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Lectins are characterized of the carbohydrate-binding ability and play comprehensive roles in fungal
physiology (e.g., defense response, development and hostepathogen interaction). Beauveria bassiana, a
filamentous entomopathogenic fungus, has a lectin-like protein containing a Fruit Body_domain
(BbLec1). BbLec1 could bind to chitobiose and chitin in fungal cell wall. BbLec1 proteins interacted with
each other to form multimers, and translocated into eisosomes. Further, the interdependence between
BbLec1 and the eisosome protein PliA was essential for stabilizing the eisosome architecture. To test the
BbLec1 roles in B. bassiana, we constructed the gene disruption and complementation mutants. Notably,
the BbLec1 loss resulted in the impaired cell wall in mycelia and conidia as well as conidial formation
capacity. In addition, disruption of BbLec1 led to the reduced cytomembrane integrity and the enhanced
sensitivity to osmotic stress. Finally, DBbLec1 mutant strain displayed the weakened virulence when
compared with the wild-type strain. Taken together, BbLec1 traffics into eisosome and links the func-
tionality of eisosome to development and virulence of B. bassiana.

© 2021 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Lectin is a general term for a wide range of carbohydrate-
binding proteins in all kinds of organism. To date, numerous lec-
tins have been found in fungi, including 82% from mushrooms, 15%
from filamentous fungi and 3% from yeasts. In general, fungal lec-
tins act as storage proteins, contribute to defense response, regulate
development andmediate hostepathogen interaction (Varrot et al.,
2013). However, there are still significant differences in the lectin
biology among different fungi. In mushroom, lectins are associated
with mycelia in basidioma (Bovi et al., 2011). In yeast Candida
albicans, a group of adhesions, containing agglutinin-like sequence
and glycosylphosphatidylinositol (GPI) anchor addition sites, are
covalently linked to b-1,6-glucansin cell wall (Hoyer et al., 2001).
Unlike Basidiomycota and unicellular yeasts, filamentous fungi
develop robust filamentous mycelia and generate numerous aerial
conidia - which facilitate fungal dispersio and persistence in envi-
ronment (Klein and Paschke, 2004; Park and Yu, 2012). In
College of Life Sciences, Zhe-
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filamentous fungi, lectins are found in diverse sub-cellular locali-
zations. In Aspergillus sparsus, a mucin-specific lectin is associated
with mycelial cell-wall (Singh et al., 2015). In Trichophyton menta-
grophytes and A. fumigates, lectins are accumulated on conidial
surface (Esquenazi et al., 2003; Houser et al., 2013). In Cryphonectria
parasitica, a hydrophobin with lectin activity is excreted into liquid
milieus through transportation vesicles (McCabe et al., 1999).
Furthermore, in Magnaporthe oryzae, a lectin with lysine motif
(LysM) only exists in the cytoplasm of appressoria (a specialized
infection structure) (Koharudin et al., 2011). Even so, more un-
derstandings for sub-cellular localization of lectins are required for
unraveling the lectin functions in diverse filamentous fungi.

The filamentous fungus Beauveria bassiana acts as a biotic factor
regulating the arthropod populations in natural environment and
has been wildly developed as eco-friendly agents for the biological
control of insect pests (Li et al., 2010). As a typical entomopatho-
genic fungus, B. bassiana conidia attach to the host cuticle and
germinate into invasive hyphae, which initiating the infection cycle
(Ortiz-Urquiza and Keyhani, 2013; Peng et al., 2020). Fungal mycelia
penetrate through the host exoskeleton and develop into in vivo
hyphal bodies through dimorphic transition. These yeast-like hy-
phal bodies assist fungal evasion of host immune defense and
rved.
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assimilation of host nutrients (Pendland et al., 1993;Wanchoo et al.,
2009). After killing the host, B. bassiana grows outside the host
body and generates aerial conidia for next infection cycle (Ding
et al., 2020). Due to its unique lifecycle, B. bassiana could be an
ideal representative species for exploring the lectin biology in
filamentous fungi. However, only a few lectins are investigated in
B. bassiana. A lectin had been isolated from mycelia and verified to
be a glycoprotein which reacts with other glycoproteins such as
those with O-linked sugar structure Gal b1/3GalNAc (Kossowska
et al., 1999). Two LyM proteins (Bly2 and Blys5) display chitin-
binding activities and protect fungal cell-wall from the host chiti-
nase hydrolysis, which facilitating fungal colonization in the host
hemocoel (Cen et al., 2017). More details about the lectin types and
potential functions are still lacking in B. bassiana.

