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A novel lectin was isolated from mycelia of the basidiomycete Pleurotus cornucopiae grown on solid medium.
The lectin was purified to homogeneity by mucin-Sepharose affinity chromatography. The molecular mass of
the lectin was 40 kDa under reducing conditions, but the subunits were polymerized through disulfide bridges
under physiological conditions. Hemagglutinating activity of this lectin was completely inhibited by 2-mercap-
toethanol, indicating that the multimer is active. The activity was also inhibited by EDTA, and restored by
CaCl,. N-Acetyl-p-galactosamine was the most potent hapten inhibitor. N-terminal amino acid sequence
analysis revealed that the mycelial lectin was different from the fruit body lectin of this organism. The mycelial
lectin appeared prior to fruit body formation and disappeared during the formation of fruit bodies. The lectin
was localized on the surface of solid-medium-grown mycelia, and only dikaryotic, and not monokaryotic,
mycelia produced the lectin. These results suggest that the appearance of this lectin is associated with fruit

body formation.

Lectins are carbohydrate-binding proteins that are found
in various organisms (21). Although there have been sev-
eral reports of fungal lectins found in fruit bodies (8-10, 13,
18, 23, 24), there are few reports of mycelial lectins (17),
and their physiological functions in nature have not been
completely explained yet. We have found a new lectin in
the fruit body of Pleurotus cornucopiae and characterized it
(8, 24). This lectin was not contained in vegetatively grow-
ing mycelia in liquid medium, but it appeared after the on-
set of fruit body formation on solid medium (8). In the course
of studies on the function of this lectin, we found and es-
tablished two strains of P. cornucopiae, named KC-1 and KC-
2, with respect to the lectin content in their fruit bodies (14,
15).

In this study, we found that mycelia of P. cornucopiae grown
on solid medium exhibit hemagglutinating activity and that
the active substance is different from the lectin found in the
fruit body. We describe here the purification and properties as
well as localization and developmental stage-specific expres-
sion of this novel mycelial lectin, suggesting that the lectin
participates in the process of fruit body formation in this or-
ganism. The results presented in this paper together with those
of our other studies (8, 24) demonstrate that two lectins are
produced in P. cornucopiae in a developmental stage-specific
manner.

MATERIALS AND METHODS

Organisms. Two strains of P. cornucopiae, KC-1 and KC-2, were studied. The
former contains the fruit body lectin (PCL-F), but the latter does not (15, 24).
Dikaryotic mycelia of these strains were maintained on agar slants of yeast
extract-malt extract-glucose medium (8). Monokaryotic mycelia were obtained
by single-spore isolation.

Fruit body formation. Dikaryotic mycelia on the slant were first grown in liquid
yeast extract-malt extract-glucose medium at 28°C for 7 days with shaking (stage
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0). The liquid-medium-grown mycelia were inoculated onto a solid medium
composed of sawdust and rice bran (8) and incubated at 25°C for 20 days in the
dark (stage I). At this time, mycelia grew all over the surface of the medium. To
stimulate fruit body formation, the surfaces of the mycelia were scraped and the
cultures were transferred to 20°C in the light. After 4 to 5 days primordia or
immature fruit bodies appeared (stage II), and after further 5 to 6 days mature
fruit bodies were harvested (stage III). In this study, growth of P. cornucopiae
were divided into four phases (0, I, II, and III), and the developmental process
was sectioned into three stages (I, II, and III) as indicated above. “Liquid
medium” in this article refers to the yeast extract-malt extract-glucose medium,
and “solid medium” is sawdust-rice bran medium.

