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cationic antimicrobial peptides and virulence to insect

Huan Wu'*, Haiwen Wang**, Li Zhu', Xuyan Wei', Bing Wang®, Chunxu Song?,
Ziquan Yu'

!State Key Laboratory of Developmental Biology of Freshwater Fish, College of Life Sciences, Hunan Normal University,
Changsha 410081, Hunan Province, China

2 Groningen Biomolecular Science and Biotechnology Institute, Department of Molecular Genetics, University of Groningen,
9747 AG Groningen, The Netherlands

Abstract: [Objective] The dIt operon in Gram-positive bacteria encodes enzymes that are necessary for the
modification of D-alanylation of teichoic acids in cell wall. D-alanylation generates net positive charge on cell
surface and, as a consequence, repulses the positively charged molecules, such as cationic antimicrobial peptides,
thereby confers resistance to host animal. Here, we investigated the impact of dIt operon on phenotypic traits of
Bacillus thuringiensis and role in virulence to insect. [Methods] We constructed the loss-of-function mutant of dit
by homologous recombination technique, and performed its morphological observation, surface charge difference
analysis, stress resistance analysis and cell experiment. [Results] The results revealed that inactivation of dItA
significantly decreased net negative charge of cell wall, drastically impaired the resistance of Bacillus thuringiensis
to cationic antimicrobial peptides (polymyxin B and lysozyme) and alkaline. AdItAg; mutant displayed an obviously
altered profile of growth curve, irregular shape and rough surface of cell, decreased biofilm formation and
increased swarming motility. Moreover, inactivation of dItA significantly decreased adhesion ability to mid-gut
epithelial cell of insect, and greatly attenuated virulence to Bombyx mori. [Conclusion] These findings provide
evidence that D-alanylation of TAs mediated by dlt operon is closely correlated to many phenotypic traits of Bt, and
has putative roles in the pathogenicity of B. thuringiensis to insect and the protection of B. thuringiensis from insect
humoral immunity.
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Polyanionic teichoic acid (TA), a particular and autolysis, cation homeostasis, and susceptibility to
important component of cell wall in Gram-positive innate host defenses®?. TA is composed of
bacteria, acts in controlling cell shape and division, negatively charged glycerophosphate residues, and
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covalently anchors to either N-acetylmuramic acid
residues of the peptidoglycan (wall-associated TAs,
WTAs), or the cytoplasmic membrane via
glycolipids (lipoteichoic acids, LTAs)™. The anionic
property of TAs confers the overall negative charge
of bacterial cell wall, attracting positively charged
compounds, such as cationic antimicrobial peptides
(CAMPs) of innate humoral immunity in higher
organisms™.

Many Gram-positive pathogenic  bacteria
species display resistance to CAMPs because of an
increase of the positive surface charge of bacteria
cell envelope®@. The increase of the positive
surface charge is mainly attributed to the
modifications to the TAs on bacterial surface
through incorporation of positively charged residues,
such as D-alanine mediated by the enzymes encoded
by dlIt operon, and/or L-lysine mediated by the
enzyme encoded by mprF?.  The covalent
modification of cationic molecules allows bacteria to
adjust their net negative charge on surface, thereby
decreases electrostatic interaction between the
negatively charged TAs and the positively charged
host immune factors, protects bacteria from host
innate immune response’®. Therefore, incorporation
of D-alanine esters into TAs to partially neutralize
the negative charge of cell wall is one of the most
common  bacterial resistance  mechanisms.
Nevertheless, an exceptional study has also
suggested that incorporation of D-alanine into LTAS
induces CAMPs resistance in group B Streptococcus
sp. by modifying the rigidity and permeability of the
cell ~wall rather than by affecting the
electrostatic-driven binding of CAMPs to bacterial®.
In addition, dit operon has also been found in several
gram-negative pathogenic bacteria, such as Erwinia
carotovora, Bordetella sp., Photorhabdus sp.”!,
Dickeya dadantill and Pectobacterium sp.l®), and
confers resistance to CAMPs, probably by
modifying the lipopolysaccharides in the cell wall®!.

