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A previous study reported the isolation of two mutants (LE1 and LE2) of the plant pathogenic fungus Nectria
haematococca (anamorph, Fusarium solani f. sp. cucurbitae) with macroconidia with reduced ability to adhere
(Att-) to zucchini fruits and polystyrene. The adhesion-reduced-phenotype in LE1 and LE2 macroconidia is
temperature sensitive and dependent on the concentration of nutrients. Classical genetic analysis of progeny
derived from LE1 identified a mutation in a genetic locus, named Alt]. The 90-kDa glycoprotein and
macroconidial tip mucilage which were previously associated with the development of adhesion competence in
Att+ macroconidia are specifically associated with macroconidia; neither is produced on microconidia, which
are relatively nonadherent. However, macroconidia of both Att+ and Att- strains produce the 90-kDa
glycoprotein and the macroconidial tip mucilage.

Many fungal species produce vegetative and reproductive
structures which adhere to a variety of natural and synthetic
surfaces (5, 8, 9, 14, 20). Although the importance of adhesion
in plant pathogenesis has been acknowledged, the phenome-
non has not been well characterized. No compound that
mediates attachment of fungi to plants has been fully charac-
terized, and little is known about the genetic and biochemical
basis of fungus-substratum binding (14).
As a model system for investigating adhesion of phytopatho-

genic fungi, we are studying macroconidium-substratum adhe-
sion of the fungus Nectria haematococca Berk. & Br. mating
population I (anamorph, Fusarium solani Appel & Wollenw. f.
sp. cucurbitae Snyd. & Hans. race 1) (2, 11-13). In nature, N.
haematococca macroconidia are water dispersed (1) by either
rain or overhead irrigation. Macroconidia are nonadherent in
water (11, 13). However, they become adhesive within 10 min
after incubation in an adhesion-inducing medium such as
zucchini fruit extract (ZE) (11, 13). Also within the same
10-min incubation, N. haematococca macroconidia adhere
specifically at the spore apices, produce a macroconidial tip
mucilage at the spore apex which can be labeled with con-
canavalin A (ConA), and produce a 90-kDa glycoprotein which
can be labeled with ConA (13). Interestingly, the production of
the material at the site of attachment and the production of the
90-kDa glycoprotein are specifically associated with adhesion
and are not generally associated with the process of germina-
tion; neither the spore tip mucilage nor the 90-kDa glycopro-
tein is observed on spores incubated in media that induce
germination but not adhesion.

N. haematococca is well suited for genetic analyses (21, 23).
It is an ascomycete with haploid hyphae and spores. The
fungus is heterothallic, and after karyogamy, the two divisions
of meiosis, and one mitotic division, the four meiotic products,
present as eight unordered ascospores, are contained within a
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sac, the ascus. Each ascospore in the ascus can be isolated,
clonally propagated, and induced to form asexual conidia. As
an experimental tool to investigate adhesion, Jones and Ep-
stein (12) isolated two independently derived mutants (LE1
and LE2) which have macroconidia with reduced adherence to
zucchini (Cucurbita pepo L.) fruits and to polystyrene. The
macroconidial adhesion phenotype was named Att, for attach-
ment. Analysis of the two Att - strains suggested that adhesion
of N. haematococca to its host surface is a virulence factor.

In this study, first, we demonstrated that LE1 and LE2
strains are temperature sensitive and that the Att phenotype is
dependent on the concentration of ZE. Second, we used
classical genetic analysis to show that progeny derived from
LE1 have a mutation at a genetic locus, named Attl. Third, we
microscopically characterized several Att - progeny derived
from LEL. Fourth, we demonstrated that the macroconidial tip
mucilage and the 90-kDa glycoprotein which were associated
with the induction of adhesion competence are produced only
in macroconidia, not in microconidia, which do not adhere
efficiently. Fifth, we demonstrated that both Att+ and Att -
strains produce the macroconidial tip mucilage and the 90-kDa
glycoprotein.

MATERUILS AND METHODS

Parental strains. All strains were single spore purified. The
wild type and two adhesion-reduced mutants were described
previously (12). Briefly, microconidia from a wild-type strain
(NhI-2) were treated with N-methyl-N'-nitro-N-nitrosoguani-
dine. After an enrichment procedure, two mutants (LE1 and
LE2) with macroconidia with reduced ability to adhere (Att - )
were isolated. NhI-2 and its clonal progeny are mating type 1
(MA4Ti-i) and male sterile (Mal-), i.e., female only. NhI-5,
another wild-type strain, has the opposite mating type
(MA4T1-2) and is male fertile (Mal'), i.e., hermaphroditic.