In this study, we used the insect entomopathogen B. bassiana as
a representative to explore the lectin roles in sub-cellular biology,
development, stress response and pathogenicity of filamentous
fungi. The results indicated that a B. bassiana lectin-like protein
(BbLec1) forms a homopolymer and translocates into eisosomes via
direct interaction with eisosome protein PilA. BbLec1 displays the
chitobiose-binding activity and contributes to conidiation, stress
response and virulence of B. bassiana. This study highlights that
BbLec1 represents a lectin with novel mechanisms in sub-cellular
translocation and biological functions.

2. Materials and methods

2.1. Microbial strains and cultivation conditions

The B. bassianawild-type strain ARSEF2860 (WT) was routinely
cultured on Sabouraud dextrose agar (SDAY: 4% glucose,1% peptone
and 1.5% agar plus 1% yeast extract) according to previous methods
(Ding et al., 2020). LuriaeBertani (LB) medium supplemented with
an appropriate antibiotic was used to culture Escherichia coli DH5a
(Invitrogen, Carlsbad, CA, USA) for propagation of plasmids. Agro-
bacterium tumefaciens AGL-1 was grown in yeast extract broth
medium (w/v: 0.5% sucrose, 1% peptone, 0.1% yeast extract and
0.05% MgSO4) and used in fungal transformation. Czapek-Dox agar
(CZA: 3% glucose, 0.3% NaNO3, 0.1% K2HPO4, 0.05% KCl, 0.05%MgSO4
and 0.001% FeSO4 plus 1.5% agar) was used as a defined medium for
phenotypic assay and screening transformants.

2.2. Identification of B. bassiana BbLec1

Genomic annotation revealed that there is a single gene
(BBA_03816) encoding a protein with an FB_lectin domain
(PF07367.11) in B. bassiana, and this gene is designated as BbLec1
(Xiao et al., 2012). After searching against the B.bassiana genome
using the cDNA sequence of BbLec1, a complete open reading frame
(ORF) with upstream and downstream flanking sequences was
obtained. The protein sequences of fungal lectins genetically char-
acterized were aligned with ClustalW, and their phylogenetic an-
alyses were performed using MEGAVersion 5 (Tamura et al., 2011).

2.3. Sub-cellular localization of BbLec1 protein

All primers were listed in Supplementary Table S1. All plasmids
for sub-cellular localization were introduced into fungal strain us-
ing a blastospore-based method (Ying and Feng 2006). Putative
transformants were on CZA plates contained phosphinothricin
(200 mg/ml) or chlorimuron ethyl (15 mg/ml) as required. The cod-
ing sequence of BbLec1 was amplified with primer P1 and P2. The
obtained fragment was digested with BamHI and fused to the N-
terminus of the enhanced green fluorescent protein gene (GFP) in
plasmid pBMGBwhich contained phosphinothricin resistance gene
2

(Wang et al., 2019). The resultant plasmid (pBMGB-BbLec1) was
transformed into thewild-type strain, generatingWTGLec1 strain. To
examine the presence of BbLec1 at cell peripheries, mycelia were
stained with calcofluor white (Sigma).

To further confirm localization of BbLec1 in eisosome,
B. bassiana strain expressing the hybrid gene of BbPilA-GFP
(WTGPilA) (Zhang et al., 2017) was used as a host strain. The
mCherry was introduced pBbTEF-MCS-sur in which sur cassette
conferred resistance to chlorimuron ethyl (Ding et al., 2018),
generating pBMRS. BbLec1 (amplified with primer P3 and P4) was
fused to the N-terminus of mCherry, generating plasmid pBMRS-
BbLec1, and then the resulting plasmid was transformed into
WTGPilA strain. The resulting transformant was designated as
WTGPilA/RLec1 strain. To verify that BbLec1 interacted with itself,
both plasmid pBMGB-BbLec1 and pBMRS-BbLec1 were introduced
in the wild-type strain, generating the WTGLec1/RLec1 strain. To
examine the dependence of BbLec1 on BbPilA, plasmid pBMRS-
BbLec1 was transformed into DBbPilA mutant strain (Zhang et al.,
2017). To examine the opposite effects, BbPilA was amplified with
primer pair P5/P6, and cloned into pBMRS. The resultant plasmid
pBMRS-BbPilA was integrated into DBbLec1 mutant strain. All the
indicated strains were cultured on SDAY plates for 2 d. Fluorescent
signals were visualized with a confocal laser scanning microscope.