Purification. Mycelia (fresh weight, 100 g) of strain KC-2 grown on the solid
medium for 20 days at 25°C in the dark were harvested by scraping mycelia
off the surface and homogenized in a blender for 10 min with 200 ml of Tris-
buffered saline (TBS) (10 mM Tris-HCI and 150 mM NaCl, pH 7.4) contain-
ing 1 mM phenylmethylsulfonyl fluoride (Sigma). The homogenate was centri-
fuged at 10,000 X g for 20 min, and the precipitate was homogenized again in
150 ml of the same buffer. The extracts were combined, and solid ammonium
sulfate was added to 80% saturation. The precipitate was collected by centrifu-
gation at 10,000 X g for 20 min and dissolved in 30 ml of TBS. The solution was
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FIG. 1. Appearance of lectin activity at four growth phases of P. cornucopiae.
Crude extracts prepared from P. cornucopiae KC-1 (A) and KC-2 (B) at each of
the four growth phases were assayed for hemagglutinating activity.
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FIG. 2. Purification of PCL-M by affinity chromatography. Ammonium
sulfate precipitates of the crude extract prepared from the stage I mycelia of
P. cornucopiae KC-2 were dissolved in TBS and loaded onto a PSM-Sepha-
rose 4B column. At the points indicated by arrows, the elution buffer was
changed to 1 M NaCl and then to 5 mM EDTA in TBS. Fractions of 0.7 ml per
tube were collected, monitored by A,g,, and examined for hemagglutinating
activity.

loaded onto an affinity column (0.6 by 3.5 cm) which was prepared as follows.
Porcine stomach mucin (PSM) (Sigma) was conjugated to CNBr-activated
Sepharose 4B (Pharmacia) according to the manufacturer’s instructions. The
column was washed with TBS and 1 M NaCl in TBS to remove unbound proteins.
Specifically bound protein was eluted with 5 mM EDTA in TBS. CaCl, was
added to the EDTA-eluted fraction to a final concentration of 50 mM in order
to restore the activity. The protein content was estimated by the method of
Bradford (2).

Hemagglutination assay. The lectin activity was titrated by serially diluting the
sample (20 pl) with assay solution (1 mg of bovine serum albumin per ml
and 50 mM CaCl, in TBS) and then mixing it with an equal volume of a 2%
suspension of rabbit erythrocytes. The hemagglutination units (titer) were
calculated as the reciprocal of the multiple of the dilution giving a positive
reaction after 1 h at room temperature (12). For inhibition assays, lectin solu-
tion (titer 8) was incubated with the test sugar, which was serially diluted
with TBS. p-Fucose, L-fucose, p-fructose, D-galactose, D-glucose, D-mannose,
D-galactosamine, and saccharose were purchased from Kanto Chemicals
(Tokyo, Japan); p-ribose, D-xylose, D-glucosamine, N-acetyl-D-glucosamine, lac-
tose, maltose, and raffinose were from Wako Pure Chemicals (Osaka, Japan);
and N-acetyl-D-galactosamine, melibiose, and the tetramer of N-acetyl-p-galac-
tosamine were from Funakoshi (Osaka, Japan). N-Acetyl-lactosamine, mu-
cins derived from bovine submaxillary gland (BSM), PSM, asialo-BSM, fetuin,
asialo-fetuin, and thyroglobulin were obtained from Sigma Chemicals (St. Louis,
Mo.).

Electrophoresis and staining. Sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) proceeded as described by Laemmli (11) on 15% or
4 to 15% gradient gels (Daiichi Kagaku, Tokyo, Japan) in the presence or
absence of 2-mercaptoethanol (2-ME). After each run, protein bands were
stained with silver (Kanto Chemicals) or Coomassie brilliant blue R-250
(Merck). Carbohydrates were visualized with the periodic acid-Schiff stain (19).
Sigma kits (MW SDS 70L and 200) were used as size standards.

Immunoblotting. To prepare antiserum, a rabbit was immunized by a sub-
cutaneous injection of electrophoretically pure mycelial lectin (PCL-M)
mixed with an equal volume of complete Freund’s adjuvant. Preparation of
anti-PCL-F serum and the immunoblotting proceeded as described elsewhere (8,
24).

Preparation of peptides. PCL-M was S-pyridylethylated after reduction by
dithiothreitol (3), dissolved in 20 mM Tris-HCI (pH 9.0) containing 4 M urea,
and incubated with lysylendopeptidase (Wako Pure Chemicals) at 30°C for 20 h.
Peptides were purified by reverse-phase high-performance liquid chromatogra-
phy (HPLC) on a column of TSK Phenyl 5PW RP (4.6 mm by 7.5 cm) (Tosoh)
with a gradient of acetonitrile in 0.1% trifluoroacetic acid.