Mating. For matings, we used strains with opposite mating
types, the requisite gender, and the desired adhesion pheno-
types. Crosses are written as female x male. Fertilization and
ascospore isolation were performed essentially as described by
Georgopoulos (6), Snyder et al. (21), and Van Etten and
Kistler (23). Briefly, dishes of males and females were pro-
duced on V8 agar (12). A suspension of washed conidia,
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serving as males, was poured onto a culture with protoperithe-
cia, serving as females. After the conidia settled, the excess
liquid was decanted. Perithecia were present after dishes were
incubated at 24°C for 7 to 10 days under fluorescent lights with
an alternating 12-h light/dark cycle.
Ascospore isolation. After perithecia were produced, we

isolated either all ascospores from single asci or single, random
ascospores from perithecial cirri. For random ascospore anal-
yses, we examined clonal progeny from 10 to 12 ascospores
from either four or five perithecia. Random ascospores were
named by using an alphanumeric code, RWXY, where R
indicates a random ascospore, W designates the cross, X
designates the perithecium, and Y designates the ascospore.
For tetrad analysis, only asci with seven or eight germinable
ascospores, hence all meiotic products, were used. Asci were
named by using a similar alphanumeric code, WXY, where W,
X, and Y designate the cross, the perithecium, and the ascus,
respectively. For example, 721 and 921 were asci from crosses
performed at separate occasions and hence from different
perithecia. When present, the fourth number in the alphanu-
meric code designates the ascospore. In the three asci (441,
611, and B22) in which only seven germinable ascospores were
recovered from an ascus, the segregation data were inferred
for the eighth ascospore.

Determination of mating type and gender. Duplicate dishes
of the two hermaphroditic tester strains 38 (ALTi-1) and 49
(MATJ-2) and the clonal progeny were used as both female
and male.

Assays for macroconidial adhesion. Macroconidia derived
from individual ascospore progeny were stored, produced, and
harvested essentially as described previously (11, 12). Briefly,
cultures were stored as conidial suspensions in an aqueous
solution of 30% (wt/wt) glycerol at - 70°C. To produce
macroconidia, potato dextrose agar dishes were seeded and
incubated at 24°C for 7 days under continuous fluorescent
lighting. After the culture dishes were flooded with deionized
water, the macroconidia were collected, washed twice in water
by centrifugation in 6-ml tubes for 3 min and then 6 min at 220
x g, and resuspended in water.
For adhesion assays, macroconidia were incubated in ZE

and evaluated for adhesion on polystyrene (11-13). To prepare
ZE, 200 g of 1-cm-thick slices of zucchini fruits per liter of
water was incubated on a hot plate. When the liquid was 90°C,
the fruit was removed by pouring the broth through cheese-
cloth. After the broth was cooled to 24°C and the pH was
adjusted to 6.5 with 1 N KOH, the broth was filtered through
Whatman GF/C glass fiber filters and then autoclaved.
The adhesion assays were conducted with some modifica-

tions from previous descriptions (11-13). First, we determined
the concentration of the spore suspensions collected from the
culture plate. Subsamples were suspended in a counting me-
dium with a final concentration of 0.02% Tween 20 and 100
mM KCI; spore concentrations were determined with a parti-
cle counter (Elzone model 80; Particle Data Inc., Elmhurst,
Ill.). The counter, equipped with a 150-p,m-diameter orifice
and a 1-ml sampling tube, was set to count particles with
volumes of >464 jim . Second, water was added to each spore
suspension so that each suspension had the same concentra-
tion. In different trials, there were 2 x 105 macroconidia in 400
to 800 [lI. For the adhesion assay, for each 60-mm-diameter
polystyrene petri dish, 2 x 105 macroconidia were added to 7
ml of ZE (11). The assay dishes were incubated at 28°C for 1
h unless indicated otherwise. After the incubation, nonadher-
ent spores were removed; dishes were gently swirled, decanted,
and rinsed twice with 10 ml of water. The recovered nonad-
herent spores were suspended in the Tween 20-KCI counting

medium, and the number of nonadherent macroconidia recov-
ered from each polystyrene dish was quantified with the
particle counter.
To ensure that the particle counter results were reliable, we

first compared counts of NhI-2 and LE1 macroconidia ob-
tained with a hemacytometer with those obtained with the
particle counter. Second, we used the hemacytometer to adjust
the 11 strains of macroconidia to the same concentration.
After an adhesion assay, we compared the percent adhesion
data obtained by direct microscopic counting of the petri
dishes (5) with data obtained from enumeration of nonadher-
ent macroconidia by using the particle counter.
For tetrad analyses of adhesion, each trial included the two

parents and all of the ascospore progeny from a single ascus.
For the f, analyses, each trial also included the wild-type strain
NhI-2. For random ascospore analyses, each trial included the
two parents and 10 to 12 strains derived from a single
perithecium. When two parents with the same adhesion phen-
otype were crossed, each trial also included a control strain
with the alternative adhesion phenotype. For all adhesion
assays, there were two replicates per strain. Each trial was
performed at least twice, and percentage adhesion data from
two or three trials were analyzed by an analysis of variance
(ANOVA) as a randomized complete block design with trial
dates as blocks. From an analysis by the Student-Newman-
Keuls multiple-range test at P = 0.05, ascospore progeny were
assigned to a statistical group for the level of adhesiveness.
To determine the effect of microconidia on macroconidial