2.4. Pull-down assay for isolation of BbLec1 complex

The interaction proteins of BbLec1 were isolated with anti-GFP
magnetic beads according to manufacturer's manual (D153-10,
MBL, Beijing, China). Briefly, theWTGLec1 strainwas grown on SDAY
plate for at 25 �C 3 days. Mycelia were ground into powder in liquid
nitrogen and suspended in lysis buffer [50 mM TriseHCl (pH 7.5),
1% Triton X-100, 150 mM NaCl, 10% glycerol and 1 mM EDTA].
Mycelial debris was removed via centrifuging at 5000 rpm for
5 min. The resultant supernatant was incubated with beads at 4 �C
for 1 h. After washing the beads, the absorbed proteins were
directly eluted into the loading buffer and resolved on SDS-
polyacrylamide gels (SDS-PAGE). The protein bands were visual-
ized by silver staining, and characterized with mass spectrometry
at Micrometer Biotech (Hangzhou, Zhejiang, China).

2.5. Saccharide microarray analyses

BbLec1 was prepared in prokaryotic expression system as pre-
viously described (Peng et al., 2020). The binding traits of BbLec1 to
different saccharides were evaluated according to the documented
method (Tian et al., 2020). In brief, BbLec1 was first labeled with
fluorescent dye Cyanine 3. A sugar microarray (Model-100, Creative
Biochip, Nanjing, China) was used, and on its surface, there were
100 monosaccharide and oligosaccharides. The chip was treated
with the blocking buffer for 30 min with constant shaking. The
labeled BbLec1 was diluted to the concentration of 4 mg/ml with
working buffer, and incubatedwith the chip. Hybridization reaction
was conducted at 37 �C for 2 h in a dark chamber. After rising with
washing buffer, the fluorescent signals on chip were detected and
their intensities were recorded.

The binding activity of BbLec1 to chitin was determined as
previously described (Cen et al., 2017). The 3-d old aerial mycelia
from SDAY plates were suspended in PBS and treated with ultra-
sonication. The mycelia was suspended in 5% (w/v) KOH and
incubated in boiling water for 30 min. After washing with water,
the resultant mycelia were treated for further 45 min with a solu-
tion of 40% hydrogen peroxide and glacial acetic acid (1:1). Mycelial
chitin was washed and suspended in PBS. Electrophoretic gel
mobility shift assay (EMSA) was used to detect the binding activity
tomycelial chitin. BbLec1was first incubatedwith chitin suspension
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prepared above (40 ml) for 30 min at 25 �C. The final concentrations
of BbLec1 were adjusted to 1, 4 and 8 mg/ml in total volume of 50 ml.
After centrifuging centrifuged at 15,000�g for 5 min, the super-
natants were analyzed on native PAGE (12%). Protein binds were
visualized with Coomassie brilliant blue staining. BbLec1 and chitin
suspension were used as positive and negative controls,
respectively.

2.6. Protein interaction assay

Yeast-two-hybrid (Y2H) assay was used to detect the interaction
among B. bassiana proteins. Yeast strains for positive and negative
controls were provided by kit. All primers were listed in Table S1.
The interaction between BbLec1 itself was first evaluated as pre-
viously described (Wang et al., 2020), using the Matchmaker® Gold
Yeast Two-Hybrid System (TaKaRa, CA, USA). Full-length cDNA of
BbLec1 was cloned into bait and prey plasmids, and then these two
plasmids were transformed into yeast strain Y2HGold and Y187,
respectively. All manipulations for yeast transformation, mating
and screening were conducted to the manufacturer's instruction.

2.7. Disruption and complementation of BbLec1 in B. bassiana

All molecular manipulations of BbLec1 were conducted accord-
ing to the documented methods (Ding et al., 2020). All the primers
used in molecular manipulations were listed in Supplementary
Table S1. Upstream (1.10 kb) and downstream (1.43 kb) flanking
sequences of the BbLec1 ORF were amplified by PCR reaction with
the paired primers PL1/PL2 and PL3/PL4, respectively. Two DNA
fragments were digested with the enzyme pair EcoRI/BamHI and
XbaI/HpaI, respectively; and then successively cloned into the cor-
responding sites in vector p0380-bar. The resulting plasmid was
named p0380-bar-BbLec1 and used for gene disruption. To com-
plement the gene disruption mutant, BbLec1 ORF plus 2.09 kb of
upstream and 1.71 kb of downstream sequences was amplified
with primers PL7/PL8, and then the resultant fragment was
recombined into the vector p0380-sur-gateway. The generated
plasmid was named as p0380-sur-BbLec1 and harbored the sulfo-
nylurea resistance gene.