TABLE 1. Purification of PCL-M

Protein Titer Sp act Yield

(mg) (103 (titer [10%)/mg) (%)

Crude extract 2,130 29.7 0.14 100
Ammonium sulfate 984 29.7 0.30 100
PSM-Sepharose 4B 0.75 14.8 198 50

DEVELOPMENTAL STAGE-SPECIFIC LECTIN OF P. CORNUCOPIAE 5693

A B
M 1 2 1 2
1 1 1 1 1
kDa kDa
66 =1
45
36 = o 205 =
29 — ,
24 116 —
97 =
20.1 66 —
45 =,
14.2 = o—
29 =

FIG. 3. SDS-PAGE of PCL-M. (A) Purified PCL-M (2 pg) was resolved by
SDS-PAGE using a 12.5% gel and stained by Coomassie brilliant blue (lane 1)
or by the periodic acid-Schiff reagent (lane 2). (B) Purified PCL-M (2 pg) was
resolved by SDS-PAGE using a 4 to 15% gradient gel in the presence (lane 1) or
absence (lane 2) of 2-ME.

Analytical methods. Amino acids were identified in a Hitachi model 835
analyzer. Samples (80 pg) were hydrolyzed in 6 M HCl containing 0.01% phenol
in sealed evacuated tubes for 24 h at 110°C. Cysteine was measured as cysteic
acid after performic acid oxidation. Tryptophan was measured spectrophoto-
metrically (6). Automated sequencing proceeded in a pulsed liquid-phase se-
quencer (Applied Biosystems model 477A/120A). The N-terminal amino acid
sequence was analyzed with S-pyridylethylated PCL-M.

RESULTS

Appearance of hemagglutinating activity at four growth
phases. Hemagglutinating activities in crude extracts prepared
from the two strains, KC-1 and KC-2, of P. cornucopiae at
various growth phases were examined. For convenience,
growth phases of this organism were divided into four stages
in relation to their developmental process: stage 0, mycelia
grown in liquid medium; stage I, mycelia grown on solid
medium; stage II, primordia or immature fruit bodies; and

TABLE 2. Effects of divalent cations and 2-ME on
PCL-M activity”

1st addition” 2nd addition® Titer
Expt 1
None CaCl, + EDTA 320
EDTA None 0
EDTA CaCl, 320
EDTA MnCl, 25
EDTA MgCl, 8
Expt 2
None 128
2-ME 0

“ PCL-M was dissolved in TBS containing 5 mM CaCl,.

® Followed by a 1-h incubation at 4°C. Final concentrations: EDTA, 20 mM;
2-ME, 2 mM.

¢ Followed by a 12-h incubation. Final concentration, 100 mM.
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TABLE 3. Carbohydrate-binding specificities of PCL-M
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TABLE 5. Partial amino acid sequences of PCL-M

Inhibitor Concen” Lectin Sequence”
N-Acetyl-D-galactosamine...........ccceueueveueieerieneneeenenenenenenen 4 mM N terminus 1 10 19
N-Acetyl-D-galactosamine tetramer 4 mM PCL-M ..ot TNPTRKGKMVPSAFRPAFL
D-FFUCOSE worrverrreesneetseeseseesessesssseesssesssssesssssssssssessessssessens 30 mM ) U TN Ac-SGSGTSGGMLRFT
D-Galactose 40 mM
D-GalaCtOSAMINE .....c.ecveveeerirreieeeereeeeresrese e ereae e sseseenes 50 mM Internal 194 201
Lactose.... - 20mM DiSCOIN oo TLPKVAL--NFDQIDCTDA
LacCtOSAMINE ....cveoveeeeeeieieeeieteeee ettt ees 20 mM bt 44 i
MELIDIOSE ..ottt re e r e nne s 26 mM PCL-MY o TLPGVAPPVNEVTSAED
RaffiN0SE ..o 50 mM

“ Minimum concentration for complete inhibition of hemagglutination.

stage III, mature fruit bodies. As shown in Fig. 1, no hemag-
glutinating activity was found in the extracts of the stage 0
mycelia, whereas activity was measurable in the stage I mycelia
of both strains. Since strain KC-1 produces PCL-F (8), the
activity increased in stages II and III, but in strain KC-2 it
decreased. As described below, the active substance found
in the stage I mycelia was not PCL-F; it was named PCL-
M (mycelial lectin of P. cornucopiae) to distinguish it from
PCL-F.