adhesion, NhI-2 and NhI-5 microconidia were produced on V8
agar plates; plates were seeded and incubated at 28°C for 7
days in darkness. Microconidia were collected, washed, and
enumerated as described above except that a hemacytometer
was used to determine the microconidial concentration. To
assess microconidial adhesion in water and zucchini extract,
107 microconidia were added per assay dish. After incubation,
dishes were washed as described above and the number of
nonadherent microconidia was determined with a hemacyto-
meter. To determine whether microconidia interfered with
adhesion of macroconidia, 2 x 105 macroconidia with or
without 2 x 105 microconidia were added to the assay dishes.
The number of nonadherent macroconidia was determined
with the particle counter as described above. The experiments
were performed twice with two replicates per strain.

Assays for macroconidial germination. In addition to quan-
tifying adhesion of the macroconidia, we quantified germina-
tion as a check on viability. After macroconidia were incubated
in ZE for 5.5 to 6.5 h at 28°C in 20-pul droplets on multiwell
slides (Carlson Scientific, Peotone, Ill.), percent germination
for three replicates per strain was determined.

Microscopic examination of conidia. To quantify the num-
ber of micro- and mesoconidia present in the assay dishes,
conidia were harvested and washed as described for the
adhesion assay. Conidial suspensions were mounted for light
microscopy, and the percentages of one- and two-celled micro-
conidia, three-celled mesoconidia, and four- or more-celled
macroconidia were determined at X 200 magnification. One
hundred conidia were evaluated in each of two determinations.
To determine the average macroconidial length, 25 conidia in
each of two determinations were measured at x 200. The
experiment was performed four times.
To visualize macroconidial tip mucilage, macroconidia were

incubated in ZE on glass coverslips for 30 min. After the ZE
was wicked away, we deposited a 50-p[l droplet containing 2 mg
of fluorescein isothiocyanate (FITC)-conjugated ConA (Sig-
ma) per ml, 1 mM Na2HPO4, 1 mM KH2PO4, 6.2 mM NaCl,
0.3 mM KCl, 12.5 ,uM CaCl2, and 12.5 jiM MnCl2. After
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incubation for 30 min in darkness, macroconidia were exam-

ined immediately by fluorescence microscopy on a Nikon
Optiphot (13). Experiments were performed three times with
similar results.

Gel electrophoresis and Western blot (immunoblot) analy-
sis. Macroconidia were harvested as indicated above except
that the spore suspensions were centrifuged in 50-ml tubes at
200 x g for 2 min. The supernatant was enriched with
microconidia and was discarded except when indicated other-
wise. The spore preparations were washed a total of three
times. Whenever macroconidia were prepared for a biochem-
ical analysis, a subsample was assayed for adhesion as de-
scribed above. N. haematococca macroconidia (2 x 106/8.5-
cm-diameter dish) were incubated at 28°C in 14 ml of ZE for
50 min. Ten dishes were used for each experimental treatment.
Adherent macroconidia were gently dislodged with a camel
hair brush. Both nonadherent and detached conidia were

collected; examination of dishes under a dissecting microscope
indicated that adherent spores were efficiently detached and
collected. After the spores were collected from the assay

dishes, they were pelleted by centrifugation at 1,000 x g for 5
min. The supernatant was discarded, the pellet was wicked dry,
and a 100-,u conidial pellet was incubated at 100°C for 5 to 10
min in an equal volume of 625 mM Tris-HCl (pH 6.8)-2%
sodium dodecyl sulfate (SDS)-5% ,-mercaptoethanol-10%
glycerol-0.05% bromophenol blue (10). Biotinylated molecu-
lar weight standards (Bio-Rad) and 10- and 50-,u aliquots of
sample supernatants for the silver staining and blots, respec-
tively, were loaded onto SDS-10% polyacrylamide gels. As a

control for any residual ZE in the pellet, an aliquot containing
the equivalent of 500 [lI of freeze-dried ZE also was loaded.
Electrophoresis gels were run overnight at a constant 50 V.
Gels were either stained with periodic acid and silver (3, 15) or

electroeluted onto nitrocellulose at a constant 450 mA for 3 h
at 23°C and probed as described previously (13). Briefly, blots
were developed by using ConA-biotin, streptavidin-conjugated
alkaline phosphatase, and 5-bromo-4-chloro-3-indolylphos-
phate and p-nitroblue tetrazolium chloride. In selected trials,
to confirm that ConA was binding a-mannose or ox-glucose
residues, 10 ,ug of ConA-biotin per ml was incubated with 100
mM a-methyl mannoside for 30 min before use as a probe. All
biochemical experiments were performed at least three times
with similar results.