D-alanylation of TAs is accomplished by the
enzymes encoded by dlt operon consisting of four
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genes, dItABCD, which is highly conserved in most
gram-positive bacteria™. dItA gene encodes a
D-alanyl carrier protein ligase, which activates
D-alanine for ligation to the D-alanyl carrier protein
encoded by dItC. dItB and dItD encode two putative
membrane proteins. DItB spans plasma membrane
repeatedly, and DItD appears to be anchored to the
membrane via an N-terminal hydrophobic
sequence®. However, the exact functions of dItB
and dItD are still obscure. Two models have been
proposed to account for the functions of DItB and
DItD: (i) DItB transfers D-alanine from DItC to
undecaprenol-phosphate. The resulting lipid-linked
intermediate  flips  across  the membrane,
subsequently DItD transfers D-alanine to LTAs on
the trans side of the membrane®®. In this action
mode, the DItD is proposed to reside outside the
cytoplasm, on the trans side of the membrane, which
has been confirmed by analysis of DItD membrane
topology™™. (i) DItD facilitates transfer of
D-alanine between DItA and DItC in the
cytoplasm™; DItB translocates the alanylated DItC
across the membrane and then transfer D-alanine
directly onto LTAs!™. Of note, the DIt system in the
two proposed models seems to directly D-alanylate
LTAs, but not WTAs. Both in vitro and in vivo
pulse-chase experiments have confirmed that the
D-alanyl esters are transferred from LTAs to WTAs
by transacylation™. If so, how the D-alanyl esters
are transferred remains obscure. Intriguingly, a fifth
gene, dItX, is also present in the dlt operon in some
gram-positive bacterial®. A recently published study
has confirmed that DItX is essential for
D-alanylation of LTAs in Bacillus thuringiensis (Bt),
despite the fact that the detailed function of DItX
remains uncleart*?],

Inactivation of dlt operon in many
Gram-positive pathogenic bacteria species, such as
Listeria monocytogenest** Streptococcus sp.[*",
Enterococcus faecalis™, B. cereus®, Clostridium
difficile™ resulted in increased susceptibility to
various CAMPs. The amphipathic CAMPs, one of
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the critical components of innate immunity system,
exert antimicrobial activity to bacteria with a
negatively  charged surface by  disrupting
transmembrane potential and lipid symmetry,
eventually resulting in cell lysis®™. Moreover, lack
of D-alanylation also affords increased susceptibility
to phagocytic cell®™ and neutrophil killing™?,
decreased adherence to macrophage! and invasion
to epithelial cell™, loss of ability to colonize cotton
rat nares?. All these studies have suggested that
D-alanylation plays a critical role in the interaction
of pathogens with host immune system.

Bt is a ubiquitous gram-positive bacterium, and
widely used as biological pesticide®®. The
insecticidal activity of Bt is mainly dependent on the
parasporal crystal protein produced at the stationary
phase®. Bt is able to multiply in the insect
hemocoel and lead to fatal septicemia, which also
makes great contribution to its insecticidal activity
besides the parasporal crystal protein®®!. Upon
entering the hemolymph, the entomopathogenic
bacteria would confront an array of immune system
mediators of both cellular and humoral reactions.
The cellular reaction results in  bacterial
phagocytosis or encapsulation by circulating
hemocytes, whereas the humoral response generates
CAMPsY. These small and inducible CAMPs are
produced by the fat body in hemolymph, and
participate in insect antimicrobial defense in a
systemic response!®®). As an insect pathogen, an
effective manner of escaping CAMPs is critical for
the survival of Bt in insect. Analyses of the
published Bt genome sequences showed that the dit
operon widely distributes, and is highly conserved
with the dIt operon in other gram-positive bacteria,
suggesting a vital role in the interaction of Bt against
insect. However, the impacts of DIt system in Bt on
virulence to host insect have never been investigated,
apart from the study that dItX is necessary for
D-alanylation in Bt 407 strain*®l. Therefore, this

study aims to evaluate the influences of dlIt operon
on the phenotypic traits of Bt, resistances to insect
innate immunity and virulence to insect.

For this purpose, we insertionally inactivated
the dItA gene in Bt BMB171 strain to investigate the
impact of D-alanylation of TAs on phenotypic traits.
In particularly, we examined the role of
D-alanylation of LTAs of Bt in resistance to CAMPs,
and virulence to insect. Our results provided direct
evidences that the dIt operon protects Bt from the
insect innate immunity, and is essential for
insecticidal virulence.