Purification. PCL-M was purified by elution through a PSM-
Sepharose 4B affinity column with EDTA (Fig. 2). The hem-
agglutinating activity of PCL-M was assayed after the addition
of CaCl,. A summary of the purification is shown in Table 1.
PCL-M was purified to homogeneity and over 1,400-fold by
this procedure.

Molecular mass and subunit construction. As shown in Fig.
3A, PCL-M migrated as a single band with a molecular mass of

TABLE 4. Amino acid composition of PCL-M and PCL-F

Mol*
Residue PCL-M PCL-F*
(362.9) (141.9)

Asx 374 17.2
Thr 28.7 10.2
Ser 39.2 9.4
Glx 35.2 14.5
Pro 18.9 32
Gly 522 14.4
Ala 37.0 12.9
Cys® 4.4 0

Val 26.5 10.9
Met 0.7 3.7
Ile 15.1 6.9
Leu 14.2 9.4
Tyr 6.1 4.8
Phe 12.2 5.7
Lys 13.3 59
His 6.2 22
Arg 8.6 9.6
Trp? 6.8 1.0

“ Totals are given in parentheses.
 From reference 24.

¢ Measured as cysteic acid.

4 Measured spectrophotometrically (6).

“ +, identical amino acid residues; dashes, gaps inserted to maximize the
match.

® From reference 15.

¢ From reference 16.

4 Peptide KM-24.

40 kDa in SDS-PAGE under reducing conditions, and it was a
glycoprotein, since it was stained by the periodic acid-Schiff
reagent on the gel. In the absence of 2-ME, PCL-M formed
multimers of the 40-kDa subunit, showing ladder-like bands
with apparent molecular masses ranging from 80 to 600 kDa
(Fig. 3B).

Effects of EDTA and 2-ME. As shown in Table 2, the hem-
agglutinating activity of PCL-M was inhibited by EDTA. The
activity was fully restored by CaCl,, whereas MnCl, or MgCl,
was less effective. The activity of PCL-M was also abolished
completely by 2-ME, indicating that the polymerized form of
PCL-M is active.

Specificity for sugar binding. Table 3 shows that N-acetyl-
D-galactosamine and its tetramer had the same inhibitory effect
on the hemagglutinating activity of PCL-M.

A

KM-23 jKM-24

0.15

0.05f ||

CH3CN (%)( e

RETENTION TIME (min)

1 11 21
| | |
KM-9 AIGSGGDWK

KM-13 LYVTGENVVPG

KM-15 RTASPSRFLPLAF

KM-19 MVPSAFRPAFLXK

KM-20 DIDTGENLTPGANNPVGNSGFA
KM-21 ASTTIPSGFEENFFDDS

KM-22 VVPNYGFELPSTS

KM-23 AIPNGFEDTFAD

KM-24 TLPGVAPPVNFVTSAFD

FIG. 4. Isolation and sequence determination of PCL-M peptides. (A) A ly-
sylendopeptidase digest of PCL-M was applied to a column of Phenyl SPW-
RP (4.6 mm by 7.5 cm) (Tosoh), and peptides were eluted by a gradient of
acetonitrile in 0.1% trifluoroacetic acid. (B) Sequences of nine isolated pep-
tides.
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FIG. 5. Stage-specific expression of PCL-F and PCL-M. Crude extracts (20
wg of protein equivalent) prepared from P. cornucopiae at each of the four
growth phases as described in the legend to Fig. 1 were resolved by SDS-12.5%
PAGE. Protein bands were visualized by staining with Coomassie brilliant blue
(A). After the protein bands were electroblotted onto nitrocellulose paper,
PCL-F (B) or PCL-M (C) was visualized with the respective antiserum. The
positions of PCL-F and PCL-M are indicated by open and filled arrows, respec-
tively. Lanes 1 to 4, extracts from strain KC-1; lanes 5 to 8, extracts from strain
KC-2. Lanes 1 and 5, stage 0 mycelia; lanes 2 and 6, stage I mycelia; lanes 3 and
7, stage II fruit bodies; lanes 4 and 8, stage III fruit bodies.

