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From phyllosphere to insect cuticles: et

silkworms gather antifungal bacteria
from mulberry leaves to battle fungal parasite
attacks

Pengfei Zhao', Song Hong', Yuekun Li'?, Haimin Chen'?, Hanchun Gao'? and Chengshu Wang'#**

Abstract

Background Bacterial transfers from plants to insect herbivore guts have been well investigated. However, bacterial
exchanges between plant phyllospheres and insect cuticles remain unclear, as does their related biological function.

Results Here, we report that the cuticular bacterial loads of silkworm larvae quickly increased after molting and feed-
ing on the white mulberry (Morus alba) leaves. The isolation and examination of silkworm cuticular bacteria identified
one bacterium Mammaliicoccus sciuri that could completely inhibit the spore germination of fungal entomopatho-
gens Metarhizium robertsii and Beauveria bassiana. Interestingly, Ma. sciuri was evident originally from mulberry leaves,
which could produce a secreted chitinolytic lysozyme (termed Msp1) to damage fungal cell walls. In consistency,

the deletion of Msp1 substantially impaired bacterial antifungal activity. Pretreating silkworm larvae with Ma. sciuri
cells followed by fungal topical infections revealed that this bacterium could help defend silkworms against fungal
infections. Unsurprisingly, the protective efficacy of AMsp1 was considerably reduced when compared with that of
wild-type bacterium. Administration of bacterium-treated diets had no negative effect on silkworm development;
instead, bacterial supplementation could protect the artificial diet from Aspergillus contamination.

Conclusions The results of this study evidence that the cross-kingdom transfer of bacteria from plant phyllospheres
to insect herbivore cuticles can help protect insects against fungal parasite attacks.
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Background

Many insects are herbivores that feed on or inside plants.
The cross-kingdom transfers or exchanges of bacteria
from plant phyllospheres to insects or vice versa have
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features and biological functions, especially the defen-
sive roles against different diseases [6—8]. For example,
the protective roles of leaf microbiotas against bacterial
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or fungal pathogens have been evident in different plants
such as Arabidopsis thaliana, rice, and citrus [9-11]. The
microbes inhabiting insect cuticles can protect hosts
from the topical infection of entomopathogenic fungi
(EPF) like Metarhizium anisopliae and Beauveria bassi-
ana [12—14]. Irrespective of their functional importance,
plant or animal ectomicrobiome assembly is still elusive.
The use of Drosophila melanogaster as a model for inves-
tigations has revealed that the ectomicrobiotas of adult
flies were largely assembled from their fecal bacteria
when insects were reared in vials to eat and excrete [15].
Metamorphic insects frequently molt, indicating that
their cuticular microbiotas have to be quickly re-assem-
bled after ecdysis. The beetle (Lagria villosa) larvae con-
tain unusual pouch structures in cuticles that can house
ectosymbionts for seeding bacterial cells after ecdysis
[16]. The dynamic and function of insect cuticular micro-
biotas are still largely unclear, especially for those herbiv-
orous insects.

The silkworm Bombyx mori is an important domesti-
cated insect for the sericulture industry and a model ani-
mal for the research of caterpillar developments and life
sciences [17, 18]. This oligophagous insect only feeds on
mulberry (Morus alba) leaves and the change in diets,
especially the use of artificial diet, could substantially
change the gut microbiotas, growth, and physiology of
silkworm larvae [19-23]. Silkworm mass rearing fre-
quently encounters the threat of fungal, bacterial, virus,
and microsporidian diseases [18]. Different bacteria iso-
lated from silkworm gut have been found with probiotic
potentials to improve insect resistance against diseases or
toxic compounds including insecticides [24—27]. In con-
trast to the per os infection by pathogenic bacteria and
viruses, fungal parasites infect insects via penetration of
cuticles [28, 29]. Insect cuticular bacteria can thus medi-
ate colonization resistance against EPF such as M. robert-
sii and B. bassiana by inhibiting fungal spore germination
and or infection structure differentiation [6, 30]. The
ectomicrobiotas of silkworm larvae are unclear and it
is also unknown whether its cuticle bacteria could help
improve insect survival against fungal parasite infections.

Co-existing microorganisms commonly engage in
cross-inhibition and competition for resources by
employing different strategies directed at each other. For
example, to counteract the resistance of insect cuticular
bacteria, B. bassiana secrets a defensin-like antibacterial
peptide that can kill diverse bacteria, especially Gram-
positive bacteria [31]. M. robertsii, however, produces dif-
ferent potent antibiotic compounds to combat different
bacteria to facilitate fungal infection of insects or growth
in diverse environments [30, 32]. Likewise, different
bacteria can produce diverse antifungal metabolites or
enzymes (e.g., lysozymes) [33]. Thus, species like Bacillus
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spp. have long been used as biocontrol agents against
plant diseases, especially fungal pathogens [34, 35]. Simi-
lar to the uses for human health and the food industry,
beneficial bacteria have also been explored as probiot-
ics for promoting health in mass-reared insects [22, 36].
Until this study, it is unclear whether there are any probi-
otic bacteria that protect beneficial insects like silkworms
against fungal pathogens entering from cuticles.

In this study, we investigated the age-associated
ectomicrobiomes of silkworm larvae and found a quick
increase in bacterial loads on larval cuticles after molt-
ing. One of the dominant bacteria Mammaliicoccus sciuri
(Ma. sciuri, previously Staphylococcus sciuri) [37] iso-
lated from silkworm cuticles could completely inhibit the
spore germination of fungal pathogens M. robertsii and
B. bassiana largely due to its secretion of an antifungal
chitinolytic lysozyme. Interestingly, we found that Ma.
sciuri originates from mulberry leaves that can be gath-
ered by silkworms as an ecto- and endosymbiont to pro-
tect the caterpillars from fungal parasite infections.

Materials and methods

Fungal and bacterial strains

The wild-type strains of M. robertsii ARSEF 2575, B.
bassiana ARSEF 2860, Aspergillus oryzae RIB 40, and A.
flavus NRRL 3357 were maintained on potato dextrose
agar (PDA; BD Difco) at 25 “C for 2 weeks for harvest-
ing conidial spores. Fungi were also grown in Sabouraud
dextrose broth (SDB, BD Difco) for different experi-
ments. The isolated Ma. sciuri strain CGMCC 28001 was
grown on a Luria—Bertani (LB) plate at 25 ‘C or 30 °C. The
Escherichia coli strains BL21 and pLysS were maintained
on LB plates and used for protein expression analysis.

Silkworm rearing and surface bacterial isolation

The Nistari strain of B. mori larvae was conventionally
reared (CR) with mulberry leaves at 25 ‘C and a relative
humidity of 50%. Different instars/ages of larvae were
then used for isolation of cuticular bacteria, includ-
ing the end of the 4th instar larvae (L4E; stopping eat-
ing just before molting), and the newly molted (L5DO0),
three- (L5D3), and 6-day-old (L5D6) 5th instar larvae. To
determine the resident or transient relationship of some
bacteria, we also performed the diet switch experiments.
Thus, silkworm larvae were fed with mulberry leaves to
the end of the 4th instar, and the newly molted 5th instar
insects were then fed with the bacterium-free Silkmate
2S fodder (Nosan Co., Yokohama, Japan) till the insect
pupated. The collected insects were anesthetized on
ice for 1 h, and three insects were used as a replicate by
washing and vortexing in 50 ml phosphate buffer solution
(PBS; pH, 7.0) for 30 s. The washing buffers were diluted
properly (500xfor L4E and L5D6 samples; 100X for
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L5D3 sample; no dilution for L5D0 sample) for inocula-
tion of LB plates, Marine agar (Biofeng), and GYC plates
(glucose, 50 g/l; yeast extract, 10 g/l; 0.5% CaCO,, 5 g/l;
agar, 15 g/1) for 2 days at 30 C to count bacterial colony
forming units (CFUs), which were converted to the unit
of CFUs per insect [31]. The antibiotic specifically inhib-
iting the Gram-positive (G+; Nafcillin, Topscience,
Shanghai) and Gram-negarive (G —; Aztreonam, Qisong
Biotech, Beijing) bacteria were added to LB medium at
a final concentration of 50 pg/ml to determine the num-
bers of the G+/G—bacterial CFUs [30], respectively.
There were 10 replicates for each age of insects, and a
two-tailed Student’s t-test was conducted to compare
the difference in CFU numbers between different ages of
insects using the program GraphPad (ver. 10.1.1).

Individual colonies formed on LB plates were selected
based on their phenotypes and transferred to new plates.
Each bacterium was labeled and used for colony PCR
using the primers 27F and 1492R1 (Table S1) [15]. PCR
products were purified for Sanger sequencing and the
obtained sequences were used for Blastn analysis to iden-
tify bacterial species.