The disruption and complementation plasmids were integrated
into the B. bassiana strain using an Agrobacterium-mediated
transformation method (Ding et al., 2020). CZA plates supple-
mented with phosphinothricin (200 mg/ml) and chlorimuron ethyl
(15 mg/ml) were used to screen the gene disruption and com-
plemented strains, respectively. The correct transformants were
first confirmed by PCR using the paired primers PL5/PL6. The
candidate transformants were further verified with Southern
blotting analysis with a DIG DNA labeling and detection kit (Roche,
Germany). The DNA probes were prepared with digoxin-labeling
method using a fragment (286 bp) amplified with the primer pair
PL9/PL10 as a template.

2.8. Evaluation of fungal biological features

Phenotypic analyses were performed among the wild-type,
DBbLec1 and complementation strains as described previously.
Conidia were grown on SDAY plates were used as initial inocula
(Ding et al., 2020).

2.8.1. Radial growth on different nutrients
Aliquots of 1-ml conidial suspension (106 conidia ml�1) were

inoculated onto the agar plates. The carbon and nitrogen sources of
CZA were replaced with different nutrients. Carbon sources (3%)
included glucose, sucrose, fructose, trehalose, maltose, glycerol and
mannitol. Nitrogen sources (0.5%) involved NH4Cl, gelatin, peptone
3

and chitin. The colony diameter was measured after 7 days of in-
cubation at 25 �C.

For chemical stress, CZA plates were supplemented with
different chemical reagents (final concentration), including NaCl
(0.5 M), Sorbitol (1 M), H2O2 (2 mM), menadione (0.02 mM) and
calcofluor white (CFW) (1 mg ml�1). Also, conidial suspension (1 ml,
106 cells ml�1) was dotted onto the indicated plates, using CZA
plates as control with stress. After a 7-d incubation at 25 �C, the
colony diameters were measured.

2.8.2. Conidia production
To evaluate mycelial capacity of differentiation into conidia, al-

iquots ofconidial suspension (100 ml, 107 conidia ml�1) was uni-
formly smeared on SDAYagar plates and then cultured at 25 �C for 7
days. At 7 days post incubation (DPI), mycelial disc (∅5 mm) were
sampled, and conidia on mycelia were rinsed with 0.02% Tween 80
solution by vigorous vortexing. The conidial concentration in sus-
pension was quantified and converted to the spore number per
cm�2 colony.

2.8.3. Membrane integrity during conidial germination
SYTOX Green nucleic acid staining was used to detect mem-

brane integrity and conducted as previously described (Peng et al.,
2020). Conidial suspension (100 ml, 107 conidia/ml) were inoculated
on SDAY plates and cultured for 12 h at 25 �C.Germlings were
stained with 5 mM SYTOX Green (Thermo Fisher Scientific) for
10 min at 25 �C in darkness. Fluorescent signals were examined
under a laser scanning confocal microscope, and the percentage of
stained cells (PSC) was quantified.

2.8.4. Insect bioassay
To assess virulence of the wild-type, DBbLec1 and com-

plemented mutant strains against insects (Galleria mellonella),
larvae were immersed into conidial suspension (107 conidia) for
15 s. The treated insects were dried in the air and then reared in
plastic box. Each assay included three replicates (30e35 larvae per
replicate) and Tween-80 solution was used as blank control. Mor-
tality was recorded every day for 10 d and used to calculate the
median lethal time (LT50).

2.9. Microscopic examination of ultrastructures in conidia and
mycelia

Ultrastructures in conidia and mycelia were examined as pre-
viously described (He et al., 2016). Transmission electron micro-
scopy (TEM) was used to detect mycelial and conidial cell wall.
Scanning electron microscopy (SEM) was used to examine the
conidial surface. The aerial mycelia and conidia were grown on
SDAY plates, and sampled at 3 and 7 DPI, respectively. All samples
were treated overnight at 4 �C in fixative reagent [2% para-
formaldehyde and 2.5% (v/v) glutaraldehyde in 0.1 M phosphate
buffer (PBS, pH 7.2)]. The fixed samples were dehydrated in ethanol
and embed in resin. For TEM, the sample was dissected into ul-
trathin sections followed by staining with 2% uranyl acetate and
Reynold's lead solution. Images for ultrastructures were taken un-
der a transmission electron microscope (Model H-7650) (Hitachi,
Chiyoda, Tokyo, Japan). For SEM, the dehydrated samples were
sprayed with gold-palladium and examined under TM-1000 scan-
ning electron microscope (Hitachi, Chiyoda, Tokyo, Japan).