1 Materials and Methods

1.1  Bacterial strains, plasmids, and growth
conditions

The bacterial strains and plasmids used in this
study are listed in Table 1. All Bt strains and E. coli
strains were routinely grown in LB broth or on LB
agar at 28 °C for Bt and 37 °C for E. coli. When
required, the final concentrations of the antibiotics
added were as follows: 100 pg/mL ampicillin (Amp),
50 pg/mL kanamycin (Kan), 100 ug/mL
spectinomycin (Spc), 50 ug/mL erythromycin (Erm).
These  antibiotics  were  purchased  from
Sigma-Aldrich (MO, USA)™!,

1.2 Construction of dItA mutant in Bt BMB171
strain

The thermosensitive vector pRec-mob-Ts was
used to inactive the dItA gene in Bt BMB171
strain® by allelic replacement. A 577-bp BamH |I-
Sac | fragment as upstream homologous arm (USH)
was amplified by PCR, using the primer pair:
ditA-up-F (ACGCGGATCCAAGAAACCTTGGAA
AATACG) and dItA-up-R (TACCGAGCTCCCGCA
TATGGATCATTTTAT), with the restriction sites
(underlined). Likewise, a 571-bp Kpn I-Sal I
fragment as downstream homologous arm (DSH)
was generated by PCR, using the primer pair: dItA-
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Table 1.

Bacterial strains and plasmids used in this study

Strains or plasmids

Genotype or relevant characteristic

Reference or source

Strains
B. thuringiensis
BMB171

AdItA g,
AdItAgi-comp
AdItAg/pHT315-P 7
E. coli

DH5a

Plasmids
pRec-mob-Ts
pUC19
pHT315
pRec-mob-Ts-up-down

pHT315-P,cz-dItA

PHT315-Pacz

Plasmid-cured, acrystalliferous mutant strain from wild-type
crystalliferous strain YBT-1463
dItA mutant of BMB171

AdItAg; complemented with the dItA gene
AdlItAg; harboring pHT315 cloned with a insertion of lacZ promoter

F~,®80dlacZAM15, A(lacZYA-argF)U169, deoR, recAl, endAl,
hsdR17(rk™ mk™), phoA, supE44, 1~, thi-1, gyrA96, relAl

Conjugative and thermosensitive cloning vector, Spc'

cloning vector in E. coli (GenBank accession No. L09137), Amp"

E. coli-Bt shuttle vector, Amp’, Erm"

pRec-mob-Ts harbors the USH and DSH, for allelic-exchange
recombination of dItA, Spc’

pHT315 harboring ditA under the control of lacZ promoter, for
complementation strain of dItA in AdItAg, Amp', Erm"

pHT315 harboring the promoter of lacZ, Amp", Erm'

[26]

This study
This study
This study

Laboratory collection

Presented by Professor Ming Sun
[27]

[28]

This study

This study

This study

down-F (ACGGGGTACCAACGTTCCCACCCTAG
AATTC) and dItA-down-R (ACGCGTCGACC
GGATACTTATGGAAGTGCC), with the restriction
sites (underlined). The USH and DSH fragments
were inserted into the upstream and downstream of
spectinomycin resistance cassette in the pRec-mob-Ts
vector, respectively, therefore resulting in the
recombinant plasmid pRec-mob-Ts-up-down for
allelic exchange recombination. In the recombinant
plasmid, the USH and DSH were flanked by a
spectinomycin resistance cassette. The plasmid was
verified by restriction mapping, and subsequently
transferred into BMB171 by electroporation!?”.
Subsequent steps in mutagenesis for dItA were
exactly performed as described previously™®. The
chromosomal allelic replacement was checked by
PCR, using the appropriate primer pair of ditA-up-F
and dItA-down-R. The resultant mutant of dItA was
termed AdltAg:.