RESULTS

Adhesion assay. With the particle counter set so that only
particles of >464 ,um3 were counted, we determined that
counts of macroconidia of NhI-2 and LEI on the hemacytom-
eter were statistically (P > 0.05) indistinguishable from total
spore counts on the particle counter. Thus, at this setting, the
particle counter counted macroconidia but not microconidia.
Also, we compared the percent adhesion data obtained by
direct microscopy of the dishes with the data obtained by using
the particle counter to quantify nonadherent macroconidia;
the data were highly correlated (r = 0.98).
Temperature sensitivity of adhesion in the mutant strains.

Percent adhesion data for macroconidia of the two wild-type
strains, NhI-2 and NhI-5, were statistically indistinguishable
(Table 1). At all three incubation temperatures, LE2 macro-

conidia adhered significantly less than the wild-type strains;
LE1 macroconidia adhered significantly less than either LE2
or the wild-type strains. Increases in assay temperature caused
a relatively small but significant decrease in adhesion of
wild-type macroconidia. In contrast, increases in assay temper-
ature caused a large decrease in adhesion of LE1 and LE2

TABLE 1. Effect of temperature on adhesion of macroconidia from
different strains of N. haematococca

Adhesion (% ± SD)a at:
Strainb

160C 24°C 28°C

NhI-2 82 ± 2 82 ± 1 72 ± 2
NhI-5 84 ± 1 84 ± 1 73 ± 3
LE1 67 ± 3 45 ± 2 16 ± 2
LE2 75 ± 2 51 ± 7 27 ± 9

a Data from three replicates were analyzed by a two-way ANOVA. There were
highly significant (P < 0.00001) strain effects, temperature effects, and a
strain-temperature interaction. Least significant difference (P = 0.05) is 3 for
both strains and temperatures. The experiment was repeated with similar results.

b Nhl-2 and NhI-5 are wild types of opposite mating types. LEI and LE2 were
clonal progeny from chemically mutagenized NhI-2.

macroconidia. Thus, in comparison with wild-type strains, LE1
and LE2 were least reduced in adhesion at 16°C, more reduced
at 24°C, and most reduced at 28°C. While increased tempera-
ture reduced adhesion of LE1 and LE2 macroconidia, it had
no effect on germination of these macroconidia; after incuba-
tion at 28°C for 5.5 h, >95% of the macroconidia germinated
in all strains. Thus, reduced adhesion in LE1 and LE2 at 28°C
is not due to a general debilitation at higher temperatures. Our
interpretation of the data is that adhesion of LE1 and LE2
macroconidia is temperature sensitive. All subsequent adhe-
sion assays were conducted at 28°C, since the numerical
difference between percent adhesion data for the Att+ and
Att- strains was greatest at this temperature.
ZE concentration dependence. ZE was lyophilized and

reconstituted at the indicated concentration (Table 2). After
incubation on polystyrene for 1 h in either 1 x or 0.2 x ZE, the
Att- strain LE1 and LE2 macroconidia adhered significantly
less (P = 0.05) than the Att+ wild-type strain NhI-2 and NhI-5
macroconidia. However, in 4 x ZE, none of the strains ad-
hered (2 to 7%), even though macroconidia of all of the strains
germinated 100% after 6 h. In 0.02 x ZE, macroconidial
adhesion in all strains was intermediate (46 to 50%). Thus,
while .97% of the macroconidia of all strains germinated in
all concentrations of ZE tested, 4 x ZE inhibited adhesion in
all four strains, 1 x and 0.2 x ZE induced greater adhesion in
the two Att+ strains than in the two Att - strains, and 0.02 x
ZE induced an intermediate level of adhesion in all strains.

Genetic analysis of LEI. Using a quantitative adhesion
assay, we used an ANOVA and a multiple-range test to classify
the adhesiveness of ascospore progeny. In comparison with the
parental and control strains, all progeny were parental Att+,
parental Att -, or in four cases, a nonparental intermediate
type. The multiple-range test never indicated additional non-

TABLE 2. Effect of concentration of ZE on adhesion of
macroconidia from different strains of N. haematococca

Adhesion (% ± SEM)' at concn of:
Strain

4x ZE 1x ZE 0.2x ZE 0.02x ZE

NhI-2 4 ± 1 76 ± 4 85 ± 5 48 ± 6
NhI-5 7 ± 2 81 ± 3 91 ± 2 50 ± 5
LE1 2 ± 1 25 ± 7 44 ± 9 40 ± 8
LE2 2 ± 1 31 ± 5 48 ± 6 46 ± 7

a Data from four trials, each with two replicates, were analyzed by a two-way
ANOVA as a randomized complete block design with trial dates as blocks. There
were highly significant (P < 0.00001) strain effects, concentration effects, and a
strain-concentration interaction. Least significant difference (P = 0.05) is 6 for
both strains and concentrations.
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TABLE 3. Genetic analyses of adhesion of clonally propagated macroconidia