The saccharides having a galactosyl moiety inhibited the
activity to some extent. The following saccharides did not in-
hibit the activity up to 200 mM: L-fucose, p-fructose, D-ribose,
D-xylose, D-mannose, D-glucosamine, N-acetyl-D-glucosamine,
maltose, and sucrose. The activity was also inhibited by BSM
and PSM but not by fetuin and thyroglobulin. The inhibitory
effect of BSM was increased by the removal of sialic acids.
PCL-M agglutinated human type A, B, and O erythrocytes
equally. Rabbit erythrocytes were agglutinated more efficiently
than human erythrocytes.

Amino acid composition, sequencing, and homology. The
amino acid composition of PCL-M is shown in Table 4. PCL-M
was relatively rich in hydrophobic amino acids and contained 4
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mol of half-Cys as contrasted with PCL-F. The N-terminal
amino acid sequences of PCL-M and PCL-F are shown in
Table 5. The sequences were different from each other. The
N-terminal sequence of PCL-M showed no significant homol-
ogy with those in the Swiss-Prot database. As shown in Fig. 4,
nine internal peptides were obtained by digesting PCL-M with
lysylendopeptidase and then separating by reverse-phase
HPLC. Partial amino acid sequences of the peptides were
determined; their sum accounted for approximately one-third
of the total residues of PCL-M. The sequence of one peptide
was partly homologous with that of discoidin I, a lectin
produced by Dictyostelium discoideum (16) as shown in Ta-
ble 5.

Developmental stage-specific expression. Crude extracts
prepared from the two strains of P. cornucopiae at four devel-
opmental stages were resolved by SDS-PAGE and then immu-

FIG. 6. Expression of PCL-M during stage I. (A) Growth of mycelia of strain
KC-2 at days 5, 10, 16, and 23 on solid medium. Crude extracts (20 pg of protein
equivalent) prepared from each mycelium grown for 5 (lane 1), 10 (lane 2), 16
(lane 3), or 23 (lane 4) days were resolved by SDS-12.5% PAGE and immuno-
blotted. Protein bands (B) and PCL-M (C) were stained as described in the
legend to Fig. 5.
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FIG. 7. Dikaryotic but not monokaryotic mycelia produce PCL-M. Dikary-
otic and monokaryotic mycelia derived from P. cornucopiae KC-2 were grown on
solid medium. Crude extracts (20 pg of protein equivalent) were prepared,
resolved by SDS-12.5% PAGE, and immunoblotted. Protein bands (A) and
PCL-M (B) were stained as described in the legend to Fig. 5. Lane 1, purified
PCL-M; lanes 2 and 4, monokaryotic mycelia having a different mating type; lane
3, dikaryotic mycelia.

noblotted against anti-PCL-F or anti-PCL-M serum. As shown
in Fig. 5B, when anti-PCL-F serum was used, the stage III fruit
bodies of strain KC-1 gave a 16-kDa band of PCL-F, whereas
no band was found in the stage I mycelia of either strain,
although these samples showed potent hemagglutinating activ-
ities (Fig. 1). Figure 5C shows that the stage I mycelia of both
strains reacted with anti-PCL-M serum, giving a 40-kDa band
of PCL-M, although the signal in strain KC-1 was somewhat
weak. The band intensity of PCL-M in strain KC-2 was very
high in stage I and weak in stages II and III. These results
indicate that (i) PCL-M is immunochemically different from
PCL-F, (ii) strain KC-2 does not produce PCL-F but does
produce PCL-M, (iii) PCL-M is synthesized preferentially in
the stage I mycelia, and (iv) PCL-M disappears during stages II
and III.

As the period of stage I was 20 days, we examined the time
course of PCL-M appearance. Growth of mycelia on the solid
medium at days 5, 10, 16, and 23 and the results of immuno-
blotting after SDS-PAGE are presented in Fig. 6. PCL-M was
expressed only after the 16th day of culture, when mycelia had
proliferated all over the medium and primordia might have
formed.