1.3 Construction of complementation strain for
AdItAg;

For complementation analysis, the promoter for
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lacZ was amplified from pUC19 vector® using the
primer pair: Piacz-F (AAAACTGCAGGCCCAATAC
GCAAACCGCCTC) and Pj,z-R (ACGCGTCGACT
GGCGTAATCATGGTCATAGC), with the
restriction sites for Pst | and Sal | (underlined),
respectively. The amplified P,z fragment was
subcloned into E. coli-Bt shuttle vector pHT31502,
resulting in recombinant plasmid pHT315-P,z. The
entire dItA ORF (open reading frame) from BMB171
was amplified using the forward primer E-dItA-F
(ACGCGTCGACTTCTAGGGTGGGAACGTTATG)
and reverse primer E-dItA-R (ACGCGGATCCCATA
TGCGGTCATGCTGTAAC), with the restriction
sites (underlined) for Sal | and BamH I, respectively.
The amplified ORF of dItA was sequenced, and
inserted into the downstream of P,z in above
constructed plasmid pHT315-P 4.z, Yielding
recombinant plasmid pHT315-P,cz-dItA. In this
plasmid, the dItA gene is under the control of lacZ
promoter, which is constitutively active in LB
mediumP%. The resultant plasmid pHT315-P.cz-dItA
was verified by PCR amplification using the two
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primer pairs mentioned above, and subsequently
electroported into  AdItAg; strain, resulting
complementation strain AdItAgi-comp for
complementation analysis.

1.4 Growth curve

Fresh overnight inocula of Bt strains were
adjusted to ODgo (optical density at 600 nm) value
of 1.0 with fresh LB broth. A volume of 0.5 mL of
each inoculum was inoculated to 50 mL of fresh LB
broth supplemented with appropriate antibiotic. Strains
were grown at 28 °C with agitation of 200 r/min.
Cultures were sampled at an interval of 2 h for
optical measurement on a DU 800 spectrophotometer
(Beckman Coulter, Brea, CA, USA). The ODggo
value and growth time of each strain were plotted
into non-linear regression curve. Each point
represents the mean and standard deviation from five
replicates. The assays were employed in triplicate.

1.5 Scanning electron microscopy (SEM)

Exponential phase cultures of various Bt strains
were harvested by centrifugation, and the pellet was
washed with 0.5 mol/L NaCl for three times. Cells
were subsequently fixed with 4% gluteraldehyde at
room temperature for 2 h. They were then washed
three times for 5 min with a solution of 0.1 mol/L
NaCl. All samples were progressively dehydrated
with increasing concentration ethanol (30%-50%-
70%-80%-90%-95%-100%) at room temperature for
10 min in each bath. The samples were then
subjected to freeze drying and imaged with a
SU8010 ultra-high resolution scanning electron
microscope (Hitachi, Japan).

1.6 Alcian blue binding assay

Alcian blue binding assay was carried out as
described previously®”. Bt cells grown in LB
medium were harvested at mid-exponential phase by
centrifugation (2000xg for 3 min), and washed once
with 20 mmol/L morhpolinepropanesulfonic acid
(MOPS) buffer (pH 7.0). The pellets were
resuspended in MOPS buffer to a final ODgg of 0.5.
Subsequently, cationic dye alcian blue 8GX

(Sigma-Aldrich, MO, USA) was added to a final
concentration of 65 pg/mL. Samples were rotated
with 3 r/min at room temperature for 10 min, and
then the mixtures were centrifuged to pellet the
complex of bacterial cells and bound cationic dye.
The supernatant fluid was measured at 650 nm using
a DU 800 spectrophotometer to quantify unbound
alcian blue. For control, tubes containing equivalent
amount of alcian blue in MOPS buffer without Bt
cell were treated in parallel. The percentage of alcian
blue binding to Bt cells were calculated as (Aeso Of
supernatant without Bt cells—Agso of supernatant with
Bt cells)/Agso 0f supernatant without Bt cellsx100%.
Five replicates were measured for each strain, and
the experiment was performed in triplicate.

1.7 Susceptibility to CAMPs

In vitro susceptibilities to CAMPs were
evaluated by determining the MICs (minimum
inhibitory concentrations) of Bt strains to polymyxin
B sulfate and lysozyme (Sigma-Aldrich)®,
respectively. Each CAMP was diluted to
concentrations ranging from 20 pg/mL to 1280 pg/mL
by two-fold dilution, and the inhibition assays were
performed in 96-well plates inoculated with about
5x10* CFU (colony-forming unit) of mid-
exponential phase Bt strain per well (a final volume
of 200 pL). After incubation at 28 °C for 24 h,
growth was scored by measuring the ODgy Of each
well in  microtiter plates with a multi-mode
microplate reader SpectraMax M5 (Molecular
Devices, Sunnyvale, CA, USA). MIC was recorded
as the lowest concentration that completely inhibited
growth of Bt. Three replicates were set for each
strain, and all the assays were performed in
triplicate.

