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ABSTRACT The spore-forming bacterium Bacillus thuringiensis (Bt) of the Bacillus cereus
group uses toxin-opened breaches at the insect midgut epithelium to infest the hemo-
lymph, where it can rapidly propagate despite antimicrobial host defenses and induce
host death by acute septicemia. The response of Bt to host hemolymph and the latter’s
role in bacterial pathogenesis is an area that needs clarification. Here, we report a pro-
teomic analysis of the Bt kurstaki strain HD73 (Btk) hemolymph stimulon showing signif-
icant changes in 60 (34 up- and 26 downregulated) differentially accumulated proteins
(DAPs). Gene ontology (GO) enrichment analysis revealed that DAPs were mainly related
to glutamate metabolism, transketolase activity, and ATP-dependent transmembrane
transport. KEGG analysis disclosed that DAPs were highly enriched in the biosynthesis of
bacterial secondary metabolites, ansamycins. Interestingly, about 30% of all DAPs were
in silico predicted as putative virulence factors. Further characterization of hemolymph
effects on Btk showed enhanced autoaggregation in liquid cultures and biofilm forma-
tion in microtiter polystyrene plates. Hemolymph-exposed Btk cells were less immuno-
genic in mice, suggesting epitope masking of selected surface proteins. Bioassays with
intrahemocoelically infected Bombyx mori larvae showed that hemolymph preexposure
significantly increased Btk toxicity and reproduction within the insect (spore count per
cadaver) at low inoculum doses, possibly due to ‘virulence priming’. Collectively, our
findings suggest that the Btk hemolymph stimulon could be partially responsible for
bacterial survival and propagation within the hemolymph of infected insects, contribut-
ing to its remarkable success as an entomopathogen. All mass spectrometry data are
available via ProteomeXchange with identifier PXD021830.

IMPORTANCE After ingestion by a susceptible insect and damaging its midgut epithe-
lium, the bacterium Bacillus thuringiensis (Bt) reaches the insect blood (hemolymph),
where it propagates despite the host's antimicrobial defenses and induces insect death
by acute septicemia. Although the hemolymph stage of the Bt toxic pathway is determi-
nant for the infested insects’ fate, the response of Bt to hemolymph and the latter’s role
in bacterial pathogenesis has been poorly explored. In this study, we identified the bac-
terial proteins differentially expressed by Bt after hemolymph exposure. We found that
about 30% of hemolymph-regulated Bt proteins were potential virulence factors, includ-
ing manganese superoxide dismutase, a described inhibitor of hemocyte respiratory
burst. Additionally, contact with hemolymph enhanced Bt virulence phenotypes, such as
cell aggregation and biofilm formation, altered bacterial immunogenicity, and increased
Bt toxicity to intrahemocoelically injected insects.
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he spore-forming bacterium Bacillus thuringiensis (Bt) of the Bacillus cereus group is a

well-known insect pathogen widely exploited as a microbial pesticide (1, 2). Bt strains
variously produce highly specific pore-forming proteins (Cry, Cyt, Vip, and Sip) and other vir-
ulence factors positively regulated by the pleiotropic quorum sensor phospholipase C regu-
lator (PIcR), such as phospholipases C, hemolysins, enterotoxins, and proteases to breach the
insect host midgut epithelium barrier in order to infest the hemolymph (3-8). Within the
hemolymph, Bt vegetative stages propagate despite antimicrobial host defenses to induce
insect death by acute septicemia (9, 10). Bt can survive in the insect cadaver (necrotrophism)
aided by the PIcR-regulated quorum sensor NprR, which controls the expression of metallo-
proteases, lipases, chitinases, and enzymes for biosynthesis and secretion of a lipopeptide
kurstakin involved in biofilm formation (11, 12). Necrotrophic Bt cells ultimately sporulate
under the control of transcription factor SpoOA in its phosphorylated form (SpoOA~P) (13).
Throughout the infectious process, quorum quenching enzymes and antibiosis may help Bt
to outperform the other gut bacteria (14-16).

Functional expression of plcR is required for the activation of the PIcR virulence reg-
ulon and Bt's pathogenicity in insects following oral infection (4, 5, 16, 17). However,
the toxicity of a AplcR mutant strain was not affected in the same magnitude when
intrahemocoelic injection was used as the inoculation route (4, 18), which suggests
that other factors may be involved in survival and propagation of Bt within the hemo-
lymph. Indeed, different Bt subpopulations of differentiated cells have been described
to coexist throughout the infectious process, some of which are regulated by as-of-yet
undefined master regulators (13, 19). The response of Bt to hemolymph and the latter’s
role in bacterial pathogenesis is, therefore, an area that needs clarification.

Components of insect cellular and humoral innate responses circulate continuously
in the hemolymph to prevent disease and infection (20-24). Hemocytes, such as granulocytes
and plasmatocytes, mediate the cellular responses to microbial insults through phagocytosis,
encapsulation, and superoxide production (25, 26). Humoral responses include melanization,
clotting, and secretion of antimicrobial peptides (AMPs) and complement-like proteins to im-
mobilize and kill the intruders (27). The activation of both responses relies on the recognition
of pathogen-associated molecular patterns (PAMPs) on the microbial surface by pattern recog-
nition receptors (26, 28). Bt can suppress insect humoral immune defenses (29); however, the
process remains poorly characterized.

The best known Bt anti-immune strategy is the expression of metalloprotease InhA1, the
major component of the exosporium, which is involved in Bacillus spore survival in macro-
phages and their escape from phagocytes (30-32). InhAT has also been found digesting
cecropin and attacin AMPs in the insect hemolymph (33). The expression of InhA1 is de-
pendent on Spo0A~P, which in turn represses PIcR (34, 35). Another Bt metalloprotease not
regulated by PIcR, the cell surface-associated camelysin (CalY), was recently shown to play
critical roles in both bacterial adhesions to insect cells (adhesin activity) and in biofilm forma-
tion and is required for Bt's full virulence to insects by either ingestion or intrahemocoelic
injection routes (36-38).

In the present study, we tested the hypothesis that hemolymph exposure by Bt would acti-
vate a specific response in the bacterium consisting of a change in the synthesis rate of a set
of proteins that contribute to Bt's survival and proliferation within the insect body. We investi-
gated the effects of Bombyx mori larval hemolymph exposure on the proteome of Bt kurstaki
strain HD73 (Btk) bacterium through tandem mass tag (TMT)-based quantitative proteomics.
Additionally, we compared hemolymph-exposed and control bacteria regarding autoaggrega-
tion, biofilm formation, surface protein immunogenicity, and pathogenicity in insects. We
identified a Btk hemolymph stimulon that includes an enhanced ability to form unattached
bacterial aggregates in liquid cultures and attached biofilms on microtiter polystyrene plates,
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altered bacterial immunogenicity, and increased toxicity to intrahemocoelically injected Bo.
mori larvae, possibly due to virulence priming.

RESULTS

Defining a Btk hemolymph stimulon using proteomics. Comparative TMT-based
proteomic analysis was performed to investigate changes in protein levels and affected
pathways in Btk vegetative cells treated with 1:100 (vol/vol) Bo. mori hemolymph for
1 h (Btk-T) (Fig. 1). TMT data validation showed mass measurement error within 10 ppm,
~81.15% of modified peptides with a MASCOT score of 20 or more (the median was 33.99),
and lengths of peptides varied from 7 to 20 amino acid residues, all indicative of high-quality
mass spectrophotometry (MS) experimental data (Fig. ST and Table S1 in the supplemental
material).

A total of 3,041 proteins were identified and annotated by using the Bt protein sequence
information in the UniProt database (Table S2), 3,009 of which were quantified. Sixty pro-
teins were significant (P < 0.05) differentially accumulated proteins (DAPs) with abundances
that changed greater than 1.2-fold (Btk-T/Btk), of which 34 were upregulated and 26 down-
regulated (Table S3). Most of the DAPs could be classified into the following three categories
using assigned Gene ontology (GO) terms: biological process, molecular function, and cellu-
lar component. For the biological process category, the most representative term was “met-
abolic process” (16 DAPs). For molecular function, “catalytic activity” was the dominant term
(23 DAPs), and for cellular component, the largest term was “membrane” (9 DAPs) (Fig. 2a;
Table S2). According to subcellular localization prediction, the 60 DAPs were distributed
among cytoplasmic, membrane, and extracellular compartments, with some of them pre-
dicted in more than one compartment (Fig. 2b; Table S2).

We further analyzed the functional enrichment of the 60 DAPs at three levels,
including GO classification (Table S4), protein domain (Table S5), and KEGG pathway
(Table S6). Fig. 3 shows bubble charts of the most significantly enriched categories
according to their P values that were revealed by Fisher's exact tests. Regarding the GO clas-
sification, we found DAPs highly enriched in glutamate metabolic processes (GO:0006536)
from the biological process category results (Fig. 3a), transketolase activity (GO:0004802)
from the molecular function category results (Fig. 3b), and ATPase-dependent trans-
membrane transport complex (GO:0098533), ATP-binding cassette (ABC) transporter
complex (GO:0043190), transmembrane transporter complex (GO:1902495), transporter
complex (GO:1990351), plasma membrane protein complex (GO:0098797), and ATPase com-
plex (GO:1904949) from the cellular component category results (Fig. 3c). Protein domain
enrichment analysis showed DAPs enriched in the three different domains of the transketo-
lase (TktA) enzyme (EC: 2.2.1.1), that is, “thiamine diphosphate-binding domain” (PF00456),
“C-terminal domain” (PF02780), and “pyrimidine-binding domain” (PF02779), with enrich-
ment scores decreasing in the above order (Fig. 3d). KEGG is a collection of databases for
understanding biological functions, such as metabolic pathways, biomolecular complexes,
and biochemical reactions (39). We found a KEGG pathway related to the biosynthesis of
ansamycins (ko01051) to exhibit the highest enrichment score in DAPs (Fig. 3e).

Virulence potential of DAPs was assessed by in silico prediction of virulence factors
using the online tool VFDB (virulence factor database; http://www.mgc.ac.cn/VFs/). We
found 10 of the 34 upregulated DAPs and 11 of the 26 downregulated DAPs to show
sequence homology with proteins linked to virulence in several bacteria species, includ-
ing those from the B. cereus group. Btk sequences with homology to the oligopeptide
ABC transporter (OppA), superoxide dismutase (SOD), and polyketide synthase (PKS)
were among upregulated virulence factors (Table 1). In contrast, Btk sequences with
homology to flagellin (FlaA), internalin-like (InlA), and the nonhemolytic enterotoxin lytic
component L1 (NheB) were downregulated (Table 2). Additionally, we identified an upregu-
lated DAP (AOA1S7FFV1) with homology to an uncharacterized cytotoxin as a potential hemo-
lymph-induced virulence factor in Btk.