Microbiome analysis

The washing buffers obtained above were concentrated to
200 pl each by centrifugation at 12,000 rpm and 4 °C for
20 min. Each sample containing cuticular bacteria was
treated with an equal volume of lysis buffer (Mouse Tis-
sue Direct PCR Kit, Tiangen Biotech, Beijing) for 30 min
at 65°C and then 5 min at 95 ‘C [15]. The samples were
then used as individual templates for PCR amplification
of bacterial 16S rRNA genes with the universal primers
515F and 806R (Table S1) [25]. The purified products
were then used to generate the amplicon libraries for
sequencing (PE 2x250 bp; Illumina HiSeq 2500) at the
service company Biozeron (Shanghai). Sequencing reads
were normalized and clustered into individual opera-
tional taxonomic units (OTUs) at a cutoff of 97% identity
[15]. The a-diversities of Shannon and Simpson indices
were estimated based on the detected OTUs.

Bacterial inhibition assays

The species of silkworm cuticular bacteria obtained
above (Table S2) were used to test their inhibition effects
on spore germination of M. robertsii and B. bassiana
[31]. Each bacterial species was grown in the LB broth
at 30 “C and 220 rpm overnight, and bacterial cells were
concentrated by centrifugation. Bacterial cells (at a final
OD600=0.01) and fungal spores (at the final concen-
tration of 5x10° conidia/ml) were mixed in 2 ml LB,
and samples were transferred to individual Petri dishes
(60 mm in diameter) and incubated at 30 °C for 16 h to
determine the germination of B. bassiana and for 12 h
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for estimation of M. robertsii spore germinations. There
were ten replicates for each bacterial species, and at least
100 fungal spores were counted for each replicate under
microscopy.

To further test the inhibition effect of the selected Ma.
sciuri strain, we conducted the growth inhibition assays
on a solid LB medium. Thus, the sterile filter-paper strips
(3%0.5 cm) were cut and transferred upside down to
the right side of the LB plates (90 mm in diameter). The
cells of Ma. sciuri (20 pl; OD 600=5) were inoculated on
each strip, and fungal spores (10 pl; 5% 10° conidia/ml)
were incubated on the left side of the same LB plates. The
plates were incubated at 30 °C and photographed 8 and
16 days post-inoculations.

We analyzed and designed the specific primers V4F and
V5R for targeting the 16S rDNA V4-V5 region of Ma. sci-
uri (Table S1). Primer specificity was verified by includ-
ing the other isolated bacteria, such as Glutamicibacter
mishrai (Actinomycetota, G+), Enterobacter asburiae
(Gammaproteobacteria, G—), and Agrobacterium lar-
rymoorei (Alphaproteobacteria, G—). After verification,
primers were used to detect the presence or absence of
Ma. sciuri on mulberry leaves and Silkmate fodder as
well as the insect feces, guts, and cuticles of different age
insects. Mulberry leaves were washed with sterile PBS
buffer, and the washing buffers were concentrated by
centrifugation and used for bacterial detection. The feces
(20 each) were randomly collected into 1 ml PBS and sus-
pended for 1 h before being used for bacterial detection.

Antifungal component analysis

After the shaking growth of Ma. sciuri at 25 ‘C and
220 rpm for 12, 24, and 48 h, 1 ml bacterial culture was
collected and centrifuged at 5000 rpm for 5 min. The
supernatants were filtered through the sterile Millex®
Syringe Filters (Merck) and diluted (1:20) into fresh LB
broth to germinate fungal spores of M. robertsii and B.
bassiana. Spore germinations in LB broth were included
as mock controls. To determine the potential bioactive
metabolite or protein/peptide factor in supernatants, we
performed the batch growth of bacterial cells to a large
volume (400 ml each) at 25 °C and 220 rpm for 24 h. After
collecting the supernatant by centrifugation, an equal vol-
ume of ethyl acetate was used to extract small molecules
by following a previous protocol [38]. LB broth without
bacterial growth was extracted as a mock control. The
concentrated extracts were dissolved in 2 ml methanol,
which was added into LB broth at a ratio of 1:20 to inhibit
the spore germination of both fungal parasites.

We also performed the precipitation of proteins/
peptides from the aliquots of supernatants. Thus, the
analytical ammonium sulfate was gradually added into
the supernatant samples to a saturated level, and the
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precipitates were then collected by centrifugation. The
samples were re-dissolved/suspended in 2.5 ml ster-
ile PBS buffer and dialyzed in a dialysis tubing (1 kDa,
Sigma-Aldrich) in 5 L PBS buffer three times by replacing
the buffer every 8 h. The solutions were re-concentrated
to 2.5 ml using a centrifugal evaporator (Martin Christ),
and the samples were then loaded into individual Ami-
con® Ultra 10 K (Merck) devices to separate proteins
(>10 kDa) and peptides (< 10kDa) by centrifugation. The
samples were lyophilized, and the proteins/peptides were
added into LB broth at the final concentration of 10 and
100 pg/ml to examine their inhibition of fungal spore
germination. The difference in inhibiting spore germina-
tions was compared by two-tailed Student’s ¢ test.

Proteomic analysis

To identify the potential antifungal extracellular proteins,
we conducted the proteomic analysis of the Ma. sciuri
culture filtrates with and without co-culturing with fungi.
The spores of M. robertsii and B. bassiana were inocu-
lated in SDB and incubated at 25 “C and 220 rpm for 36 h.
Mycelia were then collected by filtration, washed twice
with sterile water, and used for co-culturing by sealing
in dialysis tubes [39]. After growing Ma. sciuri in 400 ml
LB broth at 25 “C and 220 rpm for 24 h, the dialysis tube
containing 3.5 g of the fresh mycelia of M. robertsii or B.
bassiana were added into the bacterial cultures for incu-
bation for another 24 h. The Ma. sciuri cultures without
fungi were incubated and included as controls. There
were three replicates for each treatment. After incuba-
tions, fungal mycelial bags were carefully removed and
the samples were centrifuged at 5000 rpm for 5 min. The
supernatants were then used for protein precipitation
with ammonium sulfate as described above. After exten-
sive dialysis, the samples were lyophilized and used for
proteomic analysis using the Q-Exactive mass spectrom-
eter (Thermo Fisher Scientific) by the service company
Omicsolution (Shanghai, China). A protein was consid-
ered identifiable with at least one unique peptide being
detected in at least two replicates of each sample. Protein
intensities were estimated by normalizing the spectral
index for each protein [40]. The intensity data were pro-
cessed by log 10 conversion and used for heat mapping
analysis with GraphPad to show the differential expres-
sion of proteins among three treatments.

Protein expression and antifungal activity assays

After proteomic analysis, three bacterial proteins showed
upregulations in Ma. sciuri after being co-cultured with
fungi and potential antifungal activities were expressed
for activity assays, including WP_088592153 (termed
Mspl), WP_088592189 (Msp2), and WP_088592490
(MsP3). The coding region of each protein gene was
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amplified using the 2 Phanta Flash Master MixDye Plus
kit (Vazyme) and different primer pairs (Table S1). After
trial analysis, the purified products of Mspl and Msp3
were cloned into the pET-28b plasmid by fusion with
an MBP (maltose binding protein)-His (6X) tag at the
C-termini, and Msp2 was cloned into the pET-28b vec-
tor by fusion with a His (6 X) tag at the C-terminus. The
Mspl and Msp3 expression vectors were transformed
into the E. coli BL21 strain while the Msp2 plasmid was
transformed into the E. coli pLysS cells. E. coli cells were
grown in LB and induced with 0.1 mM isopropyl f-D-1-
thiogalactopyranoside (IPTG, Sigma-Aldrich) at 16 °C
overnight. The fusion proteins were purified using the
Ni-NTA beads (Smart-Lifescience). The MBP-His tag
within the Mspl-MBP and Msp3-MBP fusion proteins
was cleaved using a TEV protease. After cleavage, the
product was purified again using the Ni-NTA beads, and
the eluents were collected and dialyzed with a Tris buffer
(pH=8) to remove salts. The purified proteins were
checked using a precast Omni-Easy  One-Step PAGE Gel
Kit (15%, Epizyme) before use (10 and 100 pg/ml in LB)
to examine their activities to inhibit M. robertsii spore
germination.

Chitinase activity assay

To determine the potential chitinase activity of lysozyme
Mspl, we used the purified protein for activity assay
using a Chitinase Assay Kit (Macklin). The chitinase
from Streptomyces griseus (Sigma-Aldrich, C6137) was
used as a positive control [41]. In addition, we tested
whether Mspl could hydrolyze colloidal chitin to form
the hydrolytic zone in agar plates. Thus, chitin powder
(5 g; Sigma-Aldrich) was first added to the concentrated
HCI (37%; 60 ml) and stirred with a magnetic rod at 4 °C
overnight. The samples were then washed with 95% etha-
nol twice followed by washing with sterile water before
being embedded in water agars (5%, w/v). The plates were
punched with holes (7.5 mm in diameter), and 20 pl PBS
or Mspl protein solution (100 pg/ml) were individually
inoculated for 12 h.