1.8 Autolysis assay

The autolysis assay was carried out as
previously described®, with some modifications.
Briefly, Bt strains were grown in LB medium at
28 °C with shaking of 200 r/min. Cells at
exponential phase were harvested by centrifugation,

http://journals.im.ac.cn/actamicrocn
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and washed twice with ice-cold sodium phosphate
buffer (10 mmol/L, pH 7.0), then resuspended in the
same buffer supplemented in 0.05% Triton X-100
with ODgg value of about 0.8. Five replicates were
set for each Bt strain. Bacterial cells were incubated
at 28 °C without shaking, and the autolysis was
monitored by measuring the decrease of ODggo value
at an internal of 30 min on a DU 800
spectrophotometer. The changes of ODgy Over 4—6 h
were recorded. All the assays were performed in
triplicate.

1.9 pH sensitivity assay

The pH sensitivities of WT (wild-type) and
mutant strains were determined by comparing their
survival ability in sodium phosphate buffer
(20 mmol/L Na;HPO4NaH,PO,4, 1 mmol/L MgCl,,
10 mmol/L L-arginine)” with pH ranging from 7.0
to 10.0. Bt at exponential phase was suspended with
ODggo value of 0.8 in phosphate buffer with specific
pH value (1 mL). Aliquots were removed at
specified time points, and plated on LB agar to
enumerate surviving CFU. All the assays were
performed in triplicate.

1.10 Biofilm microtiter plate assay

Biofilm formation was evaluated in 96-well
polystyrene microtiter plates (Corning, NY, USA) as
described previously®?, with some modifications.
200 pL of fresh overnight bacterial culture with
ODgoo value of about 1.2 was placed in each well.
After 48 h of stationary incubation at 28 °C,
bacterial cells were removed and the wells were
gently washed three times with double-distilled H,O
without disturbing the biofilm on the bottom of the
wells. Bound cells per well were stained with 200 uL
of a 0.1% (W/V) aqueous solution of crystal violet.
The microtiter plates were incubated at room
temperature for 30 min. After three gentle washings
with double-distilled H,O, the microtiter plates were
dried upside down for 1 h. Crystal violet per well
was solubilized with 200 pL of absolute ethanol. The
absorbance at 595 nm was quantified by microplate
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reader SpectraMax M5. Five replicate wells were
used for each strain. All the assays were performed
in triplicate.

1.11 Swarming assay

Bacterial swarming motility assays were
performed in 9-cm petri dishes prepared with 25-mL
of LB medium solidified with 1.0% (W/V) agar*?.
Swarming plates were inoculated with 2 uL of
bacterial cultures with an ODggo Of approximately
0.5, and incubated at 28 °C. Bacterial swarming
diameters were measured at 24 h, 48 h, and 72 h
after inoculation. Swarming assays were repeated
three times with three replicates for each strain.

1.12 Cell binding assay

An in vitro fluid-phase assay was used to
investigate the adherence of Bt cells to a continuous
mid-gut epithelia cell line CF-203.3 of spruce
budworm Choristoneura fumiferanal®!. CF-203.3
cells were grown at 28 °C in 50-mL flasks with
SF900 medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 5% Fetal Bovine Serum (FBS)
(Invitrogen)®.  Meanwhile,  the  zebrafish
(Brachydanio rerio) embryonic fibroblast ZF4F®
was used as control to test the binding specificity of
Bt. ZF4 cells were cultured at 28 °C in cell culture plates
with  DMEF/F-12 medium (Invitrogen) containing
penicillin (60 pg/mL), streptomycin (100 pug/mL) and
10% FBSP®. The binding assay was performed as
previously described®. Cells were washed thrice
with phosphate-buffer saline (PBS) (pH 7.0), and
then resuspended in the same PBS buffer. Early
exponential-phase Bt cells grown in LB medium
were harvested, and washed as above. Cells and
bacteria were mixed with a ratio of 1:100, and
rotated at 400xg for 5 min to place bacteria on the
monolayers. Mixed samples were incubated at 28 °C
for 1 h, and centrifuged at 1000xg for 5 min. The
pellets were washed thrice with LB to remove
non-cell-associated bacteria, and resuspended in
1 mL fresh LB broth. The pellet was sonicated for 5
seconds at amplitude of 10 (Sonics, Newtown, CT,
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USA) to Ilyse cells but not bacteria. The
resuspensions were serially diluted and seeded on
selective LB agar plates. All plates were incubated at
28 °C for 24 h, and colonies were enumerated. Five
replicates were set for each strain. The assays were
performed in triplicate.