Some Btk genes encoding DAPs (transketolase, SOD, flagellin, internalin) were selected
for two-step quantitative real-time PCR (qRT-PCR) to verify changes in protein expression as
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FIG 1 Schematic representation of the workflow followed in this study for the proteomic analysis of
the Btk hemolymph stimulon. Features of TMT-based quantitative proteomic results are shown
underlined; FC, fold change.
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FIG 2 Gene ontology (GO) analysis of differentially accumulated proteins (DAPs) in the Btk
hemolymph stimulon. Most of the DAPs could be classified into three categories using assigned GO
terms. (a) GO level 2 functional annotation information, including “biological process,” “molecular
function,” and “cellular component” categories, which are distinguished by blue, red, and orange in
sequence. The abscissa is the number of DAPs under each category. (b) Subcellular localization of
DAPs according to CELLO (http://cello.life.nctu.edu.tw/).

determined by proteomic analysis. In the genome of Btk HD73 (GenBank accession no.
CP004069), the sequences HD73_3637 (AGE79215) and HD73_3971 (AGE79549) encode
transketolases (Tkt), HD73_1697 (AGE77275) and HD73_5860 (AGE81437) encode SODs,
HD73_1893 encodes flagellin (AGE77471), and HD73_1560 encodes internalin (AGE77138).
The gRT-PCR results showed that Btk hemolymph exposure significantly increased transcript
levels of transketolase HD73_3971 (t[4] = 3.01, P < 0.0397) and SOD HD73_5860 (t{4] =
23.90, P < 0.0001) and decreased the expression of internalin (t{4] = 4.78, P < 0.0087), which
was consistent with our proteomic data (Fig. 4). However, the mRNA levels of flagellin,
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FIG 3 GO, protein domain, and KEGG enrichment analysis of DAPs in the Btk hemolymph stimulon. The most significantly enriched categories (P < 0.05)
revealed by the Fisher's exact test are shown in the bubble charts. (a) Biological process. (b) Molecular function. (c) Cellular component. (d) Protein domain
enrichment. (e) KEGG pathway enrichments. The ordinate of the bubble charts is the functional classification or pathway, and the abscissa is the
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is to red, the lower the P value and the more significant the enrichment. The bubble size indicates DAP number in the functional class or pathway (the

bigger bubbles refer to a larger amount).

previously identified among downregulated DAPs, were found to be significantly higher in
Btk-T than in Btk cells (t[4] = 5.91, P < 0.0041). A limited correlation between gene transcrip-
tion and protein abundance has previously been described (40-42).

Hemolymph enhances Btk’s autoaggregation and biofilm formation. Autoaggre-
gation is crucial for the virulence of pathogenic bacteria because of the multiple advantages
it can provide, such as increasing the tolerance against antimicrobials (43-45), blocking
phagocytosis by host immune cells (46), and improving survival within phagosomes (47),
that prolong bacterial persistence within the host. We hypothesized that hemolymph stimu-
lation would enhance the formation of Btk aggregates in static liquid cultures. To address
this issue, we performed sedimentation assays in Btk-T and Btk by measuring the optical
density at 600 nm (ODg,,) of liquid cultures from the top of the tubes after 16 h of static
incubation at room temperature. The results showed that OD values significantly decreased
in Btk-T compared with control Btk (t{4] = 8.052, P = 0.0013), which indicated that the forma-
tion of Btk aggregates is enhanced by hemolymph (Fig. 5).

Cell aggregation is an early step in the formation and maturation of bacterial biofilms.
Therefore, we investigated the effects of hemolymph on Btk's biofilm formation on microtiter
plates. Crystal violet (CV) staining visualized 48-h-old bacterial biofilms attached to well
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TABLE 1 Upregulated putative virulence factors in hemolymph-treated Bacillus thuringiensis kurstaki cells predicted with the online tool VFDB

Accession Gene name BLASTP sequence homology“ E value

AOA2T7YM17 (C5676_03879 PhoR: sensor histidine kinase (Mycobacterium smegmatis str. MC2 155) VFG009818 4E—-20

Q3EKY9 RBTH_01584 PvdL: peptide synthase (Pseudomonas syringae tomato str. DC3000) VFG016061 6E—32

AOA2C1C3Q9 COJ15_35455 WcbT: 8-amino-7-oxononanoate synthase (capsular polysaccharide 1) (Burkholderia thailandensis E264) 3E-52
VFG026073

AOA2B4EE79  COJ78_05795 OppA: oligopeptide ABC transporter (oligopeptide-binding protein) (Listeria monocytogenes 4b str. F2365)  1E—125
VFG006783

AO0A242XDX9 BGO08_1843 Lpg0754: acetyltransferase (LPS) (Legionella pneumophila Philadelphia 1) VFG045302 3E—-06

AOAOF6FTKO  BGO08_3740 VipF: hypothetical protein (type IVB secretion effectors) (Legionella pneumophila str. Lens) VFG010772 4E-25

AOA2T7YRG6  (C5676_02345 NarK2: nitrate/nitrite transporter (Mycobacterium canettii CIPT 140070017) VFG026850 1E—34

AOA243KATO  BK741_25500 WcbT: 8-amino-7-oxononanoate synthase (capsular polysaccharide 1) (Burkholderia thailandensis E264) 3E—-52
VFG026073

AO0A243ITM2  BK708_25460 SodB: superoxide dismutase (Legionella pneumophila str. Philadelphia 1) VFG001867 7E—40

AOA347VE78 BGO08_1971 Pks15/1: polyketide synthase (Mycobacterium liflandii 128FXT) VFG029280 3E—38

9VFDB, virulence factor database (http://www.mgc.ac.cn/VFs/; last accessed on 10 May 2021). VFDB contains 27,481 protein sequences related to known and predicted
virulence factors of pathogenic bacteria (94).

bottoms in a 24-well plate, which were more expanded on the surface and contained more
multilayer cell clusters (microcolonies) for Btk-T than for Btk (Fig. 6a). Biofilm quantification
(ODsy5) by ethanol extraction of crystal violet confirmed that biofilm levels produced by Btk
significantly increased after hemolymph treatment (3] = 6.49, P = 0.0074) (Fig. 6b).

Hemolymph induces epitope masking of Btk’s selective surface proteins. To
successfully colonize the insect host, hemolymph exposure by Btk could trigger differ-
ent strategies in the bacterium to hide PAMPs from recognition by the insect immune
system and avoid clearance. To test this assumption, we investigated whether the immunoge-
nicity of Btk's cell surface proteins changed after hemolymph treatment (i.e, Btk-T). We immu-
nized BALB/c mice with heat-killed (HK) Btk cells (HK-Btk) or HK Btk-T cells (HK-Btk-T) and com-
pared both antisera in Western blotting experiments of Btk and Btk-T surface proteins (Fig. 7a,
b, and c). The HK-Btk mouse antiserum immunoreacted with two bands of ~30 and ~50 kDa,
designated P30k and P50k, respectively, present at a similar concentration in Btk and Btk-T sur-
face protein extracts (Fig. 7b, left). However, the HK-Btk-T mouse antiserum showed lower
anti-P30k antibody titers and failed to detect the P50k antigen in the Western blot of the same
Btk and Btk-T surface protein extracts (Fig. 7b, right), suggesting that Btk-T was less visible
than Btk to the mouse immune system.

Hemolymph preexposure increases Btk toxicity to injected insects. To investigate
the effects of hemolymph treatment on Btk toxicity, we injected fifth instar Bo. mori larvae
intrahemocoelically with various doses of Btk-T and Btk (3, 20, 70, and 500 bacteria/injected
larvae) and recorded the number of dead larvae after 24 h. In these bioassays, Btk-T cells
were significantly (P < 0.01) more toxic (ca. 2.4-fold; 50% lethal concentration [LCs,] =
2.96 * 0.79 bacteria/injected larva; 95% fiducial limits (FL) 1.41 to 4.51; slope * standard

TABLE 2 Downregulated putative virulence factors in hemolymph-treated Bacillus thuringiensis kurstaki cells predicted with the online tool
VFDB

Accession Gene name BLASTP sequence homology“ E value
AOA2TOESB8 C6351_29520 Lap: Listeria adhesion protein (Listeria seeligeri 1/2b str. SLCC3954) VFG031961 0.0
AOA137RUWO  AYKS81_26425 FlaA: flagellin (Listeria monocytogenes EGD-e) VFG043258 5E—60
A0A243IT12 BK704_10345 DevVR/S: response regulator (Mycobacterium gilvum Spyr1) VFG024199 7E—34
AOA347VBR2 CUC43_26340 Hmwa2: cytoadherence accessory protein (Mycoplasma genitalium G37) VFG016449 1E—12
AO0A2J9CTS8 CBR59_29605 InlA: internalin-like (Bacillus thuringiensis str. Al Hakam) VFG016359 7E—34
AOA1B1LDY3 xlyB_2 EntD: N-acetylmuramoyl-L-alanine amidase, family 2 (enterotoxin) (Clostridium perfringens ATCC 13124) 2E—-26
VFG012148
AO0A243K1W7  BK741_29175 HIp/LBP: histone-like protein/laminin-binding protein (Mycobacterium leprae TN) VFG043551 7E—17
J3Qw49 NheB NheB: nonhemolytic enterotoxin lytic component L1 (Bacillus thuringiensis konkukian str. 97-27) 0.0
VFG016280
AOA2T7YV03 C5676_00021 IroE: salmochelin siderophore (Escherichia coli 536) VFG012502 1E—22
A0A242VXY1 BK699_ 33410 AcrA: acriflavine resistance protein A (Klebsiella pneumoniae NTUH-K2044) VFG049133 5E—04

9VFDB, virulence factor database (http://www.mgc.ac.cn/VFs/; last accessed on 10 May 2021). VFDB contains 27,481 protein sequences related to known and predicted
virulence factors of pathogenic bacteria (94).
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FIG 4 Transcriptional analysis of selected DAPs by two-step quantitative real-time PCR (qRT-PCR). The
expression of Btk genes encoding transketolase, SOD, flagellin, and internalin DAPs was analyzed by
gRT-PCR to verify changes in protein expression as determined by proteomic analysis. The detected
transcript amounts were normalized to the reference gene RpsU with the aid of Q-gene software.
Bars represent means of three independent replicates + standard error. The Student's t test (two
tailed) was used to produce the P values shown in the graph.

error [SE] = 2.05 = 0.17) than control Btk cells (LCs, = 6.99 % 0.50 bacteria/injected larva;
95% fiducial limits 6.01 to 7.97; slope = SE = 2.48 * 0.18).

The virulence of Btk-T and Btk was further compared by quantifying bacterial reproduction
as spore counts per cadaver in the different concentrations of inoculum. We found that repro-
duction of Btk-T and Btk increased with the dose, but it was significantly higher for Btk-T at
low concentrations of the inoculum, that is, 3 ({{10] = 3.04, P = 0.037) and 20 (t{15] = 4.86,
P < 0.001) bacteria/injected larvae (Fig. 8).
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FIG 5 Effects of hemolymph exposure on Btk cell autoaggregation. The formation of multicellular
aggregates was found to be enhanced in Btk-T (hemolymph-treated) versus Btk (control) cells during
sedimentation assays. Top, representative images of the tubes after 16 h of static incubation at room
temperature; bottom, OD,, values of cell suspensions at the air-liquid interface. Means were
compared using a t test (P < 0.05).