Cell damage assays

To determine whether Mspl could damage fungal cells,
we germinated the spores of M. robertsii (5% 10° conidia/
ml) in LB with the addition of Mspl at a final concen-
tration of 10 pug/ml in a Petri dish (60 mm in diameter).
The mock group was included without the addition of
Mspl. Each group had three replicates. After 12 h, the
supernatants were carefully removed with a pipette, and
fungal cells were fixed in 4% formaldehyde for 12 h. The
samples were then dehydrated for observation using the
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Field-Emission Scanning Electron Microscope (Merlin
Compact VD, Zeiss) [42].

We also performed ninhydrin staining assays after
treating Metarhizium spores with Mspl [43]. The super-
natants collected above were centrifuged at 12,000 rpm
for 30 min, transferred, and added with PBS contain-
ing 2% (w/v) ninhydrin. A reference control group was
included by only containing Mspl protein (10 pg/ml).
The samples were boiled in a water bath for 15 min, and
immediately cooled on ice. Sample absorbance was meas-
ured at a wavelength of 570 nm with a spectrophotom-
eter (GENESYS 50", Thermo Fisher Scientific) [43].

Msp1 gene deletion and antifungal assays

We deleted the intact Mspl gene in Ma. sciuri using a
CRISPR/Cpfl technique for homologous recombina-
tion [44]. In brief, the flanking regions of Mspl were
amplified using the primer pairs MsplUF/Msp1UR and
MsplLF/MsplLR (Table S1), respectively. The purified
products were then fused into the Xhol restriction site
of the pCpfSA vector using the Gibson Assembly Master
Mix kit (NEB Biolabs) to generate the plasmid pCpfSA-
Mspl. Five CRISPR RNAs (crRNAs) were synthesized by
containing different protospacer adjacent motifs (PAMs)
(Fig. S1; Table S1). The double-strand crRNAs were indi-
vidually integrated into pCpfSA-Mspl in a reaction sys-
tem containing the Bsal-HF enzyme (NEB Biolabs) and
T4 DNA ligase (Vazyme) [44]. The obtained plasmids
were then used for individual transformation of the
competent Ma. sciuri cells by electroporation at 1800—
2100 kV (Bio-Rad MicroPulser #1652100).

The drug-resistant colonies were further transferred
onto LB plates containing chloramphenicol (5 pg/ml)
and verified by colony PCR. The deletion mutants were
successfully obtained from crRNAs (Fig. S1) and used at
different dosages (at final OD600=0.01, 0.05, 0.0025, and
0.00125, respectively) to examine together with the WT
strain against the spore germination of M. robertsii.

Protection of silkworm survival against fungal pathogen
challenges

After preliminary trials, the newly-molted 5th instar
CR silkworm larvae (10-12 h post-ecdysis) were pre-
immersed in PBS buffer containing Ma. sciuri (OD
600=5) for 5 s. The control insects were immersed in
PBS buffer without bacterial cells. After 24 h, insects
were topically infected with the spore suspensions
(5% 107 conidia/ml in 0.05% Tween 20) of either M. rob-
ertsii or B. bassiana by immersion for 30 s. Additional
insects were immersed in 0.05% Tween 20 without fungal
spores for 30 s as controls. Axenic silkworm larvae were
also prepared by following a previous protocol [24]. In
brief, the surface-sterilized silkworm eggs were hatched
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on and reared with the sterile diet of Silkmate 2S to the
5th instar. Food changings were conducted in a fume
hood. Before using for gnotobiotic bioassays, individual
larvae were homogenized with a sterile set of mortar
and pestle. The samples were inoculated on LB plates to
examine whether there was any bacterial growth. In addi-
tion, the homogenates were used as a template for PCR
(2xPhanta Flash Master Mix, Vazyme) examination of
bacterial 16S rDNA using the conventional primers 518F
and 1492R2 (Table S1). The confirmed axenic silkworm
larvae were then used for gnotobiotic survival assays
with the M. robertsii and B. bassiana spore suspensions
similarly as described above. Both the CR and axenic
silkworm larvae were also pretreated with the WT and
AMspl of Ma. sciuri (OD600=>5) for 24 h before immer-
sion with the spore suspensions of M. robertsii. The mor-
tality was recorded every 12 h. There were 50 silkworm
larvae used for each group, and those that died acciden-
tally within 24 h after immersion were excluded in fur-
ther analysis. The experiments were repeated at least
three times, and the representative results from the same
batch of experiments were shown. The log-rank test was
conducted to compare the survival differences between
treatments [45].

Determination of Ma. sciuri on silkworm development

and food protection

We soaked mulberry leaves in PBS containing the Ma.
sciuri cells (OD600 value=0, 0.01, 0.1, 1, and 5, respec-
tively) for 5 s. After treatments, mulberry leaves were air
dried to feed the newly molted 5th instar CR silkworm
larvae till the insect was pupated. The sterile Silkmate diet
was also mixed with 50 ml (per 100 g) of PBS containing
the Ma. sciuris cells at the OD600 values of 0, 0.01, 0.1,
1, and 5, respectively. The fodders were then used to feed
the axenic 5th instar larvae before they stopped eating
for pupation. Each batch of the treated leaves or Silkmate
was used within 2 days. Five days post-insect pupation,
individual cocoons, and pupae were weighted to compare
the differences between treatments by one-way ANOVA
test using the Tukey method with GraphPad.

During the mass rearing of silkworms, artificial feeds
can be frequently contained by Aspergillus fungi [20].
The species A. oryzae and A. flavus were thus used in
the inhibition of spore germination with Ma. sciuri
(OD600=0.01) for 12 h. In addition, the sterile Silkmate
fodder (50 g) was added with an equal volume (10 ml
each) of Ma. sciuri (OD600=5) and Aspergillus spore
suspension (5% 10° conidia/ml). The samples without the
addition of Ma. sciuri were included as controls. After
transferring (10 g per plate) to the Petri dishes (120 mm in
diameter), the samples were incubated at 30 “C for 10 days
to determine the bacterial inhibition of aspergilli molding.
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Fig. 1 Quick re-assembly of ectomicrobiotas on silkworm cuticles after insect ecdysis. a Phenotype of the different ages of silkworm larvae

used in experiments. The insects were conventionally reared with mulberry leaves. Bar, T cm. b Colony-forming patterns of the bacteria washed
off from the different ages of silkworm larvae. ¢ Comparison of the silkworm cuticular bacterial CFUs formed on LB agars among the different
ages of silkworm larvae. Two-tailed Student’s t-test was conducted between samples: *, P <0.05; ***, P<0.001; ****, P<0.0001. Ten independent
replicates (three insects per replicate) were included for each sample. d The G+ bacteria largely inhabiting silkworm larvae body surfaces. LB agars
were added with the antibiotic nafcillin for suppressing the G+ bacteria whereas the addition of aztreonam for inhibiting the G —bacteria. e Venn
diagram analysis showing the overlap of bacterial OTUs among samples. f Variation of the OTU relative abundance at the bacterial genus level
among silkworm ectomicrobiotas. L4E, the end of the 4th instar larvae; L5D0, the newly molted 5th instar larvae; L5D3 and L5D6, the third-day

and sixth-day old of the 5th instar larvae

Results
Quick reassembling ectomicrobiotas after silkworm
molting

We examined the dynamics of silkworm cuticular
microbiotas by washing the L4E, L5DO0, L5D3, and

L5D6 larvae that were conventionally reared (CR) with
mulberry leaves (Fig. 1la). Plating washing buffer on
LB agar and counting bacterial CFUs indicated that
silkworm molting could substantially wipe off cuticu-
lar bacteria. However, bacterial loads could be quickly
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and increasingly re-assembled on cuticles after ecdysis
(Fig. 1b, c). For example, the average bacterial numbers
increased more than 70-fold in 3 days from 3.2x10*
CFUs per L5D3 insect to 2.3 x 10° CFUs per L5D6 insect
(t-test, P<0.0001). The bacterial load differences could be
similarly evident when plating the washing buffers on the
marine agar (Fig. S2a) or GYC agar (Fig. S2b). After add-
ing the G+ (nafcillin) or G — (aztreonam) specific antibi-
otic in LB agar [15], bacterial growth and CFU counting
revealed that the culturable G + bacteria largely inhabited
silkworm cuticles (Fig. 1d).