2.10. Statistical analyses

Phenotypic indices were compared among the wild-type, gene
disruption and complementation stains with one-way analysis of
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variance (ANOVA). The statistical significance was determined by
Tukey's honest significance test (Tukey's HSD).
3. Results

3.1. Bioinformatic analyses and molecular manipulation of BbLec1

Genomic annotation revealed that there is a single gene
(BBA_03816) encoding a protein with a Fruit Body (FB)_lectin
domain (PF07367.11) in B. bassiana (Xiao et al., 2012), and this gene
is designated as BbLec1. This domain was first characterized in a
lectin from mushroom Agaricus bisporus (Crenshaw et al., 1995). As
shown in Fig. 1A, BbLec1 did not have close phylogenic relationship
to other known proteins containing FB_lectin domain. In addition,
any two homologues from different fungal species analyses dis-
played rather low similarity (approximately 0.4e0.5).
Fig. 1. Characterization of a lectin-like protein in Beauveria bassiana (BbLec1). (A) Phen
Relationships were depicted from Neighbor joining analysis and the bootstrap values > 50
species followed by GenBank accession numbers are shown. Ab: Agaricus bisporus; Bb: B. bas
green fluorescent protein gene (GFP) and sub-cellular localization of BbLec1 was indicated
among BbLec1 proteins was first determined in the strain expressing the fused gene BbLec1
isolated proteins were resolved on SDS-PAGE and the framed bands were determined
hybridization system (D). The positive interaction was considered when the yeast transfo
BbLec1 was individually fused to GFP and mCherry, respectively, and their products co-loca
pension and then resolved on SDS-PAGE gel. Protein bands were stained with Coomassie
indicate 5 and 10 mm, respectively. (For interpretation of the references to color in this figu

4

To functionally analyze the BbLec1 role in B. bassiana, homologous
replacement strategy was used to disrupt the target gene using
Agrobacterium-mediated transformation method (Figure S1A).The
gene disruption mutant and complementation strains were first
screened with PCR reactions and further verified with Southern
blotting analyses (Figure S1B and C).
3.2. Sub-cellular localization of BbLec1 in mycelia

As illustrated in Fig. 1B, the sub-cellular localization of BbLec1
was indicated by the fluorescent proteins. Cell walls were indicated
by blue fluorescence of CFW. Some punctate and globular signals of
GFP were seen in cytoplasm, and the others were associated with
cell walls. This result led us to hypothesize that BbLec1 formed
oilgomers. Pull-down assay precipitated a single protein, and then
mass spectrum analysis revealed that it was BbLec1 (Fig. 1C and
otypic and sequence comparison among known lectins with Fruit Body (FB)_domain.
% from 1000 replicates are shown at the supported branch. Abbreviations for fungal
siana; Pc: Pleurotus cornucopiae; Xc: Xerocomellus chrysenteron. (B) BbLec1 was fused to
by the fusion protein. Cell wall was stained with calcofluor white. (C) The interaction
-GFP (BLG) via pull-down assay in which the wild-type (WT) was used as control. The
by mass spectrum. This interaction relationship was further verified in yeast two-
rmants grew well on the selective dropout-Leu-Trp-His-Ade (SD-TLHA) medium. (E)
lized very well. (F) Gel retarding assay. BbLec1 protein was incubated with chitin sus-
brilliant blue. “M” in panel (C) and (F): Protein size marker. Bars in panel (B) and (E)
re legend, the reader is referred to the Web version of this article.)
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Figure S2). Y2H assay further indicated that BbLec1 interacted with
itself (Fig. 1D). Furthermore, the signals for BbLec1 with different
fluorescent tags (red and green) overlapped very well (Fig. 1E). This
result suggested that BbLec1 randomly interplay with each other to
form oligomers.

3.3. Binding traits of BbLec1

Saccharide chip analyses were used to explore the binding tar-
gets of BbLec1 (Figure S3). Compared to the control, the significant
fluorescent signals were detected at position 21 (chitobiose) on the
microarray, with the highest fluorescent value. The binding activity
of BbLec1 to mycelial chitinwas determined (Fig. 1F). No significant
protein band was detected in fungal chitin suspension. When
adding chitin suspension, the BbLec1 bands were shit backwards,
and three obvious bands were seen on the polyacrylamide gel
electrophoresis (PAGE) gel. This result indicated that BbLec1 has
binding activity to chitin.

3.4. BbLec1 traffics into eisosome

In B. bassina, eisosomes translocate from cytoplasm and exist at
the interface between cell membrane and wall (Zhang et al., 2017).
Due to the similar localization of BbLec1 (Fig. 1B), we hypothesized
that BbLec1 might be translocated into eisosomes. B. bassiana
eisosomes were indicated by fusing BbPilA (an eisosome marker
protein) to GFP (Zhang et al., 2017). BbLec1 was indicated by fusing
the coding sequence to mCherry. With increasing incubation time,
eisosome morphology significantly changed (Fig. 2A). At 36 and
48 h, nearly all eisosomes appeared in globular and spherical form.
At 72 h, some eisosomes appeared in the form of elongated tubes.
At 36 h, the red and green signals did not completely overlap.
Interestingly, a fusion process occurred between these two sub-
cellular structures (Fig. 2B). When two structures came into con-
tact, the fusion process was initiated. At first, the red signals were
significantly docked on the eisosome surface, and then gradually
became smaller and weaker. Whereas, the red signals gradually
translocated into the green dots and finally, co-localized with the
green signals well.