DISCUSSION

In this study, we used TMT-based quantitative proteomics to identify a set of Btk pro-
teins whose synthesis rate changed in response to Bo. mori hemolymph and have called
it the Btk hemolymph “stimulon.” The GO classifications showed that DAPs were enriched
mainly in glutamate metabolism, transketolase activity, and transmembrane transport.
Our experimental design was not intended to investigate Btk proteome alterations during
bacterial cell multiplication within the insect blood but rather alterations occurring after
exposure of bacterial cells to small quantities of hemolymph, which simulates the early
stages of invasion when the first bacterial cells have crossed the midgut epithelial barrier.
Several PlcR-regulated extracellular virulence factors have previously been shown to facili-
tate such passage, including an enhancin-like Bel protease involved in the hydrolysis of the
invertebrate intestinal mucin in the peritrophic membrane (48), a semipermeable chitin-rich
structure lining the midgut of most insects (49), and a ColB collagenase that digests cadher-
ins and the basal lamina underlining the midgut epithelium (50, 51). However, the only PIcR-
regulated gene product reported in the Btk hemolymph stimulon, the nonhemolytic entero-
toxin NheB (16), was downregulated, suggesting that the PIcR virulence regulon is not
required for the response to hemolymph.

Heterogeneity in bacterial populations has been described as an adaptive trait to
environmental insults, where the activation of different lifestyles in genetically identical cells
is a result of the interaction between external and internal factors (52-54). Verplaetse et al.
described different Bt-specialized subpopulations coexisting throughout the insect coloniza-
tion process (13). These authors classified infesting Bt cells into four different physiological
stages, including virulence, necrotrophism, sporulation, or undefined depending on whether
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FIG 6 Effects of hemolymph exposure on biofilm formation by Btk. A crystal violet assay showed 48-
h-old biofilm levels produced by Btk significantly increased after hemolymph treatment. (a)
Visualization of crystal violet-stained 48-h-old biofilms formed by Btk-T and Btk cells at the bottom of
individual wells in a 24-well plate compared to a medium blank control. (b) Graphical representation
of crystal violet quantification of biofilm formation in Btk-T and Btk. The crystal violet stain was
washed out from biofilms with 95% ethanol and measured as optical density readings (OD.,s). Bars
represent means of three independent replicates = SE. A Student's t test (two tail) was used to
produce the P value shown in the graph.

PIcR, NprR, Spo0A, or an as-of-yet unknown regulator was activated, respectively. Ben Rejeb
et al. found that about 20% of the Bt population in insect cadavers was undefined and sug-
gested classifying these cells as a new dormant subpopulation because most of them were
alive but not growing (19). Neither PIcR nor NprR nor SpoOA regulons were activated in the
Btk hemolymph stimulon, suggesting that these cells could represent a new specialized sub-
population. However, we identified an upregulated DAP sequence (AOAOGACXH7) with
homology to the CarD-like family of transcriptional regulators required in Mycobacterium tu-
berculosis survival to oxidative stress and persistence (55). We also found an upregulated
DAP (AOAOB5NQ68) with homology to the phosphate-specific transport system accessory
protein PhoU involved in the formation of persister cells. Persisters are transient (nongrow-
ing or slow-growing) phenotypic variants of a clonal bacterial population that show resist-
ance to multiple adverse conditions, such as antimicrobials and oxidative stress (56, 57).
Persistence can play essential roles during bacterial pathogenesis. For instance, pathogenic
persisters of Salmonella enterica serovar Typhimurium and M. tuberculosis have been found
to induce in vivo macrophage bactericidal activity suppression, creating a more favorable
environment for infection in the host (58, 59). The formation of persisters in Bt vegetative
cells has yet to be identified; however, this phenomenon is widely spread among prokary-
otic microorganisms, including other Gram-positive Firmicutes Staphylococcus aureus and
Bacillus subtilis (60, 61). A potential outcome of hemolymph exposure by Btk could involve
forming a small subpopulation of persisters to deal with host immune reactions, such as the
oxidative burst of macrophages while weakening the host defenses using unrevealed effec-
tors. Further molecular studies are needed to fully characterize the Btk phenotypic variant
expressing a hemolymph stimulon.

Two upregulated DAPs identified as transketolase were enriched in the “biosynthesis of
ansamycins” pathway, suggesting that these bacterial macrocyclic polyketides with demon-
strated antimicrobial (62), anticancer (63), and antiviral (64) activities could be playing impor-
tant roles in Btk's survival in the hemolymph. The only known ansamycins of Bacillus origin are
the antibiotic aurantinin and antivirals hydroxymycotrienins A and B (65, 66). Transketolases
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FIG 7 Immunological characterization of Btk and Btk-T cell surface proteins. Western blotting experiments of Btk and Btk-T surface protein extracts using
antisera raised in BALB/c mice against heat-killed Btk (anti-HK-Btk) or Btk-T (anti-HK-Btk-T) cells revealed that hemolymph exposure by Btk decreased the
bacterium immunogenicity in terms of the detection of two major antigens in the Btk surfaceome (i.e., P30k and P50k by the mouse immune system). (a)
Twenty micrograms of Btk and Btk-T protein from the insoluble fraction of bacterial lysates, comprised mostly of proteins from the plasma membrane and
cell wall, was loaded into 10% SDS-PAGE under reducing conditions; BSA, bovine serum albumin (1 wg); Mw, molecular weight (kDa), PageRuler (15 to
180 kDa) prestained protein marker (Thermo Scientific). (b) Electrophoresed proteins were blotted onto nitrocellulose membranes and then probed with
mouse antiserum raised against heat-killed Btk (left) or heat-killed Btk-T (right) immunogens. The working dilution of mouse antisera was 1:100 in TBST
(50 mM Tris, pH 7.6, 150 mM NaCl, 0.2% Tween 20). A commercial goat anti-mouse IgG-HRP-conjugated antibody (1:10,000 in TBST) was used for detection.
Blots were developed using the Thermo Scientific Pierce ECL Western blotting substrate. Arrows indicate the P30k and P50k antigens of Btk and Btk-T. (c)
Ponceau S (0.1%) reversible staining of the blots.

catalyze the production of 1-deoxy-1-imino-p-erythrose 4-phosphate (iminoerythrose-4P), the
substrate for the formation of 4-amino-3,4-dideoxy-p-arabino-heptulosonic acid 7-phosphate
(aminoDAHP), the first intermediate of the aminoshikimate pathway (67, 68). The final product
of the aminoshikimate pathway is 3-amino-5-hydroxybenzoic acid (AHBA), which in turn is the
precursor of ansamycin biosynthesis (69). However, transketolase is also a key enzyme of the
oxidative branch of the pentose phosphate pathway, which contributes to bacterial tolerance
(persistence) to oxidative stress by producing the cellular NADPH required for intracellular re-
active oxygen species detoxification (70). In St. aureus, the inactivation of the transketolase-
encoding tkt gene affected bacterial pathogenesis, particularly the intracellular proliferation
and tissue-colonizing ability (71). Whether upregulation of transketolases in hemolymph-re-
sponsive bacteria is related to the production of ansamycins or to link central metabolism to
redox homeostasis needs further investigation.

Several well-known virulence factors in other bacterial species were found to be dif-
ferentially expressed in the Btk hemolymph stimulon. A sequence with homology to SOD was
among upregulated DAPs in hemolymph-exposed Btk cells. SOD is part of all organisms’ antiox-
idant defense systems and catalyzes the dismutation reaction of superoxide anion (O,~) to mo-
lecular oxygen and hydrogen peroxide (H,0,); peroxidases and catalases then reduce the H,O,
into H,O and O,. Pathogens produce SOD to survive the superoxide stress generated by host
phagocytic cells, a conserved response of innate immunity (72, 73). Further analysis by gRT-PCR
of two SOD-encoding sequences in the Btk HD73 genome (i.e, HD73_1697 and HD73_5860)
only showed significant expression changes due to hemolymph for the latter, which has
homology to manganese-SOD (MnSOD)-like genes. Previously, Coburn et al. found a Ba. cereus
strain causing human endophthalmitis where MnSOD-encoding gene variants sodA7 and
sodA2 were among the most highly expressed bacterial genes in ex vivo vitreous humor (74).
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FIG 8 Effects of hemolymph exposure on the relationship between Btk reproduction within the
insect and bacterial dose in the inoculum. The reproduction of Btk-T and Btk was dose dependent
and significantly higher for Btk-T at low bacterial doses. Data are log-transformed spore counts per
cadaver. Bars represent means * SE. A Student’s t test (two tailed) was used to produce the P values
shown in the graph.

In addition to NheB, two other experimentally verified Bt virulence factors, flagellin and
internalin, were identified among downregulated DAPs in the Btk hemolymph stimulon,
suggesting that their participation is not required for bacterial survival and replication within
living insect hemolymph but is in other stages of pathogenesis. Flagellin is the major struc-
tural protein of bacterial flagellum and is involved in host cell adherence, biofilm formation,
protein secretion, and host cell invasion (75). Zhang et al. showed that a nonmotile flagellin
mutant of Bt gelechiae was less virulent when fed to Trichoplusia ni but not when injected
into the larval hemocoel (76), implying a major role of flagellin following oral infection. The
downregulation of flagellin in the Btk hemolymph stimulon can also reflect a survival strat-
egy to escape the circulating host innate immune sensing considering that this bacterial
protein is at the top of the immunodominance hierarchy (77). Similarly, the expression of a
Ba. cereus internalin-like protein, named lIsA for iron-regulated leucine-rich surface protein
previously identified through an in vivo expression technology approach (78), was unde-
tected in bacteria recovered from infected Galleria mellonella larvae when the insects were
still alive but was very strong in those from insect cadavers (79).

In our study, Btk cells exposed to hemolymph formed more aggregates in liquid cul-
ture and biofilm pellicles attached to a submerged solid surface (i.e., the wells of microtiter
polystyrene plates). Biofilms are complex communities of sessile bacteria that secrete
extracellular polymeric substances for a firm attachment to surfaces and protection from
host immunity, including phagocytosis (80-82). The exposure of microbial pathogens to
damaged tissues is critical for biofilm infections (83). Interestingly, neither TasA nor CalY,
two extracellular proteins involved in the production of biofilm matrix fibers in members
of the Ba. cereus group (38, 84), were identified in the Btk hemolymph stimulon, suggest-
ing that increased biofilm formation was a consequence of enhanced autoaggregation fol-
lowed by sedimentation in treated over control bacteria. Bacterial autoaggregation has
been found to prevent phagocytosis by the host macrophages (46, 85). It can also protect
bacteria against antimicrobials and oxidative stress generated by host immune cells (43-45).
Neutrophil exposure by Pseudomonas aeruginosa, the causal pathogen of cystic fibrosis lung
disease, induced the formation of bacterial aggregates and biofilms that conferred antibiotic
resistance and enhanced virulence (45, 86). For Campylobacter spp., autoaggregation occurs
after adhesion to host target cells, which could modulate virulence by increasing the
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concentration of flagella-secreted virulence factors during the pathogenic process (87). The
formation of multicellular aggregates could also be advantageous for Btk survival in the
hemolymph to confer protection from insect cellular and humoral defenses while enhancing
its invasion and colonization.

Successful pathogens use anti-immune strategies to avoid host clearance and cause
disease (88-91). We found that hemolymph exposure by Btk changed the immunoge-
nicity in vivo of bacterial surface proteins verified through immunization experiments
in mice. Two major Btk surface antigens, P30k and P50k, were more or less immunore-
active whether Btk or Btk-T was used as the immunogen. The explanation for this ob-
servation could be that interaction with hemolymph triggers evasion mechanisms in
Btk, such as PAMP masking, to make the pathogen invisible to insect immune defenses
while causing bacteremia in the site of infection. In bioassays with intrahemocoelically
infected insects, Btk-T was more virulent and showed a higher reproduction rate within
the hemocoel at low inoculum doses than Btk, suggesting that the former can avoid
phagocytosis and other mechanisms of antibacterial killing.