The washing buffer samples were also used for the PCR
amplification of the bacterial 16S rDNA, and the ampli-
cons were used for the generation of sequencing libraries.
The obtained microbiome data revealed that the bacte-
rial OTUs were largely shared among different instars
and ages of silkworms (Fig. le). Intriguingly, a rather
similar number of OTUs was detected on the L5DO silk-
worms and other ages of insects. However, the Shannon
and Simpson diversity indices of the L5DO0 insects were
lower (P<0.01) than those of the other age silkworms
(Fig. S2¢,d). It was unexpected to find that, except for a
few specific OTUs for the L4E insects, the 5th instar lar-
vae did not have any age-specific OTUs, indicating that
bacterial number rather than bacterial species increase
occurred on silkworm cuticles. The estimation of relative
OTU abundance at the genus level indicated that the dif-
ferent ages of silkworm larvae had rather divergent abun-
dance of bacteria (Fig. 1f). For example, different from
the above colony plating assays, the G — Klebsiella bac-
teria dominated on the L4E insect surfaces whereas the
G — Pseudomonas bacteria largely inhabited the 5th instar
larvae. Otherwise, the G + Staphylococcus/Mammaliicoc-
cus bacteria were rich in each stage of insects, especially
in the L5D6 larvae.

Identification of an antifungal bacterium from silkworm
cuticles

While counting the CFUs mentioned above, indi-
vidual colonies were transferred to new plates, and
the 16S rDNAs of 29 randomly selected colonies were
sequenced (Table S2). The non-redundant bacteria
were then used in the inhibition of spore germination
assays against both M. robertsii and B. bassiana by co-
culturing with the bacterial cells in the LB broth [15].
It was found that Ma. sciuri could completely inhibit
the spore germination of both fungi (Figs. S3a, b and
S4a). A strain of Serratia ureilytica could completely
suppress the germination of B. bassiana spores but
not those of M. robertsii (Fig. S3a, b). We further per-
formed the confrontation tests on LB agars between the
selected bacteria and two fungi, which indicated again
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that Ma. sciuri but not the other bacteria could consid-
erably suppress the growth of both M. robertsii and B.
bassiana (Fig. S4b).

Previous studies have shown that S. sciuri (now
Ma. sciuri) is widely present in soils, plant leaves, and
humans as a commensal bacterium [46, 47]. This bac-
terium has also been detected in silkworm gut microbi-
omes [20, 21, 24]. We designed the specific primers for
detecting Ma. sciuri (Fig. S5a), and found that this bac-
terium was present on mulberry leaves used for feeding
silkworms. Unsurprisingly, Ma. sciuri was present on
the cuticles and in the gut and feces of silkworm lar-
vae fed with mulberry leaves (Fig. S5b). This bacterium
was absent in the artificial Silkmate diet, and the fod-
der-fed silkworms were therefore not inhabited by Ma.
sciuri (Fig. S5¢). We also performed the diet-switching
experiments after feeding insects with mulberry leaves
to the end of the 4th instar, the newly molted 5th instar
insects were then fed with Silkmate fodder. It was found
that Ma. sciuri could still be detected from the feces,
guts, and cuticles of the 5th instar silkworms before
pupation (Fig. S5d). The data indicated therefore that
this plant-derived bacterium could be a resident rather
than a transient member on and in silkworms.

Extracellular protein(s) of Ma. sciuri mediates the inhibition
of fungal spore germination

We next aimed to determine the antifungal factor(s) of
Ma. sciuri by growing the bacterium in LB for 12, 24,
and 48 h. The supernatants were then diluted (1:20)
with fresh LB broth to test the spore germination of
both fungi. It was found that the diluted culture super-
natants could completely inhibit fungal spore germina-
tion (Fig. 2a, b), indicating that the potent antifungal
component(s) was produced and secreted by Ma. sci-
uri into cultures. We then grew Ma. sciuri to a large
volume for metabolite extraction and extracellular pro-
tein precipitation. The precipitated proteins were fur-
ther separated into the aliquots of <10 kD and > 10 kD
using centrifugal filter units. The following experi-
ments revealed that the ethyl acetate extracts could
not inhibit the spore germination of both M. robertsii
and B. bassiana (Fig. S3c, d). In contrast, the precipi-
tated total proteins, small peptides (<10 kD), or big-
ger proteins (>10 kD) could similarly reduce the spore
germination rate of M. robertsii (P<0.0001) by about
50% and that of B. bassiana (P <0.0001) by about 40%
when compared with the mock control (Fig. 2¢, d). The
results indicated that the protein(s) instead of small
molecules secreted by Ma. sciuri largely mediated the
antifungal activity.
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Fig. 2 Inhibition of fungal spore germination by bacterial extracellular proteins. a, b Inhibition of M. robertsii (a) and B. bassiana (b) spore
germination by the Ma. sciuri culture filtrates. Ma. sciuri was grown in the LB broth for the indicated times before being centrifuged,

and the supernatants were used for germinating fungal spores. Germination of fungal spores in LB was included as mock controls. ¢, d The
precipitated extracellular proteins of Ma. sciuri could inhibit the M. robertsii (c) and B. bassiana (d) spore germination. TP, total protein; Peptides
(<10 kD), and proteins (> 10 kD) were prepared using centrifugal filter units. @ Heat mapping shows the differential expression of the Ma. sciuri
extracellular proteins in different treatments. Ms, the proteins extracted from the pure Ma. sciuri culture. Mr+ Ms, the proteins extracted from the M.
robertsii and Ma. sciuri co-culture; Bb +Ms, the proteins extracted from the B. bassiana and Ma. sciuri co-culture. The protein intensity was obtained
from three independent replicates by Log10 conversion. The proteins highlighted in bold were upregulated in challenging with fungi and selected
for E. coli expression and antifungal activity assay. f Gel analysis of three expressed proteins. g—i The expressed Msp1 (g) but not Msp2 (h) and Msp3
(i) proteins could significantly inhibit the germination of M. robertsii spores. Panels ¢, d, g two-tailed Student’s t-test was conducted between each
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A chitinolytic lysozyme produced by Ma. sciuri can damage
fungal cells

To further determine the antifungal protein(s), we con-
ducted the parallel growth of Ma. sciuri (Ms) without or
with the mycelial cultures of M. robertsii (Ms+Mr) and B.
bassiana (Ms+ Bb), respectively. The total proteins of each
sample were then precipitated, dialyzed, and subjected to
mass spectrometry analysis. Different bacterial proteins
(25 in total) were detected as well as three Metarhizium
proteins from the Ms+ Mr sample and ten Beauveria pro-
teins from the Ms+Bb sample (Dataset S1). Differential
expression of bacterial proteins was detected among three
samples (Fig. 2e). Three proteins, ie, WP_088592153
[Mspl; signal peptides (SP), 1-27 amino acids (aa)],
WP_088592189 (Msp2; SP, 1-25 aa), and WP_088592490
(Msp3; SP, 1-24 aa), were selected for further activity
assays based on the features of their expressions in Ma.
sciuri pure culture, and upregulation by bacterium when
being co-cultured with either fungus as well as the con-
taining of putative antifungal/antibiotic domains. These
three proteins each contain a SP region. Mspl is simi-
lar (58% identity) to the lytic transglycosylase SceD of S.
aureus [48], which contains a C-terminus lysozyme-like
catalytic domain. Both Msp2 and Msp3 are the putative
cysteine, histidine-dependent amidohydrolases/peptidase
(CHAP) domain-containing proteins (Table S3). CHAP
proteins also have lysozyme activities [49].

These three proteins were then heterologously
expressed without their SPs in E. coli, and purified for
antifungal activity assays (Fig. 2f). The use of two dosages
(10 and 100 pg/ml) of each protein in LB for inhibition
assays revealed that Mspl but not Msp2 and Msp3 could
significantly (P <0.0001) inhibit the germination of the M.
robertsii spores when compared with the mock control
(Fig. 2g—i). Our further scanning electron microscopy
(SEM) analysis revealed that Mspl treatment could dam-
age the cells of M. robertsii (Fig. 3a). Thus, the leakage of
intracellular protein contents was detected by ninhydrin
staining assays (Fig. 3b, c).

Considering that the lysozyme domain of lytic transgly-
cosylase shows a chitinase activity [50], we tested the chi-
tinolytic activity of Mspl. It was found that the addition
of Mspl into the colloidal chitin agar could result in the
formation of a hydrolytic zone (Fig. 3d). Activity assay
confirmed that Mspl has a chitinase activity, however,
which was lower (P<0.0001) than that of a commercial
chitinase purified from Streptomyces griseus (Fig. 3e).