Dikaryotic but not monokaryotic mycelia produced PCL-M.
In basidiomycetes, dikaryotic but not monokaryotic mycelia
form fruit bodies. Since the dikaryotic mycelia synthesized
PCL-M preferentially at stage I (Fig. 5), we examined wheth-
er monokaryotic mycelia at stage I produced PCL-M. Sev-
eral monokaryons were obtained by single-spore isolation
from the fruit body of strain KC-2, and the mating types
were determined by the confronting culture. Two monokary-
ons with different mating types were selected, and a dikaryon
was obtained by mating the two monokaryons. They were
grown on the solid medium, and the extracts were resolved by
SDS-PAGE and immunoblotted. As shown in Fig. 7, although
the dikaryon gave a band reactable with anti-PCL-M serum,
no band was detected in the extracts from the two monokary-
ons.

J. BACTERIOL.

Surface localization. To examine the localization of PCL-M,
a piece of mycelium was mixed with rabbit erythrocytes and
examined under the microscope. As shown in Fig. 8, erythro-
cytes formed aggregates on the surface of stage I mycelia but
not stage 0 mycelia. Adhesion of erythrocytes to mycelia oc-
curred within 1 min, and this was inhibited by the addition of
asialo-BSM, EDTA, or anti-PCL-M serum, the inhibitors of
hemagglutination by PCL-M.

DISCUSSION

Lectins have been found and purified from fruit bodies, but
very few have been identified in vegetative mycelia. We found
that P. cornucopiae KC-1 synthesized two lectins, PCL-F and
PCL-M, in the developmental stage-specific manner: PCL-F
was synthesized in the fruit body (8), whereas PCL-M was
synthesized only in the solid-medium-grown mycelia. The two
lectins were different from biochemical and immunochemical
points of view (14, 15, 24). A mycelial lectin from the nema-
tode-trapping fungus Arthrobotrys oligospora (17) has been re-
ported as a surface lectin. However, unlike PCL-M this lectin
contained no sulfur amino acids, and the sugar-binding speci-
ficities of the two lectins were different.

The degrees to which wheat germ agglutinin is inhibited by
GIcNACc and by a trimer of GIcNAc widely differ because of the
structural features of the binding site (12, 21). In contrast,
GalNAc and its tetramer showed the same inhibitory effect
upon PCL-M, suggesting that its sugar-binding site does not
have subsites.

PCL-M lost the activity upon depletion of Ca** by EDTA.
Ca®" is required by animal C-type lectins (5) and discoidin I
(1). In the amino acid sequences of PCL-M peptides so far
examined, some similarity with that of discoidin I was found;
however, no significant homology with those of animal C-type
lectins was found, although some of them had similar carbo-
hydrate specificity.

In basidiomycetes under specific physiological and environ-
mental conditions, dikaryotic mycelia begin to form fruit bod-
ies. Fruit body formation is accompanied by the transcription
of a small number of specific genes that produce abundant
mRNAs. One such gene product in Schizophyllum commune
(22) or in Agaricus bisporus (4) is a group of hydrophobic
proteins referred to as “hydrophobins.” In Lentinus edodes the
product of such a gene, priBc, has been identified (7). We
examined the occurrence of lectins at the three developmental
stages in P. cornucopiae to clarify physiological functions of
lectins in nature. The results presented here demonstrated that
PCL-M is synthesized only in mycelia that are ready to form
the fruit body, and it is localized on the surface of such mycelia.
PCL-M should be essential for fruiting, since all the strains of
P. cornucopiae so far examined (eight commercially available
and eight wild-type strains) contained this lectin as determined
by hemagglutinating activity and immunoblotting, although the
content varied among strains.

On the basis of these results it is suggested that PCL-M
participates in some way during the process of fruit body for-
mation in P. cornucopiae. Cell walls of fungi play essential roles
in growth and many other functions including morphological
responses, antigenic expression, adhesion, and cell-cell inter-
action (20). PCL-M may stimulate the formation of primordia
in P. cornucopiae by adhering hyphae to each other, although
the existence of N-acetylgalactosamine in its cell wall is still
unknown.



VoL. 178, 1996

—_

S8}

w

(=}

~

o«

DEVELOPMENTAL STAGE-SPECIFIC LECTIN OF P. CORNUCOPIAE

5697

FIG. 8. Localization of PCL-M. Mycelia grown in liquid medium (A and B) or on solid medium (C and D) were mixed with a 1% suspension of rabbit erythrocytes.
After a 5-min incubation, the samples were examined under the microscope at magnifications of X100 (A and C) and X400 (B and D). Bars, 0.1 mm.
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