In summary, we have shown that Btk triggers a hemolymph stimulon following contact
with insect hemolymph, which could be partially responsible for bacterial survival and colo-
nization of the insect body. Insect hemolymph propagation and septicemia induction by Bt
are clearly complex; however, it remains uncertain whether or not the DAPs identified in this
study are directly involved in these processes. Future experiments in our laboratory with
many of these DAPs will try to determine their exact role in Btk pathogenesis through gene
knockout or genome editing in the bacterium. Finally, our findings can contribute to the
understanding of the mechanisms used by Bt to overcome insect defenses and kill the host
that could also be used by other members of the Ba. cereus group, such as Ba. cereus and
Ba. anthracis, which are important human pathogens.

MATERIALS AND METHODS

Insects and Bt strain. A population of Bo. mori strain Dazao p50, obtained from the Sericultural
Research Institute, Chinese Academy of Agricultural Sciences, was raised on leaves of white mulberry (Morus
alba) at the Insect facility of the Biology Department at the Nanyang Normal University (Nanyang, Henan,
People’s Republic of China). The Bo. mori-rearing conditions were 25°C =+ 2°C, ca. 60% relative humidity, and a
12-h light/12-h dark cycle. Insect hemolymph was collected from a droplet squeezed from an abdominal inci-
sion in early fifth (last) larval instars.

Ba. thuringiensis kurstaki strain HD73 (Btk) catalogue no. BGSC-4D4 of the Bacillus Genetic Stock Centre
(Columbus, Ohio) was kindly gifted by Daniel R. Zeigler and preserved in our lab as bacterial spores on filter
disks at 4°C.

Bacterial exposure to insect hemolymph. A filter disk containing Btk spores was hydrated with
Luria broth (LB) and inoculated onto LB agar plates overnight at 30°C to revive the culture. Cells were
streaked on fresh LB agar plates for isolation of single colonies.

For Btk liquid cultures, a 10-ml LB culture was inoculated with a single colony and grown with vigor-
ous shaking (220 rpm) overnight at 30°C to reach saturation. This culture was then used to inoculate
fresh 50 ml of LB (1:100, vol/vol) in a 250-ml flask and allowed to grow until the OD,,, reached approximately
04 to 0.6 (mid-log) when it was divided into two 25-ml cultures in 100-ml flasks. Bo. mori hemolymph was
added to one of the cultures (1:100, vol/vol). Following 60 min of static incubation at room temperature, hemo-
lymph-treated (Btk-T) and untreated (Btk) cultures were centrifuged (3,000 x g, 10 min, 4°C), and resultant cell
pellets were washed twice with 1x phosphate-buffered saline (PBS) buffer (137 mM NacCl, 10 mM Na,HPO,,
1.8 mM KH,PO,, 2.7 mM KCl, pH 7.4) and stored frozen at —80°C for further use.

Protein extraction, digestion, and TMT labeling. Btk-T and Btk pellets were resuspended in SDT
buffer (4% SDS, 100 mM Tris-HCl, 1 mM DTT, pH 7.6) for bacterial lysis and protein extraction. Protein concen-
tration was determined with a detergent-compatible formulation based on bicinchoninic acid (BCA) in the
Pierce BCA protein assay kit (Thermo Scientific), using bovine serum albumin (BSA) as the standard.

Trypsin digestion of proteins (trypsin/protein mass ratio 1:50 overnight at 37°C) was performed
according to filter-aided sample preparation (FASP) procedure (92). Digested peptides were desalted on
C,, cartridges (Empore SPE Cartridges, Sigma), freeze dried, reconstituted in 0.1% (vol/vol) formic acid,
and quantified in a spectrophotometer (OD,g).

The tryptic peptides (100 g of protein) were categorized to label with 126-tag (Btk1), 127-tag (Btk2), 128-tag
(Btk3), 129-tag (Btk-T1), 130-tag (Btk-T2), and 131-tag (Btk-T3) using a TMT labeling kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions.

Fractionation and liquid chromatography-tandem mass spectrometry analysis. Liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) analysis on a Q Exactive mass spectrometer (Thermo
Scientific) coupled to an Easy nLC (Thermo Fisher Scientific) was performed by the Shanghai Applied
Protein Technology Co., Ltd. (Shanghai, China). The peptides were loaded onto a reverse-phase trap col-
umn (Thermo Scientific Acclaim PepMap100, 100 um x 2 cm, nanoViper C ;) connected to the C,,
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reversed-phase analytical column (Thermo Scientific Easy column, 10-cm long, 75-um inner diameter, 3-
wm resin) in buffer A (0.1% formic acid) and separated with a linear gradient of buffer B (84% acetonitrile
and 0.1% formic acid) at a flow rate of 300 nl/min controlled by IntelliFlow technology. The mass spec-
trometer was operated in positive ion mode. MS data were acquired using a data-dependent top10
method dynamically choosing the most abundant precursor ions from the survey scan (300 to 1800 m/z)
for high-energy collisional dissociation (HCD) fragmentation. The automatic gain control (AGC) target
was set to 3E6 and maximum inject time to 10 ms. Dynamic exclusion duration was 40.0 s. Survey scans
were acquired at a resolution of 70,000 at m/z 200, the resolution for HCD spectra was set to 17,500 at
m/z 200, and isolation width was 2 m/z. Normalized collision energy was 30 eV, and the underfill ratio,
which specifies the minimum percentage of the target value likely to be reached at maximum fill time,
was defined as 0.1%. The instrument was run with peptide recognition mode enabled.

Protein identification and quantitative analysis. The MS raw data for each sample were searched
using the MASCOT engine (Matrix Science, London, UK; version 2.2) embedded into Proteome Discoverer 1.4 soft-
ware for identification and quantitation analysis. The following search parameters were used: missed cleavages, 2;
peptide mass tolerance, =20 ppm; fragment mass tolerance, 0.1 Da; fixed modifications, carbamidomethyl (C),
TMT 6-plex; variable modifications, oxidation (M); database, uniprot_Bacillus_thuringiensis_466681_20191013 fasta;
protein false discovery rate (FDR) threshold, =0.01. All contaminant and decoy proteins were removed from the
data sets before downstream analysis. The protein ratios were calculated as the median of the protein’s unique
peptides and normalized by taking the median of all calculated proteins. Unpaired two-tailed Student’s t tests
were performed to analyze the expression differences of proteins from Btk-T and Btk (P < 0.05). The FDR was
used to calculate the P value in the significance tests, and resulting P values were adjusted using Benjamini and
Hochberg's method (93).

Bioinformatic analysis. Homologue sequences of identified proteins were retrieved using the NCBI
BLAST+ client software (ncbi-blast-2.2.28+-win32.exe). Then, GO terms were mapped, and sequences
were annotated using Blast2GO. The prediction of subcellular localization was done through CELLO (http://
cello.life.nctu.edu.tw/), and domain functional descriptions were annotated by the InterPro database (https://
www.ebi.ac.uk/interpro/search/sequence/). Proteins with enzymatic functions, possibly involved in metabolic
pathways, were predicted by the KEGG pathway database (http://www.genome.jp/kegg/pathway.html). GO
enrichment on three ontologies (biological process, molecular function, and cellular component) and KEGG
pathway enrichment analyses were applied based on two-sided Fisher's exact tests, considering the whole
quantified protein annotations as a background data set. Benjamini-Hochberg correction for multiple testing
was further used to adjust derived P values.

Putative virulence proteins were in silico predicted by analyses for protein sequence similarity to vir-
ulence factors of pathogenic bacteria using the online tool VFDB (virulence factor database; http://www.mgc
.ac.cn/VFs/) (94) and BLASTP homology searches (95). A cutoff for significant sequence homology was set at an
E value less than 10~ to indicate homology between Btk sequences and bacterial sequences.

RNA isolation, cDNA synthesis, and two-step quantitative real-time PCR. Total RNA from Btk-T
and Btk pellets was isolated with the Easy Pure RNA kit (TransGen Bioech). Multiple DNase I-treated RNA
preparations for each treatment were pooled into hemolymph-treated (Btk-T) and control (Btk) groups
before ethanol precipitation. The RNA quality was verified by 1% agarose gel electrophoresis stained
with GelRed (Biotium). The RNA concentration was measured using a NanoDrop 2000 spectrophotome-
ter (Thermo Scientific). Btk-T and Btk total RNA (2 wg) samples were annealed with 25 ng of random hex-
amer primers and used for cDNA synthesis with the aid of a RevertAid first strand cDNA synthesis kit
(Thermo Fisher, USA). Negative controls lacking the reverse transcriptase were prepared to verify the ab-
sence of contaminating genomic DNA.

Two-step qRT-PCRs were run on a Bio-Rad CFX96 Touch real-time PCR system (Bio-Rad) using Roche
FastStart universal SYBR green master mix (Rox) (Roche) according to the manufacturer’s protocol. The
25-ul SYBR green PCRs were performed in triplicate with 100 ng of template cDNA and 7.5 pmol of each
primer (Table S7 in the supplemental material; primers were designed according to Primer 3 online soft-
ware at http://primer3plus.com/cgi-bin/dev/primer3plus.cgi). A 102-bp amplicon from Btk 30S ribosomal pro-
tein S21 (rpsU) gene (GenBank accession no. CP004069) was used for transcript normalization (96). The PCR cy-
cling conditions were as follows: an initial denaturation at 95°C for 3 min followed by 40 cycles of denaturation
at 95°C for 15 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s. Specificity of the PCRs was confirmed
by melting curve analysis at 55 to 95°C, and all threshold cycle (C,) values were obtained from three independ-
ent experiments. Amplification efficiencies of both target and reference genes were determined with the aid
of standard curves (Table S7). The relative transcript levels were expressed as “Mean normalized Expression”
data using Q-GENE software (http://www.gene-quantification.de/qgene.zip).

Sedimentation assay. Bacterial autoaggregation was determined by a sedimentation assay (97)
using the final point measurement method. Ten milliliters of the 60-min static Btk-T or Btk cultures was
added into narrow culture tubes and incubated vertically without agitation for 16 h at room tempera-
ture. The sedimentation of cell aggregates was then determined in terms of culture turbidity from the top of
the tubes. Ten microliters of the medium was carefully taken from the air-liquid interface and diluted in 90 ul
of LB, and the absorbance was determined at ODy,, in a BioPhotometer (Eppendorf).

Biofilm formation assays. Changes in biofilm formation due to hemolymph exposure were assayed
by the ability of Bt cells to adhere to the wells of 24-well polystyrene plates (98). LB medium was pree-
quilibrated for 16 h at 30°C in 24-well polystyrene plates (Falcon) before inoculation with 1:10 dilutions
of 60-min static Btk-T or Btk cultures. Plates were produced in triplicate, and each plate contained three
wells per treatment and control (blank) LB medium. Plates were sealed with a plastic film to prevent evapora-
tion and bacteria grown statically for 48 h at 30°C. Medium containing planktonic cells were then removed by
pipetting, after which the wells were washed once with 700 ul of 1x PBS and incubated for 30 min at room
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temperature with 700 ul of filter-sterilized 1% (vol/vol) crystal violet (CV) solution (Solarbio). The excess of CV
was removed from the wells, followed by three washes with 1x PBS. For quantitation of biofilm formation, CV
was extracted by adding 1 ml of 95% ethanol to each well and incubated for 15 min at room temperature. The
CV/ethanol solution was then transferred to a plastic cuvette, and absorbance was determined at 595 nm in
an Ultrospec 3000 spectrophotometer (Amersham Biosciences).