Deletion of Msp1 reduced the antifungal ability of Ma.
sciuri

To further verify the Mspl antifungal activity, we per-
formed the deletion of Mspl gene in Ma. sciuri using
a CRISPR/Cpfl technique [44], and the independent

Page 9 of 16

mutants were verified (Fig. S1). The subsequent uses of
the wild-type (WT) and mutant isolates of Ma. sciuri
for the inhibition of the M. robertsii spore germination
revealed that AMspl and WT could similarly inhibit
spore germination when being co-cultured with fun-
gal spores at a dosage of 0.01 OD600. However, the null
mutant showed impaired antifungal inhibition ability at
lower dosages compared to the WT treatments (Fig. 3f).
We also used the culture broths of the WT and AMspl
of Ma. sciuri for assaying the inhibition of fungal spore
germination. As a result, in contrast to the WT samples,
the AMsp1 culture broths of different fermentation times
could not completely inhibit the germination of the M.
robertsii spores until being cultured up to 48 h (Fig. 3g).
Taken together, the data confirmed that Mspl of Ma.
sciuri plays an essential role in attacking fungal spores,
and additional antifungal factor(s) could be produced
by Ma. sciuri to synergistically suppress fungal spore
germination.

Improving silkworm survival against fungal infections

by Ma. sciuri

We next performed silkworm survival assays with or
without the pretreatment of insects using the Ma. sciuri
cells for 24 h before the topical infections. It was found
that the pretreatment of the CR larvae with bacterial
cells could significantly increase insect survival against
M. robertsii (y*=23.7, P<0.0001) and against B. bassi-
ana (y*=36.8, P<0.0001) (Fig. 4a, b). We also gener-
ated the axenic silkworm larvae for gnotobiotic survival
assays (Fig. S5e—g). It was found that the pretreatment of
the germ-free silkworms with Ma. sciuri could also sub-
stantially (P<0.0001) improve silkworm survival against
either M. robertsii or B. bassiana infection when com-
pared with those without the pretreatment of bacterial
cells (Fig. 4c,d).

After the pretreatment of the CR and axenic silkworms
with the WT and AMspl of Ma. sciuri, comparative
survival assays revealed that the deletion of MspIl could
considerably attenuate the bacterial protection ability
examined with both CR (P<0.01) and axenic silkworms
(P<0.05) against M. robertsii (Fig. 4e,f). However, rela-
tive to the insects without pretreatments, the use of the
AMspl cells could still protect the CR (P<0.05) and
axenic (P<0.01) silkworms against fungal infections. It is
noteworthy that the sole treatment of silkworms with the
Ma. sciuri cells had no negative effect on the survival of
both the CR and axenic silkworms (Fig. 4).

Probiotic effect of Ma. sciuri on protecting silkworm fodder
To further determine the probiotic effect of Ma. sciuri,
we used the different dosages of bacterial cells to pre-
treat mulberry leaves and Silkmate fodder before use
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Fig. 3 Disruption of fungal spores by Msp1 with a chitinase activity. a Disruption of M. robertsii spores by Msp1. The conidia of M. robertsii were

incubated with or without Msp1 (at a final concentration of 10 ug/ml) in L

B for 12 h before being fixed for SEM observation. Cells with Iytic lesions

are arrowed. Bar, 5 um. b Examination of spore leakage after Msp1 treatment by ninhydrin staining. The conidia of M. robertsii (Mr, 5x 10.° conidia/

ml) were suspended in sterile PBS buffer with or without Msp1 (10 pg/ml)
(2%, w/v). ¢ Comparison of A570 absorbance after sample reaction with ni
was prepared by containing 5% (w/v) colloidal chitin, and 20 pl of Msp1 (1

for 12 h.The supernatant was then collected and treated with ninhydrin
nhydrin. d Formation of a chitin hydrolytic zone by Msp1. The water agar
00 pg/ml) was loaded for 12 h. e Activity assays showing the chitinase

activity of Msp1. The commercial chitinase isolated from S. griseus was used as a positive control. f, g Comparison of the inhibition of M. robertsii
spore germination among the different dosage of WT Ma. sciuri (Ms) and AMsp1 cells (f), and among LB culture filtrates (g). Panels ¢, e-g Two-tailed

Student’s t-test was conducted between samples: ns, not significant; *, P<

for feeding silkworm larvae. It was found that the pupae
and cocoon weights of the CR and axenic insects had no
obvious difference between the mock control and those
reared with the diets pretreated with different amounts
of bacterial cells (Fig. S6).

Having found that the artificial diets could be fre-
quently contaminated by aspergilli molds, we tested and
found that Ma. sciuri could also completely inhibit the
germination of the A. flavus spores and substantially

0.05; ***, P<0.001; **** P<0.0001

suppress (P<0.0001) the germination of A. oryzae
spores (Fig. 5a). We then tested the inoculation of the
Silkmate fodder with Aspergillus spores and found that
both Aspergillus species could outgrow on the fodders
(Fig. 5b). However, the co-inoculation of fodder with
aspergilli spores and Ma. sciuri cells could prevent diet
molding by both fungi (Fig. 5¢). The data indicate that
the use of Ma. sciuri can additionally benefit the pro-
tection of silkworm diets against moldy fungi.
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Fig. 4 Protection of silkworm larvae by Ma. sciuri against fungal infections. a, b Protection of the conventionally reared (CR) silkworm larvae
against M. robertsii (Mr, a) and B. bassiana (Bb, b) infection by Ma. sciuri. ¢, d Protection of the axenic silkworm larvae against M. robertsii (c) and B.
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with Ma. sciuri (Ms) were also included as controls. The number of insects finally included in analysis is shown in parentheses

Discussion

In this study, we found that the conventionally-reared
(CR) silkworm larvae could quickly reassemble their
ectomicrobiotas after molting including the gathering
of mulberry leaf bacteria. Microbiome analysis revealed
that the cuticles of the newly molted and different ages
of insects largely shared the OTUs of different bacteria,
and the Pseudomonas, Mammaliicoccus, and Staphylo-
coccus bacteria quickly expanded on cuticles when silk-
worms fed on mulberry leaves. Taken together with the

gnotobiotic survival assays, it was interesting to find that
the silkworm cuticular bacterium Ma. sciuri that origi-
nated from mulberry leaves could confer defense against
fungal parasite infections by secreting a chitinolytic anti-
fungal lysozyme. The cross-kingdom transfer of the plant
phyllosphere bacteria to herbivore cuticles can thus ben-
efit insects in battling the infection of fungal pathogens
(Fig. 5d).

It was unsurprising to find that the bacterial loads
sharply dropped on the newly formed cuticles after
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Fig. 5 Probiotic effect of Ma. sciuri on diet protection and schematic transfer of phyllosphere bacteria to insects. a Differential inhibition

of Aspergillus spore germination by Ma. sciuri (Ms). The bacterial cells were added at a dosage of OD600=0.01 for 12 h. b Molding of the sterile
Silkmate fodders after inoculation of A. flavus and A. oryzae for 10 days. ¢ Pretreatment of the sterile Silkmate fodders with the Ma. sciuri cells inhibits
the growth of two Aspergillus fungi. The sterilized fodder was included as a mock control. The photos were taken 10 days post-inoculations. d
Schematic transfer of phyllosphere bacteria to herbivorous insect cuticles that can protect insects against fungal parasites. EPF, entomopathogenic

fungi; PPF, plant pathogenic fungi; FDS, fungal disease spot; Ms, Ma. sciuri

silkworm molting. However, intriguingly, a roughly equal
number of bacteria OTUs could be detected in the L5D0
insects. In contrast to the beetle larvae [16], the pouch-
like structure is absent on silkworm larvae for housing
bacteria during insect molting. It is possible but remains
to be determined that the bacteria hiding on the tra-
chea of silkworm larvae may contribute to the seeding of
cuticular bacteria after insect molting [51]. Similar to the
ingestion of plant bacteria into insect guts [5], the body
surfaces of silkworm larvae can be “contaminated” with
the mulberry leaf phyllosphere bacteria during insect
feeding and crawling. Additional bacteria other than
Ma. sciuri could be transferred to silkworm cuticles. It
is known that the endo- or ecto-microbiotas of animals,
especially the latter, could be contaminated with environ-
mental bacteria [52]. In addition to the previous detection
of S. sciuri (now Ma. sciuri) in silkworm gut microbi-
omes [20, 24], we found that Ma. sciuri were present
on mulberry leaves, silkworm cuticles, guts, and feces.
In contrast, Ma. sciuri was absent on and in silkworms

after being fed with the bacterium-free fodder. The diet
switched from mulberry leaves to an artificial diet with-
out Ma. sciuri for the 5th instar larvae did not lead to the
disappearance of this bacterium from silkworm cuticles
and guts. Taken together, our data confirmed that silk-
worms gathered the antifungal Ma. sciuri from mulberry
leaves as a symbiont to combat fungal pathogen infection
(Fig. 5d). Silkworm has been domesticated for more than
5000 years [53], it is still elusive when silkworms evolved
the ability to deploy this bacterium for disease resistance.