Segregation ratios of adhesionb
Parental strainse Comment

Att+ Att' Att-

NhI-2 (Att+) x NhI-5 (Att+) 46 0 0 Random ascosporesc
LE1 (Att-) x NhI-5 (Att+) 4 2 2 Two asci (413, 421)d

4 0 4 Two asci (441, 481)
4815 (Att+) x 4811 (Att-) 4 0 4 Five asci (721, 722, 911, 921, A21)
4817 (Att+) x 4811 (Att-) 4 0 4 Three asci (611, Bli, B21)
NhI-5 (Att+) x 7226 (Att-) 25 0 25 Random ascospores

a NhI-2 and NhI-5 are wild-type strains. LEI is a chemically induced mutant of NhI-2. 481X are f1 strains from a tetrad that segregated 4 Att+:4 Att-. 7226 is an
F2 strain from 4815 x 4811.

b After the percentages of adhesion of macroconidia from the two parental strains and either all of the ascospore progeny from a single ascus or 10 to 12 random
ascospores from a single perithecium were determined and the experiment was repeated, the data were analyzed by an ANOVA. Adhesion phenotypes of the ascospore
progeny were assigned as statistical groups according to a Student-Newman-Keuls multiple-range test at P = 0.05. Data analysis indicated that all strains segregated
as either parental Att+, parental Att-, or a nonparental intermediate (Att').

c Data from random ascospores are from 10 to 12 ascospores from either four or five perithecia.
d The intermediate phenotype was observed only in two f, asci; these asci were not used in subsequent crosses. See text for discussion.

parental types, such as an exceptionally high Att+ or an

exceptionally low Att-. Typically, there was a 55 percentage
point difference between adhesion of the wild type and LE1
(Tables 1 and 2) and a least significant difference (P = 0.05) of
13. Thus, the Att+ and Att - categories appear to represent
discrete phenotypes.
For the genetic analysis, first we crossed the two Att+

wild-type strains (NhI-2 [Att+ MAT]-l Mal-] x NhI-5 [Att+
MAT]-2 Mal+]) and analyzed 46 progeny from a total of four
perithecia (Table 3). All progeny were in a single Att+ group
(P = 0.05). Second, we mated a chemically derived mutant of
NhI-2, LE1 (Att- MAT]-] Mal-) x NhI-5 (Att+) and
recovered four tetrads, each from a different perithecium. Our
analysis of the clonal progeny for adhesion indicated that two
of the f, asci (441 and 481) segregated 4 Att+:4 Att -. The
other two f1 asci (413 and 421) segregated 4 Att+:2 nonparen-
tal, intermediate-adhesion type: 2 Att -. Third, for f2 analyses,
we crossed Att+ and Att- f1 progeny from a single ascus (481)
that had segregated 4 Att+:4 Att -. For these crosses, either
4815 (Att+ AL4T]-2 Mal+) or 4817 (Att+ MAT1-2, Mal-) was

used as the Att+ female and 4811 (Att- MA4T-1 Mal+) was

used as the Att- male; 4815 and 4817 are not a mitotic pair. A
total of eight asci from seven different perithecia were recov-

ered. Progeny from all eight f2 asci segregated 4 wild-type
Att+:4 mutant-type Att-. Fourth, we mated wild-type NhI-5
(Att+) with the f2 7226 (Att- MAT1-1 Mal+) and examined a

total of 50 random ascospores from five perithecia. The
progeny segregated 25 wild-type Att+:25 mutant-type Att-, a

perfect 1:1 segregation.
After a 5.5-h incubation, germination of macroconidia (pre-

sented as the mean ± standard deviation) from Att+ (95% ±

9%) and Att- (98% ± 3%) strains was uniformly high. Thus,
low adhesion was not correlated with low viability.
We determined mating type and male fertility of the progeny

from the eight f2 asci and the two f1 asci that segregated 4
Att+:4 Att-. In all of the asci, mating type segregated 4:4,
consistent with a trait previously determined to be conferred by
alleles at a single locus (22). With regard to cosegregation of
Att and MAT1, four of the asci (481, 721, 921, and Bli) were

parental ditypes, three (441, A21, and B22) were nonparental
ditypes, and three (611, 722, and 911) were tetratypes. Male
fertility (Mal) also was determined. As expected, in a cross in
which both the female and male parents were hermaphroditic
(4815 x 4811), all of the progeny (721, 722, 911, 921, and A21)
were Mal+. In a Mal- x Mal+ (4817 x 4811) cross, as