Mice immunization. Immunization of mice was performed in strict accordance with the recommen-
dations of the Ethics Committee of Experimental and Animal Welfare of the Chinese Association for Laboratory
Animals (99). The protocol was approved by the Animal Care and Use Committee at the Nanyang Normal
University. All animals were anesthetized with diethyl ether and euthanized by cervical dislocation to minimize
animal suffering.

To prepare the inoculum, Btk-T and Btk pellets were resuspended into 1x PBS, adjusted to 1 x 108
bacteria per ml with the aid of a hemocytometer, and heat killed (HK) at 70°C for 30 min in a dry block
heater. Nonviability of heat-treated suspensions was checked by spreading 0.1 ml of each suspension on LB
plates. The HK-Btk-T and HK-Btk immunogens thus prepared and containing no adjuvant were stored at
—80°C as 0.2-ml aliquots until use.

Six-week-old female BALB/c mice (Zhengzhou Fengmao Experimental Animal Co. Ltd, Henan, People’s
Republic of China) were inoculated intraperitoneally with 0.2 ml of HK-Btk-T or HK-Btk immunogens (two mice
each) four times 1 week apart. Two nonimmunized mice, used as controls, were maintained under similar condi-
tions. Antisera were obtained at the terminal stage of the study by collecting the blood through cardiac puncture
in anesthetized mice. The blood samples were centrifuged (3,000 x g, 4°C, 30 min), and the supernatants (sera)
were collected, transferred to a clean tube, and stored at —20°C until use.

SDS-PAGE and Western blotting. Btk-T and Btk pellets were resuspended into 1x Tris-EDTA (TE)
buffer (10 mM Tris, 1 mM EDTA, pH 8) containing lysozyme (3 mg/ml) and bacteria lysed by 450 sonication
pulses (400 W, 3 s with a 5-s interval) cooled in an ice water bath. Suspensions were centrifuged (13,000 x g,
30 min, 4°C), and insoluble fractions were homogenized in buffer (0.3 M Tris-HCl, pH 6.8, 0.3 M NaCl, 4% SDS,
and 0.1 M DTT) and boiled for 5 min to extract cell surface proteins. Protein concentration in the supernatants
was determined with a BCA protein assay kit (Thermo Scientific) as above.

Protein samples (20 wg) were boiled for 5 min with 5x SDS sample buffer (0.3 M Tris-HCl, pH 6.8,
50% glycerol, 10% SDS, 0.125% bromophenol blue) supplemented with 5% B-mercaptoethanol for sep-
aration by reducing 10% SDS-PAGE (100). One gel was stained with Coomassie brilliant blue for protein
visualization, while the other two gels were blotted onto nitrocellulose membranes using a semidry
transfer device (Bio-Rad). Proteins in the blots were visualized with 0.1% Ponceau S reversible staining to
determine transfer efficiency. Western blotting was performed as described previously (101) by adding 1:100
of primary antibody (mouse serum raised against HK-Btk-T or HK-Btk) and 1:10,000 of secondary antibody
(goat anti-mouse IgG-horseradish peroxidase [HRP] conjugated; Thermo Fisher Scientific). Tris-buffered saline
with Tween 20 (TBST) buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 0.2% Tween 20) was used to dilute the anti-
bodies and wash the blots. All Western blots were developed using the Thermo Scientific Pierce ECL Western
blotting substrate (Thermo Fisher Scientific, Pierce) following manufacturer’s instructions.

Pathogenicity in insects. Btk-T and Btk pellets were resuspended into 1x PBS, counted with the aid of a
hemocytometer, and used to prepare four infectious doses ranging from 10" to 10* cells/ml. Infectious doses
were confirmed by CFU count after plating appropriate dilutions on LB agar (102). Groups of 12 early fifth instar
larvae of Bo. mori ca. 5 cm in length and 1.5 g of weight were injected with bacterial suspensions (5 ul) into
the base of the last proleg with a sterile Hamilton syringe (Sigma-Aldrich) via a 26 G x 1/2 in. (045 x 12 mm)
needle. A control group of larvae was injected with 1x PBS alone. Insect mortality was scored after 24 h; a larva
was considered dead if no movement was detected after being stimulated with a blunt-ended tip.

Reproduction of Btk-T and Btk within the insect was determined as spore counts per cadaver for the
different bioassay doses. Dead larvae were individually crushed and homogenized in 1 ml of 1x PBS
using a sterile glass pestle, and homogenates were heat treated at 70°C for 30 min to kill all vegetative
bacteria. Serial dilutions of the homogenates were plated on LB agar, and colonies were counted after
incubation at 30°C for 24 h (102). Homogenates produced from noninfected, living larvae (1x PBS-injected
group) were used as negative controls.

Data analysis. Data were analyzed using GraphPad Prism software version 8.0.2 for Windows. Unpaired
two-tailed Student’s t tests were used to determine differences between Btk-T and Btk cells regarding gRT-PCR
mean normalized expression, autoaggregation, biofilm formation, and spore counts per cadaver. In all cases, a
P value <0.05 was considered statistically significant.

For insect bioassays, the analysis was performed in R (http://www.R-project.org/). Estimates of LC,,
(lethal concentration that kills 50% of the population) and their 95% fiducial limits (FL) were calculated
by maximum likelihood logit regression analysis in a generalized linear model from individually fitted
analyses of deviance. Pairwise comparisons of LC, values were significantly different (P < 0.01) if their
respective 95% FL did not overlap.

The experiments were performed three times (on separate days) with three independent replicates per
treatment, and similar results were obtained. The standard error of means was used to compare the replicates.

Data availability. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (103) partner repository with the data set identifier PXD021830.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
SUPPLEMENTAL FILE 2, XLSX file, 6.2 MB.

Volume 9 Issue2 e00604-21 MicrobiolSpectrum.asm.org 15


http://www.R-project.org/
https://www.ebi.ac.uk/pride/archive/projects/PXD021830
https://www.MicrobiolSpectrum.asm.org

Sunetal.

ACKNOWLEDGMENTS

&,  Microbiolos
% Spectrur Y

This work was funded by core funds of Nanyang Normal University (to Y. Sun, L. Yang,

Y. Ding, C. Leng, H. Qiao, S. Huang, Y. Kan, L. Yao, and D. Li), CIGB (to L. Rodriguez-Cabrera),
and by The Royal Society, UK (to D.J. Wright). C. Ayra-Pardo was supported by the Henan
Science and Technology Department, grant HNGD2021049. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

L. Rodriguez-Cabrera, D.J. Wright, D. Li, and C. Ayra-Pardo conceptualized the study.

Y. Sun, L. Yang, Y. Ding, D. Li, and C. Ayra-Pardo conducted all investigations. L. Rodriguez-
Cabrera, C. Leng, H. Qiao, D. Li, and C. Ayra-Pardo performed the formal analyses. S. Huang,
Y. Kan, L. Yao, and D. Li acquired funding. L. Rodriguez-Cabrera, Y. Ding, C. Leng, D. Li, and
C. Ayra-Pardo developed the methodology. S. Huang, Y. Kan, L. Yao, D. Li, and C. Ayra-Pardo
were involved in project administration. C. Leng, H. Qiao, D. Li, and C. Ayra-Pardo supervised
the project. L. Rodriguez-Cabrera and C. Ayra-Pardo wrote the original draft, and D.J. Wright
reviewed and edited the paper. All authors have accepted the final version.

We declare no conflicts of interest.

REFERENCES

1.

Volume 9

Bravo A, Likitvivatanavong S, Gill SS, Soberén M. 2011. Bacillus thurin-
giensis: a story of a successful bioinsecticide. Insect Biochem Mol Biol 41:
423-431. https://doi.org/10.1016/j.ibmb.2011.02.006.

. Sanahuja G, Banakar R, Twyman RM, Capell T, Christou P. 2011. Bacillus thurin-

giensis: a century of research, development and commercial applications. Plant
Biotechnol J 9:283-300. https://doi.org/10.1111/j.1467-7652.2011.00595.x.

. Schnepf E, Crickmore N, Van Rie J, Lereclus D, Baum J, Feitelson J, Zeigler

DR, Dean DH. 1998. Bacillus thuringiensis and its pesticidal crystal pro-
teins. Microbiol Mol Biol Rev 62:775-806. https://doi.org/10.1128/MMBR
.62.3.775-806.1998.

. Salamitou S, Ramisse F, Brehélin M, Bourguet D, Gilois N, Gominet M,

Hernandez E, Lereclus D. 2000. The plcR regulon is involved in the oppor-
tunistic properties of Bacillus thuringiensis and Bacillus cereus in mice and
insects. Microbiology (Reading) 146:2825-2832. https://doi.org/10.1099/
00221287-146-11-2825.

. Fedhila S, Gohar M, Slamti L, Nel P, Lereclus D. 2003. The Bacillus thurin-

giensis PIcR-regulated gene inhA2 is necessary, but not sufficient, for vir-
ulence. J Bacteriol 185:2820-2825. https://doi.org/10.1128/JB.185.9.2820
-2825.2003.

. Palma L, Mufioz D, Berry C, Murillo J, Caballero P. 2014. Bacillus thurin-

giensis toxins: an overview of their biocidal activity. Toxins (Basel) 6:
3296-3325. https://doi.org/10.3390/toxins6123296.

. Malovichko YV, Nizhnikov AA, Antonets KS. 2019. Repertoire of the Bacil-

lus thuringiensis virulence factors unrelated to major classes of protein
toxins and its role in specificity of host-pathogen interactions. Toxins 11:
347. https://doi.org/10.3390/toxins11060347.

. Crickmore N, Berry C, Panneerselvam S, Mishra R, Connor TR, Bonning

BC. 9 July 2020. A structure-based nomenclature for Bacillus thuringiensis
and other bacteria-derived pesticidal proteins. J Invertebr Pathol https://
doi.org/10.1016/j,ip.2020.107438.

. Johnston PR, Crickmore N. 2009. Gut bacteria are not required for the in-

secticidal activity of Bacillus thuringiensis toward the tobacco hornworm,
Manduca sexta. Appl Environ Microbiol 75:5094-5099. https://doi.org/10
.1128/AEM.00966-09.

. Raymond B, Johnston PR, Nielsen-LeRoux C, Lereclus D, Crickmore N.

2010. Bacillus thuringiensis: an impotent pathogen? Trends Microbiol 18:
189-194. https://doi.org/10.1016/j.tim.2010.02.006.

. Dubois T, Faegri K, Perchat S, Lemy C, Buisson C, Nielsen-LeRoux C,

Gohar M, Jacques P, Ramarao N, Kolste AB, Lereclus D. 2012. Necrotro-
phism is a quorum-sensing-regulated lifestyle in Bacillus thuringiensis.
PLoS Pathog 8:€1002629. https://doi.org/10.1371/journal.ppat.1002629.