As shown in Fig. 2C, BbLec1 was required for the eisosome ar-
chitecture. In the wild-type strain, the eisosome displayed the
normal morphologies which were indicated by the signals from the
fusion protein of BbPilA-GFP. However, the fluorescent signals
evenly appeared in the cytoplasm of DBbLec1 mutant strain. This
result indicated that the loss of BbLec1 led to the disassembly of
eisosome. In addition, in DBbPilAmutant, the red signals for BbLec1
was distributed in cytoplasm and did not form spherical structures
which appeared in the wild-type strain (Fig. 2D).

3.5. Phenotypic evaluation for the wild-type, gene disruption and
complementation strains

The effect of disruption of BbLec1 on vegetative growth was
examined on a variety of nutrients and stress reagents. No signifi-
cant differences were seen in radial growth on different nutrients
between the wild-type and DBbLec1 strains (Figure S4A). However,
the BbLec1 loss caused different effects on fungal growth under
chemical stresses (Fig. 3A). DBbLec1 mutant displayed the signifi-
cantly enhanced sensitivity to the sorbitol (F2, 6 ¼ 54.33, P < 0.01)
and calcofluor white (F2, 6 ¼ 25.33, P < 0.01) stresses. There was no
significant difference in colony diameter between the wild-type
and DBbLec1 strains, when grown on the plates supplemented
with NaCl, H2O2 and menadione (Figure S4B).

No significant difference in colony diameter was observed be-
tween thewild-type strain (2.03 ± 0.06 cm) [mean ± standard (SD)]
5

and DBbLec1 mutant strain (1.97 ± 0.06) grown on SDAY plates (F2,
6 ¼ 1.33, P ¼ 0.33). However, gene disruption resulted a significant
reduction in conidiation (F2, 6 ¼ 33.61, P < 0.01). Conidial yield for
DBbLec1 strain decreased to 4.3 ± 0.3 � 108 (mean ± SD) conidia/
cm2, whereas the wild type produced 8.6 ± 1.0 � 108 conidia/cm2.
On conidial surface, the bundles of DBbLec1mutant strain appeared
more shortened and intensively organized than the wild type.
Furthermore, the conidial cell wall of DBbLec1 mutant was signifi-
cantly thinner (F1, 18 ¼ 241.83, P < 0.01), when compared with that
of the wild-type strain (Fig. 3B). The thickness (mean ± SD) for the
wild-type and DBbLec1 mutant strains was 0.116 ± 0.008 and
0.061 ± 0.007 mm, respectively. This result indicated that the
BbLec1 loss impaired conidial formation and cell-wall structures.

Disruption of BbLec1 significantly increased the percentage of
stained cells (RSC) (Fig. 3C) (F2, 6 ¼ 412.87, P < 0.01). For DBbLec1
mutant, most germlings (87.6 ± 4.7%) (mean ± SD) were stained by
SYTOX, while only less than 10% of the wild-type were stained by
this dye. This suggested that gene loss impaired the cytomembrane
integrity. Finally, DBbLec1 mutant displayed a significant reduction
in conidial virulence via the cuticle infection route (Fig. 3D). At 10 d
post infection, the cumulative mortality for DBbLec1 strain was
approximately 60%, whereas both the wild-type and complemen-
tation strains killed all larvae in bioassay. The calculated LT50 values
for DBbLec1 strain was 7.06 ± 1.02 d (mean ± SD), whereas the LT50
values for the wild-type and complementation strains were
5.46 ± 0.10 and 5.83 ± 0.25 d, respectively. Significance in LT50 value
was observed among three strains (F2, 6 ¼ 5.65, P ¼ 0.04).

4. Discussion

Lectins play essential physiological roles when fungi deal with
various biotic and abiotic environmental conditions (Varrot et al.,
2013).The FB_domain-containing lectins were prevalent in the
Basidiomycota fungi (e.g., Pleurotus cornucopiae and Xerocomus
chrysenteron (Iijima et al., 2002; Trigueros et al., 2003). To date, few
reports are available for the homologous protein in the filamentous
fungi. B. beauveria BbLec1 only contains a domain of FB_lectin
(PF07367.11). Our findings indicate that the FB_lectin domain-
containing is also present in the filamentous fungi without pro-
ducing basidioma. In this study, our fungus does not produce fruits.
We described the properties, intracellular traffic route, and bio-
logical role in B. bassiana, an important filamentous insect
pathogen.