expected (4), male fertility segregated 4:4. With regard to

cosegregation of Att and Mal, one of the asci (Bli) was a
parental ditype, none were nonparental ditypes, and four (441,
481, 611, and B22) were tetratypes. Thus, there is no evidence
for linkage between Attl and either MAT] or Mal. Mating type
and male fertility are not linked in N. haematococca mating
population I (7).
Comparison of other phenotypes in selected Att' (NhI-2

and NhI-5) and Att- (LEI, 7226, R1CD, and RlEC) strains.
On potato dextrose agar at 24°C in the presence of light, the
wild-type strains NhI-2 and NhI-5 produced predominately
(-95%) macroconidia (Table 4). In addition to a very low
(.2%) percentage of one- and two-celled microconidia, the
wild-type preparations also had a very low percentage (.3%)
of mesoconidia, i.e., three-celled conidia that morphologically
resembled microconidia more than macroconidia. LE1 pro-
duced a higher (P = 0.05) percentage of microconidia and
mesoconidia than the wild-type strains did. In addition, aver-
age macroconidial length in LE1 was shorter than in NhI-2 and
NhI-5. We selected one of the f2 Att- strains, 7226, that had
macroconidia significantly longer than those of LEL. However,
7226 had macroconidia that were shorter (P = 0.05) than
wild-type macroconidia and produced more micro- and meso-
conidia than the wild-type strains did. After backcrossing
NhI-5 with 7226, we selected two Att- strains (R1CD and
RlEC) which were statistically (P = 0.05) indistinguishable

TABLE 4. Characteristics of wild-type, Att+ (NhI-2 and NhI-5),
and selected Att- (LEI, 7226, R1CD, and RlEC)

strains of N. haematococcaa

Strainb Type of conidia (%)c Macroconidial
Macroconidia Microconidia Mesoconidia length (,m)

NhI-5 95 y 2 y 3 y 59 w
NhI-2 97 y 1 y 2 y 57 wx
LE1 61 z 29 z 10 z 48 z
7226 65 z 26 z 9 z 53 y
R1CD 97y ly 2y 56x
RIEC 97 y 2 y 1 y 57 wx

aData from four trials were analyzed by a one-way ANOVA. Values within the
same column followed by the same letter are not significantly different by the
Student-Newman-Keuls multiple-range test (P = 0.05).

b NhI-2 and NhI-5 are wild-type strains; LE1 is a chemically induced mutant of
NhI-2; 7226 is an f2 strain; R1CD and RlEC are products of NhI-5 x 7226.

c Macroconidia had four or more cells, microconidia had one or two cells, and
mesoconidia had three cells.
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from NhI-2 with regard to macroconidial length. Also, R1CD
and RlEC were statistically (P = 0.05) indistinguishable from
wild-type strains in the percentages of macro-, meso-, and
microconidia produced in light-grown cultures. The two Att-
strains that produce negligible percentages of meso- and
microconidia demonstrate that these conidia are not causally
associated with the Att- phenotype in macroconidia.

Nonetheless, since several of the initially isolated Att-
strains produced more microconidia than either of the wild
type strains did (Table 4), we established that wild-type
microconidia, in concentrations used in our assay system, did
not affect macroconidial adhesion of the wild-type strains.
Macroconidial adhesion assays with strains NhI-2 and NhI-5
were statistically indistinguishable (P = 0.05) when an equal
quantity of microconidia either was or was not added to the
assay dish. During the adhesion assay, NhI-2 and NhI-5
microconidia had relatively low percentages of adhesion; in
both strains, approximately 18% of the microconidia adhered
in water and 25% adhered in ZE.

Macroconidial tip mucilage on Att+ and Att- strains. We
detected macroconidial tip mucilage with FITC-conjugated
ConA. After incubation in ZE, both Att+ (NhI-2 and NhI-5)
and Att- (LE1 and LE2) strains produced the macroconidial
tip mucilage at one or both spore apices (data not shown). In
all strains, only material at the apices was labeled with FITC-
conjugated ConA. No differences were detected in the inten-
sity of labeling at the apices of the selected strains. No labeling
was detected on either the rest of the macroconidial surface or
anywhere on microconidia. Tip mucilage was produced on the
apices of the three-celled mesoconidia.