. Dubois T, Perchat S, Verplaetse E, Gominet M, Lemy C, Aumont-Nicaise

M, Grenha R, Nessler S, Lereclus D. 2013. Activity of the Bacillus thurin-
giensis NprR-NprX cell-cell communication system is co-ordinated to the
physiological stage through a complex transcriptional regulation. Mol
Microbiol 88:48-63. https://doi.org/10.1111/mmi.12168.

. Verplaetse E, Slamti L, Gohar M, Lereclus D. 2015. Cell differentiation in a

Bacillus thuringiensis population during planktonic growth, biofilm for-
mation, and host infection. mBio 6:e00138-15. https://doi.org/10.1128/
mBio.00138-15.

Issue 2 e00604-21

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

. Thomas PW, Stone EM, Costello AL, Tierney DL, Fast W. 2005. The quo-

rum-quenching lactonase from Bacillus thuringiensis is a metalloprotein.
Biochemistry 44:7559-7569. https://doi.org/10.1021/bi050050m.

. Park SJ, Park SY, Ryu CM, Park SH, Lee JK. 2008. The role of AiiA, a quo-

rum-quenching enzyme from Bacillus thuringiensis, on the rhizosphere
competence. J Microbiol Biotechnol 18:1518-1521.

. Gohar M, Faegri K, Perchat S, Ravhum S, @kstad OA, Gominet M, Kolste

AB, Lereclus D. 2008. The PIcR virulence regulon of Bacillus cereus. PLoS
One 3:e2793. https://doi.org/10.1371/journal.pone.0002793.

. Slamti L, Lereclus D. 2002. A cell-cell signalling peptide activates the PIcR

virulence regulon in bacteria of the Bacillus cereus group. EMBO J 21:
4550-4559. https://doi.org/10.1093/emboj/cdf450.

. Buisson C, Gohar M, Huillet E, Nielsen-LeRoux C. 2019. Bacillus thuringien-

sis spores and vegetative bacteria: infection capacity and role of the viru-
lence regulon PIcR following intrahaemocoel injection of Galleria mello-
nella. Insects 10:129. https://doi.org/10.3390/insects10050129.

. Ben Rejeb S, Lereclus D, Slamti L. 2017. Analysis of abrB expression during

the infectious cycle of Bacillus thuringiensis reveals population heterogeneity.
Front Microbiol 8:2471. https://doi.org/10.3389/fmicb.2017.02471.

Hoffmann JA, Reichhart JM. 2002. Drosophila innate immunity: an evolution-
ary perspective. Nat Immunol 3:121-126. https://doi.org/10.1038/ni0202-121.
Kanost MR, Jiang H, Yu XQ. 2004. Innate immune responses of a lepidop-
teran insect, Manduca sexta. Immunol Rev 198:97-105. https://doi.org/
10.1111/j.0105-2896.2004.0121 x.

Pinheiro VB, Ellar DJ. 2006. How to kill a mocking bug? Cell Microbiol 8:
545-557. https://doi.org/10.1111/j.1462-5822.2006.00693.x.

Lemaitre B, Hoffmann J. 2007. The host defense of Drosophila melanogaster.
Annu Rev Immunol 25:697-743. https://doi.org/10.1146/annurev.immunol
.25.022106.141615.

Sheehan G, Garvey A, Croke M, Kavanagh K. 2018. Innate humoral
immune defences in mammals and insects: the same, with differences? Viru-
lence 9:1625-1639. https://doi.org/10.1080/21505594.2018.1526531.

Lavine MD, Strand MR. 2002. Insect hemocytes and their role in immu-
nity. Insect Biochem Mol Biol 32:1295-1309. https://doi.org/10.1016/
50965-1748(02)00092-9.

Strand MR. 2008. The insect cellular immune response. Insect Sci 15:
1-14. https://doi.org/10.1111/j.1744-7917.2008.00183.x.

Haine ER, Moret Y, Siva-Jothy MT, Rolff J. 2008. Antimicrobial defence
and persistent infection in insects. Science 322:1257-1259. https://doi
.org/10.1126/science.1165265.

Govind S. 2008. Innate immunity in Drosophila: pathogens and pathways.
Insect Sci 15:29-43. https://doi.org/10.1111/j.1744-7917.2008.00185.X.

Li S, Xu X, Shakeel M, Xu J, Zheng Z, Zheng J, Yu X, Zhao Q, Jin F. 2018.
Bacillus thuringiensis suppresses the humoral immune system to over-
come defense mechanism of Plutella xylostella. Front Physiol 9:1478.
https://doi.org/10.3389/fphys.2018.01478.

Charlton S, Moir AJ, Baillie L, Moir A. 1999. Characterisation of exospo-
rium of Bacillus cereus. J Appl Microbiol 87:241-245. https://doi.org/10
.1046/j.1365-2672.1999.00878.x.

MicrobiolSpectrum.asm.org 16


https://doi.org/10.1016/j.ibmb.2011.02.006
https://doi.org/10.1111/j.1467-7652.2011.00595.x
https://doi.org/10.1128/MMBR.62.3.775-806.1998
https://doi.org/10.1128/MMBR.62.3.775-806.1998
https://doi.org/10.1099/00221287-146-11-2825
https://doi.org/10.1099/00221287-146-11-2825
https://doi.org/10.1128/JB.185.9.2820-2825.2003
https://doi.org/10.1128/JB.185.9.2820-2825.2003
https://doi.org/10.3390/toxins6123296
https://doi.org/10.3390/toxins11060347
https://doi.org/10.1016/j.jip.2020.107438
https://doi.org/10.1016/j.jip.2020.107438
https://doi.org/10.1128/AEM.00966-09
https://doi.org/10.1128/AEM.00966-09
https://doi.org/10.1016/j.tim.2010.02.006
https://doi.org/10.1371/journal.ppat.1002629
https://doi.org/10.1111/mmi.12168
https://doi.org/10.1128/mBio.00138-15
https://doi.org/10.1128/mBio.00138-15
https://doi.org/10.1021/bi050050m
https://doi.org/10.1371/journal.pone.0002793
https://doi.org/10.1093/emboj/cdf450
https://doi.org/10.3390/insects10050129
https://doi.org/10.3389/fmicb.2017.02471
https://doi.org/10.1038/ni0202-121
https://doi.org/10.1111/j.0105-2896.2004.0121.x
https://doi.org/10.1111/j.0105-2896.2004.0121.x
https://doi.org/10.1111/j.1462-5822.2006.00693.x
https://doi.org/10.1146/annurev.immunol.25.022106.141615
https://doi.org/10.1146/annurev.immunol.25.022106.141615
https://doi.org/10.1080/21505594.2018.1526531
https://doi.org/10.1016/s0965-1748(02)00092-9
https://doi.org/10.1016/s0965-1748(02)00092-9
https://doi.org/10.1111/j.1744-7917.2008.00183.x
https://doi.org/10.1126/science.1165265
https://doi.org/10.1126/science.1165265
https://doi.org/10.1111/j.1744-7917.2008.00185.x
https://doi.org/10.3389/fphys.2018.01478
https://doi.org/10.1046/j.1365-2672.1999.00878.x
https://doi.org/10.1046/j.1365-2672.1999.00878.x
https://www.MicrobiolSpectrum.asm.org

Proteomic and Virulence of Btk Hemolymph Stimulon

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Volume 9

Ramarao N, Lereclus D. 2005. The InhA1 metalloprotease allows spores
of the B. cereus group to escape macrophages. Cell Microbiol 7:
1357-1364. https://doi.org/10.1111/j.1462-5822.2005.00562.x.

Guillemet E, Cadot C, Tran SL, Guinebretiére MH, Lereclus D, Ramarao N.
2010. The InhA metalloproteases of Bacillus cereus contribute concomitantly
to virulence. J Bacteriol 192:286-294. https://doi.org/10.1128/JB.00264-09.
Dalhammar G, Steiner H. 1984. Characterization of inhibitor A, a protease
from Bacillus thuringiensis which degrades attacins and cecropins, two
classes of antibacterial proteins in insects. Eur J Biochem 139:247-252.
https://doi.org/10.1111/j.1432-1033.1984.tb08000.x.

Lereclus D, Agaisse H, Grandvalet C, Salamitou S, Gominet M. 2000. Reg-
ulation of toxin and virulence gene transcription in Bacillus thuringiensis. Int J
Med Microbiol 290:295-299. https://doi.org/10.1016/51438-4221(00)80024-7.
Grandvalet C, Gominet M, Lereclus D. 2001. Identification of genes involved in
the activation of the Bacillus thuringiensis inhA metalloprotease gene at the
onset of sporulation. Microbiology (Reading) 147:1805-1813. https://doi.org/
10.1099/00221287-147-7-1805.

Fricke B, Drossler K, Willhardt I, Schierhorn A, Menge S, Rucknagel P.
2001. The cell envelope-bound metalloprotease (camelysin) from Bacillus
cereus is a possible pathogenic factor. Biochim Biophys Acta 1537:132-146.
https://doi.org/10.1016/50925-4439(01)00066-7.

Grass G, Schierhorn A, Sorkau E, Mller H, Riicknagel P, Nies DH, Fricke B.
2004. Camelysin is a novel surface metalloproteinase from Bacillus cereus.
Infect Immun 72:219-228. https://doi.org/10.1128/1A1.72.1.219-228.2004.
Candela T, Fagerlund A, Buisson C, Gilois N, Kolsts AB, @kstad OA,
Aymerich S, Nielsen-Leroux C, Lereclus D, Gohar M. 2019. CalY is a major vir-
ulence factor and a biofilm matrix protein. Mol Microbiol 111:1416-1429.
https://doi.org/10.1111/mmi.14184.

Du J, Yuan Z, Ma Z, Song J, Xie X, Chen Y. 2014. KEGG-PATH: Kyoto ency-
clopedia of genes and genomes-based pathway analysis using a path analy-
sis model. Mol Biosyst 10:2441-2447. https://doi.org/10.1039/c4mb00287c.
Greenbaum D, Colangelo C, Williams K, Gerstein M. 2003. Comparing
protein abundance and mRNA expression levels on a genomic scale. Ge-
nome Biol 4:117. https://doi.org/10.1186/gb-2003-4-9-117.

Vogel C, Marcotte EM. 2012. Insights into the regulation of protein abun-
dance from proteomic and transcriptomic analyses. Nat Rev Genet 13:
227-232. https://doi.org/10.1038/nrg3185.

Liu Y, Beyer A, Aebersold R. 2016. On the dependency of cellular protein
levels on mRNA abundance. Cell 165:535-550. https://doi.org/10.1016/j
.cell.2016.03.014.

Haaber J, Cohn MT, Frees D, Andersen TJ, Ingmer H. 2012. Planktonic
aggregates of Staphylococcus aureus protect against common antibiot-
ics. PLoS One 7:e41075. https://doi.org/10.1371/journal.pone.0041075.
Corno G, Coci M, Giardina M, Plechuk S, Campanile F, Stefani S. 2014.
Antibiotics promote aggregation within aquatic bacterial communities.
Front Microbiol 5:297. https://doi.org/10.3389/fmicb.2014.00297.
Caceres SM, Malcolm KC, Taylor-Cousar JL, Nichols DP, Saavedra MT,
Bratton DL, Moskowitz SM, Burns JL, Nick JA. 2014. Enhanced in vitro for-
mation and antibiotic resistance of nonattached Pseudomonas aeruginosa
aggregates through incorporation of neutrophil products. Antimicrob Agents
Chemother 58:6851-6860. https://doi.org/10.1128/AAC.03514-14.