Phyllosphere microbiomes play an essential role in
protecting plant health by antagonizing pathogenic bac-
teria and fungi [8, 54]. Apart from Ma. sciuri, we found
that the isolated cuticular bacterium Serratia ureilytica
could completely inhibit the germination of B. bassiana
spores but not those of M. robertsii. Even the underlying
mechanism remains to be determined, it is implicative
that there would be additional cuticular bacteria other
than Ma. sciuri involved in protecting silkworms against
fungal pathogens. In support of this, different G+and
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G —bacteria isolated from Drosophila adult surfaces have
been tested with varied but significantly inhibitory effects
on the germination of M. robertsii and B. bassiana spores
[15]. Likewise, the dominant G — Pseudomonas and Ser-
ratia bacteria isolated from the Japanese pine sawyer
beetle (Monochamus alternatus) cuticles could com-
pletely inhibit the germination of B. bassiana spores [12].
The reciprocal evidence has shown that the deletions of
the defensin-like antimicrobial peptide gene in B. bassi-
ana and the antibiotic biosynthetic genes in M. robertsii
impaired fungal ability to counterattack insect cuticular
bacteria and therefore fungal virulence against insects
during topical infections [30-32]. The protective effect
of insect ectomicrobiotas against fungal pathogens would
therefore be common [6], which might have facilitated
the arms-race co-evolution among insect hosts, insect
ectomicrobiotas, and fungal pathogens. It remains to be
investigated in other insects in terms of the employment
of the defensive microbes from phyllospheres by insect
herbivores, especially those devastating agriculture pests,
against EPF since which may impede the biocontrol effi-
cacy of mycoinsecticides.

Antagonisms commonly occur between microbes while
the strategies may vary from either side. To counterat-
tack fungal competition, bacteria can produce antifungal
compounds or peptides/enzymes [55, 56]. We found that
a chitinolytic lysozyme Mspl secreted by Ma. sciuri dem-
onstrated an antifungal activity by damaging fungal cell
walls. Since chitin is one of the critical cell wall compo-
nents of fungi [57], it is thus not surprising to find that
Ma. sciuri or its culture broth could similarly inhibit the
spore germination of aspergilli fungi. Different lysozymes
with chitinolytic activity have also been identified from
other bacteria such as Ralstonia and Streptomyces spp.,
which have the potential to produce N-acetyl chitooli-
gosaccharides from chitin materials [58, 59]. Otherwise,
the antibacterial and or antifungal lysozymes can be
produced by different plants and animals for immune
defenses against different pathogens, some of which have
been used as antibiotic agents in the food industry [60].
We examined and found that the chitinase activity of
Mspl was significantly lower than that of the commercial
Streptomyces chitinase, which could explain, at least in
part, why the deletion of MspI did not completely disable
the antifungal activity of Ma. sciuri. It was found that a
serine protease produced by the biocontrol bacterium
Bacillus amyloliquefaciens had a broad spectrum of anti-
fungal activity [61]. Serine proteases were also detected
in the culture broth of Ma. sciuri. It remains to be deter-
mined whether these proteases and or other enzyme(s)/
factors are used by Ma. sciuri to maintain the synergis-
tic antifungal activity. For example, interestingly, it was
found that the volatile compounds produced by S. sciuri
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had an antifungal activity and potential against the straw-
berry anthracnose fungi [62].

Consistent with the antifungal activity of Ma. sciuri,
our fungal infection assays confirmed that the mono-
association of bacterial cells with either the CR or axenic
silkworm larvae could significantly improve silkworm
survival against the infection of M. robertsii or B. bassi-
ana. Similarly, a lactic bacterium (Lactobacillus paraplan-
tarum) was found with a probiotic potential after feeding
to promote silkworm immunity against the pathogenic
bacterium Pseudomonas aeruginosa [63]. We also found
that the pretreatment of mulberry leaves or artificial fod-
der with Ma. sciuri had no negative effect on insect devel-
opment, which was consistent with a previous finding that
a gut-isolated strain of S. sciuri did not affect silkworm
growth [24]. Taken together with the probiotic effect of
Ma. sciuri on diet protection, our results indicate that the
use of this bacterium may benefit the industrial and mass
rearing of silkworms using artificial diets.

In conclusion, we report that the deployment of mul-
berry leaf bacteria to cuticles by silkworms can benefit
the insects to combat fungal parasite infections. We also
unveil that the antifungal bacterium Ma. sciuri can use
an extracellular chitinolytic lysozyme to damage fungal
cells. In addition to revealing the cross-kingdom transfer
of beneficial bacteria from plants to insects, the beneficial
bacterium identified in this study has the potential to be
used for safer sericulture.

Abbreviations

EPF  Entomopathogenic fungi
CR Conventionally reared

CFU  Colony forming unit

OTU  Operational taxonomic unit
G+  Gram-positive

G- Gram-negative
SP Signal peptide
WT  Wild type

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-024-01764-6.

Additional file 1: Figure S1. Screening of MspT deletion in Ma. sciuri by
colony PCR (a) and verification by sequencing of PCR products (b). The
putative mutant 3 (mut3) was not a successful gene deletion mutant.
PAM, protospacer adjacent motif within the used CRISPR RNAs (crRNASs).
Figure S2. Silkworm cuticular bacterial CFU counting and estimation of
bacterial OTU diversity. a, b Comparison of the cuticular bacterial CFUs
formed on the marine agar (a) and GYC medium (b) among the differ-

ent ages of silkworm larvae. Two-tailed Student’s t-test was conducted
between samples: *, P < 0.05; ***, P < 0.001; ****, P < 0.0001. ¢, d Com-
parison of the Shannon (c) and Simpson (d) diversity indices among the
ectomicrobiotas of the different ages of silkworm larvae. One-way ANOVA
analysis was conducted to compare difference between samples: the
column labelled with different capital letters, P < 0.01; different lower let-
ters, P < 0.05. Ten independent replicates (three insects per replicate) were
included for each sample. Figure S3. Screening and evaluation of bacteria
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isolated from silkworm surfaces for antifungal activity. a, b Inhibition or
non-inhibition of M. robertsii (a, for 12 h) and B. bassiana (b, for 16 h) spore
germination by different bacteria isolated from silkworm cuticles. Fungal
spores (5 x 10° conidia/ml) were germinated in LB with the addition of
bacterial cells each at 0.01 OD600. ¢, d The ethyl acetate extracts of Ma.
sciuri have no effect on inhibiting M. robertsii (c) and B. bassiana (d) spore
germination. Ma. sciuri was inoculated in LB for 24 h and the cultures
were centrifuged, and both the supernatant and bacterial cells were
extracted and used for inhibition assays. Figure S4. Inhibition of fungal
spore germination and growth by Ma. sciuri. a Microscopic images show-
ing the inhibition or non-inhibition of Metarhizium and Beauveria spore

germination by different bacteria. Fungal spores (5 x 10° conidia/ml) were

co-incubated with bacterial cells (each at a final value of OD600 = 0.01) in
LB broth for 12 h (M. robertsii) or 16 h (B. bassiana) prior to imaging. Spore
germination in LB was used as a mock control. Ungerminated fungal
spores are arrowed. Bar, 5 um. b Confrontation test of bacterial inhibi-
tion or non-inhibition of fungal growth for different times. Fungi were
inoculated with 1 ul of spore suspensions (1 x 10° conidia/ml each). The

bacterial strips were prepared by soaking the filter-paper strips in bacterial
cells (OD600 = 5) for 30 sec before inoculation. The strips without bacterial

cells were used as mock controls. DPI, day post inoculation. Figure S5.
PCR verification of the presence of different bacteria. a Verification of the
specific PCR primers for detecting Ma. sciuri (Ma. sc). Different isolates of
Ma. sciuri are as shown in Table S1. The bacterial species Glutamicibacter
mishrai (G. mi), Enterobacter asburiae (E. as), and Agrobacterium larrymoorei

(A. la) were included as negative controls. b Verification of the presence of

Ma. sciuri on mulberry leaves and leaf-fed silkworms. ¢ Verification of the
absence of Ma. sciuri in Silkmate fodder and fodder-fed silkworms. L4S,

slough of the 4 instar larvae. d PCR verification of the symbiotic presence

of Ma. sciuri in the 5" instar silkworms fed with the bacterium-free fodder.
The insects were fed with mulberry leaves till the end of the 4™ instar. e
Images showing the silkworms conventionally reared (CR) with mulberry
leaf and axenically reared with sterile Silkmate fodder. f, g Verification of
the obtained axenic silkworm larvae by PCR of bacterial 165 rDNA (f) and
plating of insect homogenates for bacterial colony formation (g). The CR
silkworms were used as a positive control. Figure S6. Pretreatment of
silkworm diets using the Ma. sciuri cells has no negative effect on insect
development. a, b Feeding of the 5" instar larvae with the mulberry
leaves soaked in Ma. sciuri cells (from 0.01 — 5 OD600 in sterile BPS buffer)
has no obvious negative effect on the pupa (a) and cocoon (b) weight of
silkworms. ¢, d Feeding of the 5™ instar larvae with the artificial Silkmate
fodder added with different amount of Ma. sciuri cells has no obvious
negative effect on the pupa (c) and cocoon (d) weight of silkworms. One-
way ANOVA analysis was conducted: ns, not significant. Table S1. Primers
used in this study. Table S2. Isolation of cuticular bacteria from silkworm
larvae. Table S3. Mass spectrometry detection of culture filtrate proteins
secreted by Ma. sciuri.