Biochemical comparison of Att+ and Att- strains. Previ-
ously, we examined extracts enriched for spore surface com-
pounds by gel electrophoresis and Western analyses (13). Our
results indicated that a 90-kDa glycoprotein which can be
labeled with ConA is associated with the development of
adhesiveness in wild-type macroconidia. As reported previ-
ously for NhI-2 (Att+) (13), NhI-5 (Att+) had bands which
could be labeled with ConA with molecular masses of 90, 65,
39, 34, 19, and 16 kDa (Fig. 1A). The ConA probe apparently
bound to either ot-mannose or a-glucose residues on the fungal
compounds, since binding of the probe to a macroconidial
extract from NhI-2 was completely blocked by preincubation of
the ConA with the hapten a-methyl mannoside (data not
shown). We compared extracts from Att+ and Att- strains. In
all strains, the banding patterns on the blots were generally
similar, suggesting that the Att - strains are not grossly pleio-
tropically affected. No differences between strains were de-
tected in the 90-kDa band. On the Western blots, in contrast to
NhI-5 (Att+), LE1 had two additional bands at 32.5 and 14
kDa. Since, LE1 produced more microconidia than either
NhI-2 or NhI-5 did (Table 4), a preparation of LE1 enriched
for microconidia was analyzed (Fig. 1A, lane 6). LE1 micro-
conidia did not have the 90-kDa band but did have the 32.5-
and 14-kDa bands. Similarly, NhI-2 microconidia did not have
a 90-kDa band (data not shown). Thus, the 90-kDa band is
apparently specific for macroconidia. The control lane with
concentrated ZE had no bands which were labeled with ConA
(data not shown), indicating that all of the bands on the blot
were of fungal origin and not from the medium.

Also, we compared gels of silver-periodic acid-stained conid-
ial surface-enriched extracts from Att+ and Att- strains (Fig.
1B). All strains had similar bands. Predominant bands had
molecular masses of 175, 65, 56, 50, 43, 39, 34, 32, and 29 kDa.
Whereas the 90-kDa band was a prominent band on the
ConA-labeled blots, the 90-kDa band was only a faint, but
consistent, band on the silver-periodic acid-stained gels. Thus,

1 2 3
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FIG. 1. A cell surface-enriched fraction from N. haematococca was
separated by SDS-polyacrylamide gel electrophoresis. The molecular
masses of standards are shown on the left in kilodaltons. The arrow
indicates the 90-kDa glycoprotein. (A) Western blot probed with
ConA. Lanes 1 to 5, macroconidial surface-enriched fractions. Lane 1,
Att+ wild-type NhI-5; lane 2, Att- LE1; lane 3, Att- LE2; lane 4,
Att- f2 7226; lane 5, Att- f2 B217; lane 6, microconidial surface-
enriched fraction from LEI. (B) Gel stained with periodic acid-silver.
Lane 1, Att+ NhI-5; lane 2, Att- LE1; lane 3, Att- LE2.

only half of the major bands (i.e., the 65-, 39-, and 34-kDa
bands) on the ConA-labeled blot were prominent on the
silver-periodic acid-stained gel. The control lane with concen-
trated ZE had no distinct bands and a lightly stained smear of
compounds with molecular masses of <45 kDa (data not
shown). Thus, all of the higher-molecular-mass bands and
probably all of the lower-molecular-mass bands on the silver-
periodic acid-stained gel are of fungal origin.

DISCUSSION

We previously correlated the appearance of macroconidial
tip mucilage and a 90-kDa glycoprotein with the development
of adhesion competence of macroconidia in the wild-type
strain NhI-2 (13). In this study, we demonstrated that the tip
mucilage and the 90-kDa glycoprotein are specific for macro-
conidia. That is, microconidia, which are relatively nonadher-
ent, do not produce either tip mucilage or the 90-kDa glyco-
protein. Also, we demonstrated that the macroconidial tip
mucilage and the 90-kDa glycoprotein are present on both
Att+ and Att- strains. This may be evidence that the 90-kDa
glycoprotein is merely associated with the development of
adhesion competence and not the adhesive material itself.
However, we would not have detected differences in the
90-kDa glycoprotein if the mutants were leaky, e.g., (i) pro-
duced slightly less (ca. 50 to 80% of the wild-type quantities) or
(ii) produced defective adhesive material with either no change
in molecular mass or a change of <5 kDa. Furthermore, it is
possible that the 90-kDa glycoprotein is the adhesive com-
pound and that the adhesion-reduced mutants do not adhere
as well as the wild type because the mutants overproduce a
compound which interferes with adhesion. For example, re-
duced adhesion of a Pseudomonas fluorescens mutant appar-
ently was caused by the overproduction of an extracellular
polysaccharide that inhibited adhesion (18, 19). Our ultrastruc-
tural observations of macroconidia of NhI-2, LE1, and LE2

APPL. ENVIRON. MICROBIOL.



