutant of C. neo-
formans with cryptococcal glucuronoxylomannan decreases ad-
hesion to endothelial cells (24). Unlike C. neoformans, addition
of soluble EPS to blastospores of A. pullulans promotes adhe-
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FIG. 4. Effects of the lectins Con A, WGA, and UEAI on adhesion of
R. toruloides Y-1588 to polystyrene. Lectins (200 wg ml~") and cells (3 X 10° cells
ml~') were preincubated for 45 min and then applied to polystyrene for 60 min,
and the levels of adhesion were determined. The controls included Con A
preincubated with the hapten a-p-methyl mannopyranoside (200 mM) for 45 min
and lectin buffer containing no lectin. The data are the means for five replicates.
The bars with different letters are significantly different, as determined by Fish-
er’s least significant difference test (P = 0.01).
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FIG. 5. (A) Adhesion of the nonattaching fractions of CM-Sephadex-en-
riched cell populations (solid bars) and nonenriched cells (open bars) of R. toru-
loides Y-1588 to polystyrene at zero time and after 9 h of incubation in condi-
tioned growth medium. The data are the means for five replicates. Bars with
different letters are significantly different, as determined by Fisher’s least signif-
icant difference test (P = 0.01). (B) Proportion of CM-Sephadex-enriched cells
(®) and nonenriched cells (O) stained with India ink and exhibiting polar stain-
ing. The data are means and standard deviations for three samples, each con-
taining at least 250 cells.

sion of the blastospores to leaves (1). Clearly, the role of the
EPS capsule in adhesion differs in different yeast species, pos-
sibly due to differences in capsular chemical composition.

The Att™ mutants probably have multiple mutations due to
the broad activity of the chemical mutagen used. Currently,
there is no efficient insertional mutagenesis technique (e.g.,
restriction enzyme-mediated integration) available for R. toru-
loides. Such a technique would be desirable as it would result
in nonspecific damage to the genome that is less extensive than
the damage caused by chemical mutagenesis. However, the
common phenotypes of the Att™ mutants (loss of attachment
and polar staining patterns), the large number of mutants, the
relatively low kill rates, and the fact that three different meth-
ods produced mutants suggest that a single mutation is respon-
sible for the phenotype.

Finally, R. toruloides cells were intrinsically either adhesive
or not adhesive. Bud development appeared to be a prerequi-
site for adhesion; adhesive cells exhibited strong polar staining
patterns with both India ink and FITC-Con A that were absent
in nonadhesive wild-type cells and the Att™ mutants. Adhesion

TABLE 3. Effects of various enzyme and chemical treatments
on adhesion of R. toruloides to polystyrene

Enzyme or chemical Adhesion”
Snail gut enzyme ++
Purified glucuronidase +++
Sulfatase ++++
Mannosidase +++
Glucosidase ++++
Chitinase +4+++
Protease ++++
Pronase E ++++
B-Mercaptoethanol............cccciiiiiiiiiiiiccceecceeeeenas ++++
Tunicamycin +
NaOH (1 N) -

HCI (1 N) ++++
Ethanol -
Buffers ++++

“ — no adhesion; +, >60% reduction; ++, 30 to 60% reduction; +++,
<30% reduction; ++ ++, no effect. The reduction in adhesion was significant at
P = 0.05.

APPL. ENVIRON. MICROBIOL.

to surfaces was observed to occur at the polar regions (unpub-
lished data). The transient nature of adhesion competence in
R. toruloides could influence colonization of plant surfaces and
the biocontrol activity that has been observed by other workers
(15, 18). Culture conditions that promote cell division (e.g.,
mid-log-phase growth) should dramatically affect the initial
adhesion of yeast cells applied to aerial plant surfaces. Envi-
ronmental conditions (including the availability of exogenous
nutrients and humidity) which are conducive to the growth of
yeasts on the phylloplane (4, 11) could promote attachment of
R. toruloides by acting on bud development and the associated
polar mucilage. We are currently investigating the role of ad-
hesion in the colonization of barley leaf surfaces by R. foru-
loides.
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