Additional file 2: Dataset S1. LC-MS proteomic analysis of the super-
natant proteins isolated from Ma. sciuri (Ms) after co-culturing without or
with M. robertsii (Mr) or B. bassiana (Bb).

Acknowledgements

The authors thank Dr. Quanjiang Ji for the provision of the CRISPR/Cpf1 plasmid.

Authors’ contributions

CW conceived and designed the study. PZ, SH, YL, HC and HG performed the
experiments. PZ and CW processed, analyzed and visualized the data. PZ and

CW wrote the manuscript. CW provided supervision and received funding
support. The authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China

(nos. 32021001 and 32230087).

Availability of data and materials

The SRA data of silkworm microbiome analysis have been depos-
ited in the NCBI database with an accession number PRINA911351
(SRR22731736-SRR22731691).

Page 14 of 16

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 25 October 2023 Accepted: 11 January 2024
Published online: 26 February 2024

References

1.

2.

Smets W, Koskella B. Microbiome: insect herbivory drives plant phyl-
losphere dysbiosis. Curr Biol. 2020;30(9):R412-4.

Humphrey PT, Whiteman NK. Insect herbivory reshapes a native leaf
microbiome. Nat Ecol Evol. 2020:4(2):221-9.

Jones AG, Mason CJ, Felton GW, Hoover K. Host plant and population
source drive diversity of microbial gut communities in two polyphagous
insects. Sci Rep. 2019;9(1):2792.

Pirttila AM, Brusila V, Koskimaki JJ, Wali PR, Ruotsalainen AL, Mutanen M,
Markkola AM. Exchange of microbiomes in plant-insect herbivore interac-
tions. mBio. 2023;14(2):e0321022.

Mayoral-Pefia Z, Lazaro-Vidal V, Fornoni J, Alvarez-Martinez R, Garrido E.
Studying plant-insect interactions through the analyses of the diversity,
composition, and functional inference of their bacteriomes. Microorgan-
isms. 2022;11(1):40.

Hong S, SunY, Chen H, Zhao P, Wang CS. Fungus—-insect interactions
beyond bilateral regimes: the importance and strategy to outcom-

pete host ectomicrobiomes by fungal parasites. Curr Opin Microbiol.
2023;74:102336.

Harris-Tryon TA, Grice EA. Microbiota and maintenance of skin barrier
function. Science. 2022;376(6596):940-5.

Liu H, Brettell LE, Singh B. Linking the phyllosphere microbiome to plant
health. Trends Plant Sci. 2020;25(9):841-4.

Vogel CM, Potthoff DB, Schafer M, Barandun N, Vorholt JA. Protective
role of the Arabidopsis leaf microbiota against a bacterial pathogen. Nat
Microbiol. 2021;6(12):1537-48.

. LiPD, Zhu ZR, Zhang Y, Xu J, Wang H, Wang Z, Li H. The phyllosphere

microbiome shifts toward combating melanose pathogen. Microbiome.
2022;10(1):56.

. Liu X, Matsumoto H, LvT, Zhan C, Fang H, Pan Q, et al. Phyllosphere

microbiome induces host metabolic defence against rice false-smut
disease. Nat Microbiol. 2023;8(8):1419-33.

. Deng J, XuW, Lv G, Yuan H, Zhang QH, Wickham JD, Xu L, Zhang

L. Associated bacteria of a pine sawyer beetle confer resistance to
entomopathogenic fungi via fungal growth inhibition. Environ Microbi-
ome. 2022;17(1):47.

. Mattoso TC, Moreira DD, Samuels RI. Symbiotic bacteria on the

cuticle of the leaf-cutting ant Acromyrmex subterraneus subterraneus
protect workers from attack by entomopathogenic fungi. Biol Lett.
2012;8(3):461-4.

. Konrad M, Grasse AV, Tragust S, Cremer S. Anti-pathogen protection

versus survival costs mediated by an ectosymbiont in an ant host. Proc
Biol Sci. 2015;282(1799):20141976.

. Hong S, Sun'Y, Sun D, Wang CS. Microbiome assembly on Drosophila

body surfaces benefits the flies to combat fungal infections. iScience.
2022,25(6):104408.

. Janke RS, Kaftan F, Niehs SP, Scherlach K, Rodrigues A, Svatos A, Hert-

weck C, Kaltenpoth M, Florez LV. Bacterial ectosymbionts in cuticular
organs chemically protect a beetle during molting stages. ISME J.
2022;16(12):2691-701.

. Ma SY, Smagghe G, Xia QY. Genome editing in Bombyx mori: new oppor-

tunities for silkworm functional genomics and the sericulture industry.
Insect Sci. 2019;26(6):964-72.



Zhao et al. Microbiome

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

(2024) 12:40

Meng X, Zhu F, Chen K. Silkworm: A promising model organism in life
science. J Insect Sci. 2017;17(5):97.

Yuan S, Sun'Y, Chang W, Zhang J, Sang J, Zhao J, et al. The silkworm
(Bombyx mori) gut microbiota is involved in metabolic detoxification by
glucosylation of plant toxins. Commun Biol. 2023;6(1):790.

Qin L, Qi J, Shen G, Qin D, Wu J, Song Y, Cao Y, Zhao P, Xia Q. Effects of
microbial transfer during food-gut-feces circulation on the health of
Bombyx mori. Microbiol Spectr. 2022;10(6):e0235722.

Chen B, Du K, Sun C, Vimalanathan A, Liang X, LiY, et al. Gut bacterial and
fungal communities of the domesticated silkworm (Bombyx mori) and
wild mulberry-feeding relatives. ISME J. 2018;12(9):2252-62.

Yeruva T, Vankadara S, Ramasamy S, Lingaiah K. Identification of
potential probiotics in the midgut of mulberry silkworm, Bombyx mori
through metagenomic approach. Probiotics Antimicrob Proteins.
2020;12(2):635-40.

Dong HL, Zhang SX, Chen ZH, Tao H, Li X, Qiu JF, et al. Differences in

gut microbiota between silkworms (Bombyx mori) reared on fresh
mulberry (Morus alba var. multicaulis) leaves or an artificial diet. RSC Adv.
2018;8(46):26188-200.

Chen B, Zhang N, Xie S, Zhang X, He J, Muhammad A, Sun C, Lu X, Shao
Y. Gut bacteria of the silkworm Bombyx mori facilitate host resistance
against the toxic effects of organophosphate insecticides. Environ Int.
2020;143:105886.

Zhang X, Feng H, He J, Liang X, Zhang N, Shao'Y, Zhang F, Lu X. The gut
commensal bacterium Enterococcus faecalis LX10 contributes to defend-
ing against Nosema bombycis infection in Bombyx mori. Pest Manag Sci.
2022,78(6):2215-27.

Liang X, He J, Zhang N, Muhammad A, Lu X, Shao Y. Probiotic poten-
tials of the silkworm gut symbiont Enterococcus casseliflavus ECB140, a
promising L-tryptophan producer living inside the host. J Appl Microbiol.
2022;133(3):1620-35.

Jordan HR, Tomberlin JK. Microbial influence on reproduction, conver-
sion, and growth of mass produced insects. Curr Opin Insect Sci.
2021;48:57-63.

Wang CS, Wang SB. Insect pathogenic fungi: genomics, molecular inter-
actions, and genetic improvements. Annu Rev Entomol. 2017;62:73-90.
Hong S, Shang J, Sun'Y, Tang G, Wang CS. Fungal infection of insects:
molecular insights and prospects. Trends Microbiol. 2023. https://doi.org/
10.1016/j.tim.2023.09.005.

Sun YL, Hong S, Chen HM, Yin Y, Wang CS. Production of helvolic acid

in Metarhizium contributes to fungal infection of insects by bacterio-
static inhibition of the host cuticular microbiomes. Microbiol Spectr.
2022;10:0262022.

Hong S, Sun YL, Chen HM, Wang CS. Suppression of the insect cuticular
microbiomes by a fungal defensin to facilitate parasite infection. ISME J.
2023,17(1):1-11.

SunYL, Chen B, Li XL, Yin Y, Wang CS. Orchestrated biosynthesis of the
secondary metabolite cocktails enables the producing fungus to combat
diverse bacteria. mBio. 2022;13:20180022.

Khorshidian N, Khanniri E, Koushki MR, Sohrabvandi S, Yousefi M. An over-
view of antimicrobial activity of lysozyme and its functionality in cheese.
Front Nutr. 2022;9:833618.