1.13 Invivo pathogenicity assay

Silkworm larvae (Bombyx mori) were examined
as a host model of Bt infection to assess the
biofunction of dlIt operon in the virulence of Bt to
insect. Silkworms were raised from fertilized eggs at
27 °C, which were kindly presented by Doctor
Hongying Zhou, Hubei Academy of Agricultural
Science (Wuhan, China). Hatched larvae were fed an
artificial diet Silkmate 2S (Nosan Corp., Kanagawa,
Japan) until they developed to the fourth molted
larva. On the first day of fifth-instar larvae,
silkworms were fed for one day an antibiotic-free
artificial diet, Silkmate (Katakura Industries Co.,
Ltd., Tokyo, Japan), and then were used
pathogenicity assays. The surfaces of fifth-instar
larvae were sterilized with 70% (V/V) ethanol.
Appropriate dilutions of bacteria were then directly
injected into the hemolymph of fifth-instar larvae
through the dorsal surface®®, using a 1-mL
microsyringe equipped with a 27 G needle. A
silkworm larva was injected with about 1x10* CFU.
Bacteria concentration was determined by counting
the number of CFU formed after plating of dilutions
on LB agar. Groups of 20 larvae were injected with
vegetative bacterial suspension, or PBS buffer as
control. At least three groups were performed for
each strain. The mortality was recorded for up to 5 d
of incubation at 30 °C. We recorded the time of
insect death during the whole pathogenicity assay to
establish the LTso (the time by which 50% of the
insects die). All the pathogenicity assays were
performed in triplicate.

1.14 Statistical analysis
The data concerning alcian blue binding assay,

cell binding assay, pH tolerance assay, biofilm
formation assay, and in vivo pathogenicity assays
were analyzed by the unpaired two-tailed Student’s
t-test. The statistical significance of the swarming
motility data was determined using the one-way
analysis of variance (ANOVA) followed by Tukey
post hoc test. Differences were considered
significant at P<0.05.

2 Results

2.1 Analysis of dlt operon in Bt BMB171 and
construction of dItA mutant

In silico analysis showed that the genome of Bt
BMB171 (GenBank accession No. CP001903)
harbors a dlIt operon comprising dItA, ditB, dItC, and
ditD. All the four genes are highly conserved with
those in other Gram-positive bacteria. Biofunctional
annotation  suggested that dItA encodes a
D-alanine-poly (phosphoribitol) ligase, dItB encodes
a D-alanyl-lipoteichoic acid biosynthesis protein,
ditC encodes a D-alanine-poly (phosphoribitol)
ligase subunit 2, and dItD encodes a D-alanyl-
lipoteichoic acid biosynthesis protein. Unlike other
Bt strains such as 97-27 (AEO017355) and 407
(NC_018877), a fifth gene dItX is lacking in the dlt
operon of BMB171. In order to investigate the role
of dIt operon in Bt, inactivation of dItA in BMB171
was achieved by precise, allelic replacement,
resulting in mutant AdItAg. For complementation
test, the entire ORF (open reading frame) of dItA
driven by lacZ promoter (P.z) was cloned into E.
coli-Bt shuttle vector pHT315, yielding recombinant
plasmid pHT315-Pi,z-dItA.  The recombinant
plasmid was transformed to AdItAg, Yielding
complementation strain AdItAg-comp. As control,
the empty vector pHT315 harboring Py
(pHT315-Pj5z) was also transformed to AdItAg; to
exclude the effect of vector on the complementation
strain.

http://journals.im.ac.cn/actamicrocn
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2.2 Inactivation of dItA alters the surface charge
of Bt cell