FUNGAL SPORE ADHESION 529

were not inconsistent with the hypothesis that the Att - strains
overproduce an antiadhesive (2). LE1 had a statistically signif-
icantly (P = 0.05) wider electron-dense layer within the wall
than the wild type did. LE2 had so much electron-dense
material in the wall that wall layers were not resolvable. Our
current efforts to identify the excessive electron-dense material
in the mutant walls and to chemically characterize the 90-kDa
glycoprotein should help to elucidate the biochemistry of
adhesion of N. haematococca macroconidia.
Our data suggest that f2 progeny derived from N. haemato-

cocca LE1 have a mutation at a single genetic locus (Attl). In
an f2 tetrad analysis of an Att+ x Att - cross, all eight tetrads
segregated 4 Att+:4 Att-. In a random ascospore analysis of
the wild-type Att+ X an f2 Att -, the 50 progeny segregated 1
Att+:1 Att-. Analyses of additional progeny are necessary to
determine whether this locus contains mutations in one or
more linked adhesion genes. Nonetheless, Attl is the first
adhesion gene described for a filamentous fungus.
We were unable to determine the genetic basis of the

intermediate phenotype in the two f1 asci that segregated 4
Att+:2 nonparental intermediate:2 Att- (data not shown).
However, mutagenized laboratory strains are often genetically
heterogeneous, and a variety of phenotypes frequently appear
in the first generation (17a). It is common practice to cross a
new mutant with a standard strain to obtain f, progeny that is
free of secondary mutations or modifiers (17). Regardless of
the cause of the intermediate phenotype in the two f, asci,
there is no evidence of any mutation other than Attl in the two
f, strains (4815 and 4811) used to produce the Att - f2 strain
7226; the intermediate phenotype was not observed in either
the 40 f2 progeny from 4815 x 4811 or the 50 backcrossed
progeny from wild type x 7226.
Our results confirm that LE1 and LE2 macroconidia incu-

bated at 24°C in 1 x ZE adhered approximately half as well as
the wild-typ& NhI-2 (12). Here, we show that adhesion reduc-
tion in LE1 and LE2 is a temperature-sensitive phenotype and
that at 28°C, the two mutant strains adhere only approximately
one-third as well as the wild-type strains. On polystyrene, the
adhesion-reduced phenotype in LE1 and LE2 is dependent on
the concentration of the ZE. Our data suggest that ZE
contains compounds which promote adhesion and compounds
which inhibit adhesion, at least at high concentrations. Neither
the adhesion-inhibiting nor the adhesion-promoting compo-
nent(s) in ZE is known. The adhesion-promoting compo-
nent(s) apparently is present on the surface of unwounded
squash fruits, since NhI-2 macroconidia incubated in water on
unwounded squash fruits adhered well (12); LE1 and LE2
macroconidia incubated in water on unwounded squash fruits
adhered significantly less than the wild-type macroconidia. The
fact that wild-type macroconidia adhere on the fruit surface
suggests that any adhesion-inhibiting compound(s) is present
in a very low concentration on the fruit.

Jones and Epstein (12) indicated that macroconidia of LE1
and LE2 were statistically significantly (P = 0.05) shorter than
NhI-2 macroconidia. Here, we report the isolation of back-
crossed Att - strains which are statistically indistinguishable in
length from NhI-2. This result supports our hypothesis that
adhesion reduction in the Att - strains is due to a biochemical
abnormality in the compounds that mediate adhesion and not
to a physical characteristic such as spore size.
We observed that LE1 and LE2 (data not shown) produced

a higher percentage of microconidia and mesoconidia than the
wild type did when grown on potato dextrose agar at 24°C in
the light. However, the microconidia did not inhibit adhesion
of macroconidia, at least in our adhesion assay conditions; we
used a low spore density, with the macroconidia covering less

than 3% of the polystyrene substratum. The isolation of
backcrossed Att- strains which produce 97% macroconidia
further demonstrates that the Att- phenotype, which was
expressed in macroconidia, is not affected by the presence of
microconidia.

In this report, we classified the three-celled conidia as
mesoconidia (16) because they did not fit the classical descrip-
tions of either microconidia or macroconidia. Any epidemio-
logical role of the three-celled conidia is unknown. In any case,
the three-celled conidia are only a relatively small percentage
(-10%) of the total number of conidia in any of the strains.
Although different strains had variable percentages of mi-

croconidia present in the spore suspensions, the particle
counter assessed the number of macroconidia in the original
spore suspension and the percentage of nonadherent macro-
conidia in the adhesion assay accurately; parameters on the
particle counter were set so that macroconidia, but not micro-
conidia, were counted. The particle counter had several ad-
vantages for quantification of the adhesion assay. The earlier
radiolabeling assay (11, 12) did not completely discriminate
between microconidia and macroconidia. However, even in the
radiolabeling assay, the percentage of radiolabeled counts
contributed by the microconidia is lower than their percentage
of total conidia, since microconidia have a smaller volume than
macroconidia. Obviously, the particle counter has none of the
contamination and waste disposal problems associated with
radioisotopes. Use of the particle counter is approximately
three to four times faster than use of either the hemacytometer
or microscopic counts. Coefficients of variability of data from
the particle counter were typically lower than from microscopic
counts and often lower than from hemacytometer counts.
Thus, the particle counter seems well suited for quantifying
adhesion of fungal spores.
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