Wang SY, Herrera-Balandrano DD, Wang YX, Shi XC, Chen X, JinY, Liu FQ,
Laborda P. Biocontrol ability of the Bacillus amyloliquefaciens group, B.
amyloliquefaciens, B. velezensis, B. nakamurai, and B. siamensis, for the
management of fungal postharvest diseases: A review. J Agric Food
Chem. 2022,70(22):6591-616.

Kaspar F, Neubauer P, Gimpel M. Bioactive secondary metabolites from
Bacillus subtilis: A comprehensive review. J Nat Prod. 2019;82(7):2038-53.
Savio C, Mugo-Kamiri L, Upfold JK. Bugs in bugs: The role of probiotics
and prebiotics in maintenance of health in mass-reared insects. Insects.
2022;13(4):376.

Madhaiyan M, Wirth JS, Saravanan VS. Phylogenomic analyses of the
Staphylococcaceae family suggest the reclassification of five species
within the genus Staphylococcus as heterotypic synonyms, the promo-
tion of five subspecies to novel species, the taxonomic reassignment of
five Staphylococcus species to Mammaliicoccus gen. nov., and the formal
assignment of Nosocomiicoccus to the family Staphylococcaceae. Int J
Syst Evol Microbiol. 2020;70(11):5926-36.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 150f 16

Li X-L, SunY,Yin, Zhan S, Wang CS. A bacterial-like Pictet-Spenglerase
drives the evolution of fungi to produce B-carboline glycosides together
with separate genes. Proc Natl Acad Sci USA. 2023;120(30):e2303327120.
Chen B, Sun YL, Li SQ, Yin Y, Wang CS. Inductive production of the iron-
chelating 2-pyridones benefits the producing fungus to compete for
diverse niches. Bio. 2021;12(6):e0327921.

Li L, Hu X, Xia YL, Xiao GH, Zheng P, Wang CS. Linkage of oxidative stress
and mitochondrial dysfunctions to spontaneous culture degeneration in
Aspergillus nidulans. Mol Cell Proteomics. 2014;13(2):449-61.

Fang W, Leng B, Xiao Y, Jin K, Ma J, Fan Y, et al. Cloning of Beauveria bassi-
ana chitinase gene Bbchit1 and its application to improve fungal strain
virulence. Appl Environ Microbiol. 2005;71(1):363-70.

Luo F, Tang G, Hong S, Gong T, Xin X-F, Wang CS. Promotion of Arabidopsis
immune responses by a rhizosphere fungus via supply of pipecolic

acid to plants and selective augment of phytoalexins. Sci China Life Sci.
2023;66(5):1119-33.

Tang GR, Shang YF, Li SQ, Wang CS. MrHex1 is required for Woronin body
formation, fungal development and virulence in Metarhizium robertsii. J
Fungi. 2020,6(3):172.

Wang Z, Wang Y, Wang Y, Chen W, Ji Q. CRISPR/Cpf1-mediated multiplex
and large-fragment gene editing in Staphylococcus aureus. ACS Synth
Biol. 2022;11(9):3049-57.

Li B, Song S, Wei X, Tang G, Wang CS. Activation of microlipophagy dur-
ing early infection of insect hosts by Metarhizium robertsii. Autophagy.
2022;18(3):608-23.

Arun KD, Sabarinathan KG, Gomathy M, Kannan R, Balachandar D.
Mitigation of drought stress in rice crop with plant growth-promoting
abiotic stress-tolerant rice phyllosphere bacteria. J Basic Microbiol.
2020;60(9):768-86.

Couto |, Sanches IS, Sa-Leao R, de Lencastre H. Molecular characterization
of Staphylococcus sciuri strains isolated from humans. J Clin Microbiol.
2000;38(3):1136-43.

Lopes AA, Yoshii Y, Yamada S, Nagakura M, Kinjo Y, Mizunoe Y, Okuda KI.
Roles of Iytic transglycosylases in biofilm formation and 3-lactam resist-
ance in methicillin-resistant Staphylococcus aureus. Antimicrob Agents
Chemother. 2019;63(12):e01277-e1219.

Love MJ, Abeysekera GS, Muscroft-Taylor AC, Billington C, Dobson RCJ.
On the catalytic mechanism of bacteriophage endolysins: oppor-
tunities for engineering. Biochim Biophys Acta Proteins Proteom.
2020;1868(1):140302.

Dijkstra BW, Thunnissen AM.“Holy” proteins. Il: The soluble lytic transgly-
cosylase. Curr Opin Struct Biol. 1994;4(6):810-3.

Bossen J, Kuhle JP, Roeder T. The tracheal immune system of insects - a
blueprint for understanding epithelial immunity. Insect Biochem Mol Biol.
2023;157:103960.

Chen YE, Fischbach MA, Belkaid Y. Skin microbiota-host interactions.
Nature. 2018;553(7689):427-36.

Tong X, Han M-J, Lu K, Tai S, Liang S, Liu Y, et al. High-resolution silkworm
pan-genome provides genetic insights into artificial selection and eco-
logical adaptation. Nat Commun. 2022;13(1):5619.

Sohrabi R, Paasch BC, Liber JA, He SY. Phyllosphere microbiome. Annu
Rev Plant Biol. 2023;74:539-68.

LiT,LiL, DuF, Sun L, ShiJ, Long M, Chen Z. Activity and mechanism of
action of antifungal peptides from microorganisms: a review. Molecules.
2021;26(11):3438.

Chen H,Yan X, Du G, Guo Q, ShiY, Chang J, Wang X, Yuan Y, Yue T. Recent
developments in antifungal lactic acid bacteria: Application, screening
methods, separation, purification of antifungal compounds and antifun-
gal mechanisms. Crit Rev Food Sci Nutr. 2023;63(15):2544-58.

Gow NAR, Lenardon MD. Architecture of the dynamic fungal cell wall. Nat
Rev Microbiol. 2023;21(4):248-59.

Zhang W, Liu'Y, Ma J, Yan Q, Jiang Z, Yang S. Biochemical characterization
of a bifunctional chitinase/lysozyme from Streptomyces sampsonii suit-
able for N-acetyl chitobiose production. Biotech Lett. 2020;42(8):1489-99.
Ueda M, Ohata K, Konishi T, Sutrisno A, Okada H, Nakazawa M, Miya-
take K. A novel goose-type lysozyme gene with chitinolytic activity

from the moderately thermophilic bacterium Ralstonia sp. A-471:
cloning, sequencing, and expression. Appl Microbiol Biotechnol.
2009;81(6):1077-85.


https://doi.org/10.1016/j.tim.2023.09.005
https://doi.org/10.1016/j.tim.2023.09.005

Zhao et al. Microbiome (2024) 12:40

60.

61.

62.

63.

Nawaz N, Wen S, Wang F, Nawaz S, Raza J, Iftikhar M, Usman M. Lysozyme
and its application as antibacterial agent in food industry. Molecules.
2022;27(19):6305.

Yan F, Ye X, Li C, Wang P, Chen S, Lin H. Isolation, purification, gene clon-
ing and expression of antifungal protein from Bacillus amyloliquefaciens
MG-3. Food Chem. 2021;349:129130.

Alijani Z, Amini J, Ashengroph M, Bahramnejad B. Antifungal activity of
volatile compounds produced by Staphylococcus sciuri strain MarR44 and
its potential for the biocontrol of Colletotrichum nymphaeae, causal agent
strawberry anthracnose. Int J Food Microbiol. 2019;307:108276.

Nishida S, Ishii M, Nishiyama Y, Abe S, Ono Y, Sekimizu K. Lactobacillus
paraplantarum 11-1 isolated from rice bran pickles activated innate
immunity and improved survival in a silkworm bacterial infection model.
Front Microbiol. 2017;8:436.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16



	From phyllosphere to insect cuticles: silkworms gather antifungal bacteria from mulberry leaves to battle fungal parasite attacks
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Fungal and bacterial strains
	Silkworm rearing and surface bacterial isolation
	Microbiome analysis
	Bacterial inhibition assays
	Antifungal component analysis
	Proteomic analysis
	Protein expression and antifungal activity assays
	Chitinase activity assay
	Cell damage assays
	Msp1 gene deletion and antifungal assays
	Protection of silkworm survival against fungal pathogen challenges
	Determination of Ma. sciuri on silkworm development and food protection

	Results
	Quick reassembling ectomicrobiotas after silkworm molting
	Identification of an antifungal bacterium from silkworm cuticles
	Extracellular protein(s) of Ma. sciuri mediates the inhibition of fungal spore germination
	A chitinolytic lysozyme produced by Ma. sciuri can damage fungal cells
	Deletion of Msp1 reduced the antifungal ability of Ma. sciuri
	Improving silkworm survival against fungal infections by Ma. sciuri
	Probiotic effect of Ma. sciuri on protecting silkworm fodder

	Discussion
	Acknowledgements
	References