Galdiero F, Romano Carratelli C, Nuzzo |, Bentivoglio C, Galdiero M. 1988.
Phagocytosis of bacterial aggregates by granulocytes. Eur J Epidemiol 4:
456-460. https://doi.org/10.1007/BF00146398.

Fexby S, Bjarnsholt T, Jensen P@, Roos V, Haiby N, Givskov M, Klemm P. 2007.
Biological Trojan horse: antigen 43 provides specific bacterial uptake and sur-
vival in human neutrophils. Infect Immun 75:30-34. https://doi.org/10.1128/
1AL.01117-06.

Fang S, Wang L, Guo W, Zhang X, Peng D, Luo C, Yu Z, Sun M. 2009. Bacil-
lus thuringiensis bel protein enhances the toxicity of Cry1Ac protein to
Helicoverpa armigera larvae by degrading insect intestinal mucin. Appl
Environ Microbiol 75:5237-5243. https://doi.org/10.1128/AEM.00532-09.
Hegedus D, Erlandson M, Gillott C, Toprak U. 2009. New insights into
peritrophic matrix synthesis, architecture, and function. Annu Rev Entomol
54:285-302. https://doi.org/10.1146/annurev.ento.54.110807.090559.

Peng D, Lin J, Huang Q, Zheng W, Liu G, Zheng J, Zhu L, Sun M. 2016. A
novel metalloproteinase virulence factor is involved in Bacillus thurin-
giensis pathogenesis in nematodes and insects. Environ Microbiol 18:
846-862. https://doi.org/10.1111/1462-2920.13069.

Wan L, Lin J, Du H, Zhang Y, Bravo A, Soberéon M, Sun M, Peng D. 2019.
Bacillus thuringiensis targets the host intestinal epithelial junctions for
successful infection of Caenorhabditis elegans. Environ Microbiol 21:
1086-1098. https://doi.org/10.1111/1462-2920.14528.

Issue 2 e00604-21

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

&,  Microbiolos
% Spectrur Y

Vlamakis H, Aguilar C, Losick R, Kolter R. 2008. Control of cell fate by the
formation of an architecturally complex bacterial community. Genes Dev
22:945-953. https://doi.org/10.1101/gad.1645008.

Magdanova LA, Goliasnaia NV. 2013. Heterogeneity as an adaptive trait
of the bacterial community. Mikrobiologiia 82:3-13. https://doi.org/10.7868/
50026365613010072.

Garcia-Betancur JC, Goii-Moreno A, Horger T, Schott M, Sharan M,
Eikmeier J, Wohlmuth B, Zerecke A, Ohlsen K, Kuttler C, Lopez D. 2017. Cell
differentiation defines acute and chronic infection cell types in Staphylococcus
aureus. el ife 6:228023. https://doi.org/10.7554/eLife.28023.

Stallings CL, Stephanou NC, Chu L, Hochschild A, Nickels BE, Glickman
MS. 2009. CarD is an essential regulator of rRNA transcription required
for Mycobacterium tuberculosis persistence. Cell 138:146-159. https://doi
.0rg/10.1016/j.cell.2009.04.041.

LiY, Zhang Y. 2007. PhoU is a persistence switch involved in persister for-
mation and tolerance to multiple antibiotics and stresses in Escherichia coli.
Antimicrob Agents Chemother 51:2092-2099. https://doi.org/10.1128/AAC
.00052-07.

Shi W, Zhang Y. 2010. PhoY2 but not PhoY1 is the PhoU homologue
involved in persisters in Mycobacterium tuberculosis. J Antimicrob Che-
mother 65:1237-1242. https://doi.org/10.1093/jac/dkq103.

Stapels D, Hill P, Westermann AJ, Fisher RA, Thurston TL, Saliba AE,
Blommestein |, Vogel J, Helaine S. 2018. Salmonella persisters undermine host
immune defenses during antibiotic treatment. Science 362:1156-1160. https:/
doi.org/10.1126/science.aat7148.

Huang L, Nazarova EV, Tan S, Liu Y, Russell DG. 2018. Growth of Mycobac-
terium tuberculosis in vivo segregates with host macrophage metabolism and
ontogeny. J Exp Med 215:1135-1152. https://doi.org/10.1084/jem.20172020.
Van den Bergh B, Fauvart M, Michiels J. 2017. Formation, physiology,
ecology, evolution and clinical importance of bacterial persisters. FEMS
Microbiol Rev 41:219-251. https://doi.org/10.1093/femsre/fux001.
Miyaue S, Suzuki E, Komiyama Y, Kondo Y, Morikawa M, Maeda S. 2018.
Bacterial memory of persisters: bacterial persister cells can retain their
phenotype for days or weeks after withdrawal from colony-biofilm cul-
ture. Front Microbiol 9:1396. https://doi.org/10.3389/fmicb.2018.01396.
Wrona IE, Agouridas V, Panek JS. 2008. Design and synthesis of ansamycin anti-
biotics. C R Chim 11:1483-1522. https://doi.org/10.1016/j.crci.2008.07.003.
Brandt GE, Blagg BS. 2011. Monoenomycin: a simplified trienomycin A
analogue that manifests anticancer activity. ACS Med Chem Lett 2:
735-740. https://doi.org/10.1021/mI200108y.

Song YN, Zhang WJ, Bi SF, Jiao RH, Tan RX, Ge HM. 2015. New ansamycin
analogues from the mutant strain of Streptomyces seoulensis. J Antibiot
(Tokyo) 68:757-759. https://doi.org/10.1038/ja.2015.65.

Nishikiori T, Masuma R, Oiwa R, Katagiri M, Awaya J, Iwai Y, Omura S.
1978. Aurantinin, a new antibiotic of bacterial origin. J Antibiot (Tokyo)
31:525-532. https://doi.org/10.7164/antibiotics.31.525.

Hosokawa N, Naganawa H, Hamada M, Takeuchi T, Ikeno S, Hori M. 1996.
Hydroxymycotrienins A and B, new ansamycin group antibiotics. J Anti-
biot (Tokyo) 49:425-431. https://doi.org/10.7164/antibiotics.49.425.

Guo J, Frost JW. 2002. Biosynthesis of 1-deoxy-1-imino-p-erythrose 4-
phosphate: a defining metabolite in the aminoshikimate pathway. J Am
Chem Soc 124:528-529. https://doi.org/10.1021/ja016963v.

Guo J, Frost JW. 2004. Synthesis of aminoshikimic acid. Org Lett 6:
1585-1588. https://doi.org/10.1021/0l049666e.

Floss HG, Yu TW, Arakawa K. 2011. The biosynthesis of 3-amino-5-
hydroxybenzoic acid (AHBA), the precursor of mC7N units in ansamycin
and mitomycin antibiotics: a review. J Antibiot (Tokyo) 64:35-44. https://
doi.org/10.1038/ja.2010.139.

Stincone A, Prigione A, Cramer T, Wamelink MM, Campbell K, Cheung E,
Olin-Sandoval V, Grining NM, Kriger A, Taugeer Alam M, Keller MA,
Breitenbach M, Brindle KM, Rabinowitz JD, Ralser M. 2015. The return of metab-
olism: biochemistry and physiology of the pentose phosphate pathway. Biol
Rev Camb Philos Soc 90:927-963. https://doi.org/10.1111/brv.12140.

Tan X, Ramond E, Jamet A, Barnier JP, Decaux-Tramoni B, Dupuis M,
Euphrasie D, Tros F, Nemazanyy |, Ziveri J, Nassif X, Charbit A, Coureuil M. 2019.
Transketolase of Staphylococcus aureus in the control of master regulators of
stress response during infection. J Infect Dis 220:1967-1976. https://doi.org/10
.1093/infdis/jiz404.

Bergin D, Reeves EP, Renwick J, Wientjes FB, Kavanagh K. 2005. Superoxide
production in Galleria mellonella hemocytes: identification of proteins homolo-
gous to the NADPH oxidase complex of human neutrophils. Infect Immun 73:
4161-4170. https://doi.org/10.1128/IA1.73.7.4161-4170.2005.

MicrobiolSpectrum.asm.org 17


https://doi.org/10.1111/j.1462-5822.2005.00562.x
https://doi.org/10.1128/JB.00264-09
https://doi.org/10.1111/j.1432-1033.1984.tb08000.x
https://doi.org/10.1016/S1438-4221(00)80024-7
https://doi.org/10.1099/00221287-147-7-1805
https://doi.org/10.1099/00221287-147-7-1805
https://doi.org/10.1016/s0925-4439(01)00066-7
https://doi.org/10.1128/IAI.72.1.219-228.2004
https://doi.org/10.1111/mmi.14184
https://doi.org/10.1039/c4mb00287c
https://doi.org/10.1186/gb-2003-4-9-117
https://doi.org/10.1038/nrg3185
https://doi.org/10.1016/j.cell.2016.03.014
https://doi.org/10.1016/j.cell.2016.03.014
https://doi.org/10.1371/journal.pone.0041075
https://doi.org/10.3389/fmicb.2014.00297
https://doi.org/10.1128/AAC.03514-14
https://doi.org/10.1007/BF00146398
https://doi.org/10.1128/IAI.01117-06
https://doi.org/10.1128/IAI.01117-06
https://doi.org/10.1128/AEM.00532-09
https://doi.org/10.1146/annurev.ento.54.110807.090559
https://doi.org/10.1111/1462-2920.13069
https://doi.org/10.1111/1462-2920.14528
https://doi.org/10.1101/gad.1645008
https://doi.org/10.7868/s0026365613010072
https://doi.org/10.7868/s0026365613010072
https://doi.org/10.7554/eLife.28023
https://doi.org/10.1016/j.cell.2009.04.041
https://doi.org/10.1016/j.cell.2009.04.041
https://doi.org/10.1128/AAC.00052-07
https://doi.org/10.1128/AAC.00052-07
https://doi.org/10.1093/jac/dkq103
https://doi.org/10.1126/science.aat7148
https://doi.org/10.1126/science.aat7148
https://doi.org/10.1084/jem.20172020
https://doi.org/10.1093/femsre/fux001
https://doi.org/10.3389/fmicb.2018.01396
https://doi.org/10.1016/j.crci.2008.07.003
https://doi.org/10.1021/ml200108y
https://doi.org/10.1038/ja.2015.65
https://doi.org/10.7164/antibiotics.31.525
https://doi.org/10.7164/antibiotics.49.425
https://doi.org/10.1021/ja016963v
https://doi.org/10.1021/ol049666e
https://doi.org/10.1038/ja.2010.139
https://doi.org/10.1038/ja.2010.139
https://doi.org/10.1111/brv.12140
https://doi.org/10.1093/infdis/jiz404
https://doi.org/10.1093/infdis/jiz404
https://doi.org/10.1128/IAI.73.7.4161-4170.2005
https://www.MicrobiolSpectrum.asm.org

Sunetal.

73.

74.

75.

76.

77.

78.

79.

80.

81

82.

83.

84,

85.