Lectins are known for their abilities to recognize and bind to
specific carbohydrates (Ballal and Inamdar, 2018). Early studies of
B. bassiana lectins were focused mainly on their hemagglutination
ability (Peczy�nska-Czoch et al., 1992; Kossowska et al., 1999). For
instance, a lectin of Beauveria bassiana lectin (BBL) was purified
from mycelia and characterized to recognize the Thomsen-
Friedenreich antigen and carbohydrate moieties (Kossowska et al.,
1999). Chitin is an important structural polysaccharide and acts
as a fibrillar scaffold to support extracellular matrices such as
fungal cell walls (Merzendorfer et al., 2011). BbLec1 binds to chitin
via recognizing chitobiose. Similarly, two B. bassiana lectins (Bly2
and Blys5) only contain different numbers of LysM domains and
display the chitin-binding activities which shielding the pathogen
from host degradation (Cen et al., 2017). In B. bassiana, a secreted
antifungal peptide (BbAFP1), showing chitin binding activities, only
contains a conserved g-core motif (GICTKAKNEC) (Tong et al.,
2020). Many chitin-binding proteins from filamentous fungi
contain chitin-binding domain (CHD) (Kamakura et al., 2002).
These findings suggest that CHD is not absolutely necessary for
proteins with chitin-binding activity. BbLec1 is required for the
integrity of cell wall in fungal mycelia and conidia. The pathway of
chitin synthesis included three steps. The first two reactions occur



Fig. 2. Co-localization of BbLec1 with eisosome. (A) BbPliA (an eisosome marker gene) was fused to GFP, and BbLec1 was fused to mCherry. Two hybrid genes were transformed
into the wild-type strain. The trafficking processes and morphologies of eisosomes varied with incubation time. Red and green fluorescent signals overlapped well at 48 and 72 h,
when compared with those at 36 h. (B) Fusion of BbLec1 to eisosome. In 36-h old mycelia, a fusion process was observed between the green and red dots. Six minutes later, the red
signals translocated into the green dots. (C) BbLec1 was fused to mCherry, and the hybrid gene was transformed into DBbPilA mutant strain. (D) BbPilA was fused to GFP, and the
fusion gene was integrated into DBbLec1 mutant strain. In any of two gene disruption mutants, fluorescent signals were evenly dispersed in cytoplasm. However, in the wild-type
(WT) strain, fluorescent signals formed into spherical and tubular structures. The results indicated that interdependent relationship existed between BbLec1 and BbPilA. Bar: 10 mm.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in the cytoplasm and the third one on the external surface of the
plasma membrane (Klis et al., 2002; Merzendorfer, 2011). This
result suggests that BbLec1 might contribute to chitin deposit on
cell wall via anchoring the newly-synthesized polymers.

In filamentous fungi, lectins are primarily associated with cell
walls (Ballal and Inamdar, 2018). B. bassiana BbLec1 localized in
eisosome which is embed in cell membrane (Zhang et al., 2017). To
date, in filamentous fungi, lectins are known to be transported
across cell membrane via secretive pathway which is conserved
amongmost eukaryotes (McCabe et al., 1999). In B. bassiana, BbLec1
displays a special intracellular trafficking route. BbLec1 monomers
first form into a protein complex which is transported to cell
membrane via fusing to eisosome. This result suggests that there is
potential diversity of cellular localizations and trafficking modes in
filamentous fungi. Further, BbLec1 contributes to the eisosome
biogenesis and stability. In fungi, in addition to the integral mem-
brane proteins, eisosome recruits a set of proteins peripherally
associated with its cytoplasmic side (Douglas and Konopka, 2014).
In the fungus Ashbya gossypii, a protein (ABL037c) is important for
stabilizing eisosomes and has been named SEG1 for ‘stabilizer of
eisosome in Gossypii’ (Seger et al., 2011). In yeast, Nce102 is
6

required for maintaining the number and distribution of eisosomes
(Walther et al., 2006). As mentioned above, BbLec1 binds to the
chitin fiber in cell wall. Thus, BbLec1 might mediate the interaction
between eisosome and cell wall, although the details deserve
further investigation. Emerging findings indicates that the protein
composition of eisosomes displays the interspecies differences
(Yang and Kempken, 2020). Therefore, more investigations are
needed to reveal the various mechanisms involved in formation
and stabilization of eisosome architecture.