86.

87.

88.

89.

Volume 9

Broxton CN, Culotta VC. 2016. SOD enzymes and microbial pathogens:
surviving the oxidative storm of infection. PLoS Pathog 12:€1005295.
https://doi.org/10.1371/journal.ppat.1005295.

Coburn PS, Miller FC, Enty MA, Land C, LaGrow AL, Mursalin MH,
Callegan MC. 2020. Expression of Bacillus cereus virulence-related genes
in an ocular infection-related environment. Microorganisms 8:607.
https://doi.org/10.3390/microorganisms8040607.

Haiko J, Westerlund-Wikstrom B. 2013. The role of the bacterial flagellum
in adhesion and virulence. Biology (Basel) 2:1242-1267. https://doi.org/
10.3390/biology2041242.

Zhang MY, Lévgren A, Low MG, Landén R. 1993. Characterization of an
avirulent pleiotropic mutant of the insect pathogen Bacillus thuringiensis:
reduced expression of flagellin and phospholipases. Infect Immun 61:
4947-4954. https://doi.org/10.1128/iai.61.12.4947-4954.1993.

Hajam IA, Dar PA, Shahnawaz |, Jaume JC, Lee JH. 2017. Bacterial flagellin—a
potent immunomodulatory agent. Exp Mol Med 49:e373. https://doi.org/10
.1038/emm.2017.172.

Fedhila S, Daou N, Lereclus D, Nielsen-LeRoux C. 2006. Identification of
Bacillus cereus internalin and other candidate virulence genes specifically
induced during oral infection in insects. Mol Microbiol 62:339-355.
https://doi.org/10.1111/j.1365-2958.2006.05362.x.

Daou N, Buisson C, Gohar M, Vidic J, Bierne H, Kallassy M, Lereclus D,
Nielsen-LeRoux C. 20009. lIsA, a unique surface protein of Bacillus cereus
required for iron acquisition from heme, hemoglobin and ferritin. PLoS
Pathog 5:21000675. https://doi.org/10.1371/journal.ppat.1000675.

Leid JG. 2009. Bacterial biofilms resist key host defenses. Microbe 4:66-70.

. Thurlow LR, Hanke ML, Fritz T, Angle A, Aldrich A, Williams SH,

Engebretsen IL, Bayles KW, Horswill AR, Kielian T. 2011. Staphylococcus aureus
biofilms prevent macrophage phagocytosis and attenuate inflammation in
vivo. J Immunol 186:6585-6596. https://doi.org/10.4049/jimmunol.1002794.
Hanke MK, Kielian T. 2012. Deciphering mechanisms of Staphylococcal
biofilm evasion of host immunity. Front Cell Infect Microbiol 2:62.
Costerton JW, Stewart PS, Greenberg EP. 1999. Bacterial biofilms: a com-
mon cause of persistent infections. Science 284:1318-1322. https://doi
.org/10.1126/science.284.5418.1318.

Caro-Astorga J, Pérez-Garcia A, de Vicente A, Romero D. 2014. A genomic
region involved in the formation of adhesin fibers in Bacillus cereus bio-
films. Front Microbiol 5:745. https://doi.org/10.3389/fmicb.2014.00745.
Ochiai K, Kurita-Ochiai T, Kamino Y, Ikeda T. 1993. Effect of co-aggrega-
tion on the pathogenicity of oral bacteria. J Med Microbiol 39:183-190.
https://doi.org/10.1099/00222615-39-3-183.

Walker TS, Tomlin KL, Worthen GS, Poch KR, Lieber JG, Saavedra MT,
Fessler MB, Malcolm KC, Vasil ML, Nick JA. 2005. Enhanced Pseudomonas
aeruginosa biofilm development mediated by human neutrophils. Infect
Immun 73:3693-3701. https://doi.org/10.1128/IAl.73.6.3693-3701.2005.
Guerry P, Ewing CP, Schirm M, Lorenzo M, Kelly J, Pattarini D, Majam G,
Thibault P, Logan S. 2006. Changes in flagellin glycosylation affect Cam-
pylobacter autoagglutination and virulence. Mol Microbiol 60:299-311.
https://doi.org/10.1111/j.1365-2958.2006.05100.x.

Finlay BB, McFadden G. 2006. Anti-immunology: evasion of the host
immune system by bacterial and viral pathogens. Cell 124:767-782.
https://doi.org/10.1016/j.cell.2006.01.034.

Matsuura M. 2013. Structural modifications of bacterial lipopolysaccha-
ride that facilitate gram-negative bacteria evasion of host innate immu-
nity. Front Immunol 4:109. https://doi.org/10.3389/fimmu.2013.00109.

Issue 2 e00604-21

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

&,  Microbiolos
% Spectrur Y

Paczosa MK, Mecsas J. 2016. Klebsiella pneumoniae: going on the offense
with a strong defense. Microbiol Mol Biol Rev 80:629-661. https://doi
.org/10.1128/MMBR.00078-15.

Ernst JD. 2017. Antigenic variation and immune escape in the MTBC. Adv
Exp Med Biol 1019:171-190. https://doi.org/10.1007/978-3-319-64371-7_9.
Wisniewski JR, Zougman A, Nagaraj N, Mann M. 2009. Universal sample
preparation method for proteome analysis. Nat Methods 6:359-362.
https://doi.org/10.1038/nmeth.1322.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a
practical and powerful approach to multiple hypothesis testing. J R Stat
Soc Series B Stat Methodol 57:289-300. https://doi.org/10.1111/j.2517
-6161.1995.tb02031 x.

Chen L, Zheng D, Liu B, Yang J, Jin Q. 2016. VFDB 2016: hierarchical and
refined dataset for big data analysis—10 years on. Nucleic Acids Res 44:
D694-D697. https://doi.org/10.1093/nar/gkv1239.

Altschul SF, Madden TL, Schéffer AA, Zhang J, Zhang Z, Miller W, Lipman
DJ. 1997. Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res 25:3389-3402. https://doi
.org/10.1093/nar/25.17.3389.

Reiter L, Kolstg AB, Piehler AP. 2011. Reference genes for quantitative,
reverse-transcription PCR in Bacillus cereus group strains throughout the
bacterial life cycle. J Microbiol Methods 86:210-217. https://doi.org/10
.1016/j.mimet.2011.05.006.

Caro-Astorga J, Alvarez-Mena A, Hierrezuelo J, Guadix JA, Heredia-Ponce
Z, Arboleda-Estudillo Y, Gonzalez-Munoz E, de Vicente A, Romero D.
2020. Two genomic regions encoding exopolysaccharide production systems
have complementary functions in B. cereus multicellularity and host interaction.
Sci Rep 10:1000. https://doi.org/10.1038/s41598-020-57970-3.

Finke S, Fagerlund A, Smith V, Krogstad V, Zhang MJ, Saragliadis A, Linke
D, Nielsen-LeRoux C, @kstad OA. 2019. Bacillus thuringiensis CbpA is a
collagen binding cell surface protein under c-di-GMP control. Cell Surf 5:
100032. https://doi.org/10.1016/j.tcsw.2019.100032.

MacArthur Clark JA, Sun D. 2020. Guidelines for the ethical review of lab-
oratory animal welfare People's Republic of China National Standard GB/
T 35892-2018 [Issued 6 February 2018 Effective from 1 September 2018]. Ani-
mal Model Exp Med 3:103-113. https://doi.org/10.1002/ame2.12111.

Laemmli UK. 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227:680-685. https://doi.org/10
.1038/227680a0.

Rodriguez-de la Noval C, Rodriguez-Cabrera L, Izquierdo L, Espinosa LA,
Hernandez D, Ponce M, Moran-Bertot |, Tellez-Rodriguez P, Borras-
Hidalgo O, Huang S, Kan Y, Wright DJ, Ayra-Pardo C. 2019. Functional
expression of a peritrophin A-like SfPER protein is required for larval de-
velopment in Spodoptera frugiperda (Lepidoptera: Noctuidae). Sci Rep 9:
2630. https://doi.org/10.1038/541598-019-38734-0.

Pérez DC, Dominguez |, Sosa AE. 2002. Evaluation of the track dilution
plating method in the quality control of mutant banks of Escherichia coli K12.
Biotecnol Apl 19:169-173. https://doi.org/10.1111/j.1745-4581.1999.tb00385.x.
Perez-Riverol Y, Csordas A, Bai J, Bernal-Llinares M, Hewapathirana S,
Kundu DJ, Inuganti A, Griss J, Mayer G, Eisenacher M, Pérez E, Uszkoreit J,
Pfeuffer J, Sachsenberg T, Yilmaz S, Tiwary S, Cox J, Audain E, Walzer M,
Jarnuczak AF, Ternent T, Brazma A, Vizcaino JA. 2019. The PRIDE database and
related tools and resources in 2019: improving support for quantification data.
Nucleic Acids Res 47:D442-D450. https://doi.org/10.1093/nar/gky1106.

MicrobiolSpectrum.asm.org 18


https://doi.org/10.1371/journal.ppat.1005295
https://doi.org/10.3390/microorganisms8040607
https://doi.org/10.3390/biology2041242
https://doi.org/10.3390/biology2041242
https://doi.org/10.1128/iai.61.12.4947-4954.1993
https://doi.org/10.1038/emm.2017.172
https://doi.org/10.1038/emm.2017.172
https://doi.org/10.1111/j.1365-2958.2006.05362.x
https://doi.org/10.1371/journal.ppat.1000675
https://doi.org/10.4049/jimmunol.1002794
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.3389/fmicb.2014.00745
https://doi.org/10.1099/00222615-39-3-183
https://doi.org/10.1128/IAI.73.6.3693-3701.2005
https://doi.org/10.1111/j.1365-2958.2006.05100.x
https://doi.org/10.1016/j.cell.2006.01.034
https://doi.org/10.3389/fimmu.2013.00109
https://doi.org/10.1128/MMBR.00078-15
https://doi.org/10.1128/MMBR.00078-15
https://doi.org/10.1007/978-3-319-64371-7_9
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1093/nar/gkv1239
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1016/j.mimet.2011.05.006
https://doi.org/10.1016/j.mimet.2011.05.006
https://doi.org/10.1038/s41598-020-57970-3
https://doi.org/10.1016/j.tcsw.2019.100032
https://doi.org/10.1002/ame2.12111
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/s41598-019-38734-0
https://doi.org/10.1111/j.1745-4581.1999.tb00385.x
https://doi.org/10.1093/nar/gky1106
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	Defining a Btk hemolymph stimulon using proteomics.
	Hemolymph enhances Btk’s autoaggregation and biofilm formation.
	Hemolymph induces epitope masking of Btk’s selective surface proteins.
	Hemolymph preexposure increases Btk toxicity to injected insects.

	DISCUSSION
	MATERIALS AND METHODS
	Insects and Bt strain.
	Bacterial exposure to insect hemolymph.
	Protein extraction, digestion, and TMT labeling.
	Fractionation and liquid chromatography-tandem mass spectrometry analysis.
	Protein identification and quantitative analysis.
	Bioinformatic analysis.
	RNA isolation, cDNA synthesis, and two-step quantitative real-time PCR.
	Sedimentation assay.
	Biofilm formation assays.
	Mice immunization.
	SDS-PAGE and Western blotting.
	Pathogenicity in insects.
	Data analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