Lectins play a wide range of biological functions in filamentous
fungi (Ballal and Inamdar, 2018). BbLec1 is associated with many
physiological aspects in the life cycle of B. bassiana. Conidiation
process is critical for fungal dispersal and survival in environment
(Carreras-Villase~nor et al., 2012), and is a determinant for the effi-
cacy of B. bassiana as a natural factor controlling insect population
in nature (Peng et al., 2020). BbLec1 contributes to conidial cell-wall
structures and differentiation in B. bassiana. In addition, BbLec1 is
required for formation of rodlet layer on conidial surface. This
orderly organization of surface proteins is required for conidial
adhesion to insect exoskeleton (Zhang et al., 2011). In T. rubrum,
carbohydrate-binding adhesins on the conidial surface mediate the



Fig. 3. Phenotypic assays for the wild-type (WT), DBbLec1 (DM) and complementation mutant (CP) strains. (A) Stress responses to chemical stresses. Conidia suspension was
inoculated on CZA plates containing sorbitol and calcofluor white (CFW), using plates without chemicals as control. TEM was used to view the cell walls in mycelia (B) and conidia
(C). Conidial surface were examined via SEM (C). (D) SYTOX Green staining of germlings. The stained nuclei (green) in the fungal cells are indicated with arrows. (E) Virulence assay.
Insects were inoculated with conidia of the indicated strain, and reared at 25 �C. Survival percentage (%) was recorded every day up to 10 days. Tween-80 solution (0.02%) was used
as blank control (BC). Scale bars: 0.2 mm in (B); 10 mm in (C). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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fungal adhesion to host during the infection process (Esquenazi
et al., 2003, 2004). These findings lectin might conduct a direct or
indirect influence on conidial biology in filamentous fungi.

Conidial germination is a critical step for entomopathogenic
fungi to invade into host (Sephton-Clark and Voelz, 2018). BbLec1 is
required for membrane integrity during conidial germination into
the invasive germilings. Membrane integrity is essential for infec-
tion establishment by B. bassiana on cuticle surface and involves
the fatty acid homeostasis (Peng et al., 2020). As a result, DBbLec1
Fig. 4. Proposed model for the BbLec1 roles in B. bassiana. BbLec1 forms a homopolyme
BbPilA is required for the eisosome architecture. After fusing to cytomembrane, BbLec1 link

7

conidia produce the germilings defective in membrane integrity.
Eisosome plays an important role in the regulation of lipid meta-
bolism (Zahumensky and Malinsky, 2019). In B. bassiana, BbLec1 is
required for stabilizing the eisosome architecture. This suggests
that the requirement of BbLec1 for membrane integrity might be an
indirect effect from its role in maintaining eisosome structure. In
M. oryzae, a LysM-containing lectin is present in cytoplasm during
appressorial maturation which is critical for fungal penetration
through the host cuticle (Koharudin et al., 2011). In Arthrobotrys
r which translocates into eisosome via fusion process. Interdependence of BbLec1 and
s cell wall with cytomembrane via bridging the chitin fiber and BbPilA in membrane.
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oligospora (a nematode-trapping fungus), lectins on the traps me-
diates fungal attachments to the carbohydrates on the nematode
surface (Nordbring-Hertz and Mattiasson, 1979; Tian et al., 2020).
These findings suggest that lectins play important roles during
infection-related development of filamentous fungi. When prolif-
erating in insect hemoceol, B. bassiana is exposed to the hyper-
osmotic stress caused by hemolymph (Zhang et al., 2009). DBbLec1
mutant strain displays the enhanced sensitivity to osmotic stress
which is attributed to the disturbance of the cell-wall structure in
mycelia. Combined, BbLec1 contributes to fungal virulence by
involving its roles in maintaining the integrity of membranes and
cell walls. In B. bassiana, LysM effectors prevents cell wall from
hydrolysis the host hydrolases, and assists fungus to proliferate
under the stress from host immune defenses (Cen et al., 2017). It is
suggested that the B. bassiana evolves a strategy of using various
lectins to combat with the host defenses and colonize in the host
niches. It may beworth pursuing further studies to assess the lectin
roles in the pathogenic growth of B. bassiana.

Taken together, we have reported a first lectin (BbLec1)
appearing in fungal eisosomes, using B. bassiana as a model (Fig. 4).
Lectins form into a homopolymer. After trafficking into eisosome,
lectins interact with chitin layer in cell wall. In B. bassiana, BbLec1
contributes to fungal differentiation and virulence. This study adds
new understandings into the diversities of biochemical and bio-
logical function of lectins from filamentous fungi.
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