To confirm the effect of D-alanylation of TAs
on surface charge, the capacities of WT and AdItAg;
binding cationic dye alcian blue were compared. The
result showed that AdItAg; mutant bound (65.2+3.4)%
of the alcian blue in comparison to a (44.4£1.7)%
binding by the WT strain (Figure 1), suggesting that
inactivation of dItA causes decrease of D-alanylation
of TAs (P<0.01). The complementation strain
AdItAgi-comp exhibited similar binding capacity to
the WT strain, and the binding capacity of
AdItAg/pHT315-P,z is similar to that of AdItAg;
mutant (Figure 1). This result was reminiscent of a
significant increase of surface net negative charge in
AdItAg; mutant.

2.3 Effects of dIt operon on growth Kinetics,
lysis, and cell morphology

We next investigated the effects of dlt operon
on Bt growth, autolysis, and cell morphology. In
general, the AdItAg; and AdItAg/pHT315-P,z
exhibited different growth characteristics in
comparison to WT strain. The AdItAg; and AdItAg/
pHT315-P,.z showed greatly lower growth rate
during late exponential phase, and an approximately
two-fold-lower of ODgy at the entry of the stationary

100
§ 80'
3 S
T 60 DR
5 —_
= 400 [
=
=
& 20r
i i e
Wi Aditdy,  AditAy-comp  Aditd,/
pHT315-P,;
Figure 1. Effects of dIt operon on the binding

capacity of the WT, AdItAg, AdItAg;-comp, and

AdItAg/pHT315-P),cz Strains to cationic dye alcian blue.

Samples were run in triplicate. Data are shown as X s
from three biological replicates.
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phase (Figure 2-A). During the whole stationary
phase, the values of ODgy of AdItAg and
AdItAg/pHT315-P\,.; showed a slight decline
(Figure 2-A). While, the ODgo of AdItAg-comp in
the stationary phase was just about 57% compared to
WT (Figure 2-A). To confirm the lytic process in
AdItAg; mutant, the autolysis rates between AdItAg;
mutant and WT strain in Triton X-100 were
compared. As expected, the AdItAg; exhibited a sharp
autolysis rate, and complementation strain AdItAg-
comp displayed an approximately similar autolysis
rate to WT (Figure 2-B). The higher rate of autolysis
in AdItAg; might explain the steady decline of ODggo
of the AdItAg; mutant at the stationary phase.

(A) l6r
14 Hofthis 3] WD
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s 10} =AdltAg/pHT315-P,,;
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Figure 2. Impacts of the inactivation of dItA on the

growth and autolysis of Bt. A: Growth curves of the
WT, AdItAg;, AdltAgi-comp, and AdItAg/pHT315-Pscz
strain, in LB medium at 28 °C with shaking of 200 r/min.
ODgoo was scored by a spectrophotometer. The
experiment was carried out in triplicate. Data points are
shown as X £s from three biological replicates. B:
Autolysis rates of Bt strains in the presence of Triton
X-100. Autolysis rates were determined by monitoring
the decreases of ODggo Over a period of 4 h in PBS at
room temperature. The results are shown as X £s from
three biological replicates.
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Moreover, the phenotypic differences between
WT and AdItAg; were examined by SEM. The SEM
observation showed that deletion of dItA
significantly affected cell surface morphology. WT
cell was plump with a regular and smooth surface
(Figure 3-A). In sharp contrast, AdItAg; and
AdItAg/pHT315-P 5z Were wizened with an irregular

Figure 3.

and wrinkled surface (Figure 3-B and D). The
complementation strain cells partially restored the
cell phenotype of WT strain (Figure 3-C). These data
agree well with a recent published study in which a
ditX mutant exhibited the same phenotype as the
AdItAg*®. Therefore, this result further confirms that
dit operon is closely related to the phenotype of Bt cell.

Effects of dItA inactivation on Bt BMB171 cell phenotype. Scanning electron micrographs shown

exponential phase cells of WT (A), AdItAg; (B), AdItAgi-comp (C) and AdItAg/pHT315-Pi,cz (D). Bar represents

0.2 um.

2.4 dlt operon is required for resistance to CAMPs

In order to investigate the role of dlIt operon in the
resistance to CAMPs, we compared the resistance of
WT and AdItAg; to CAMPs by determining MICs.
When challenged with polymyxin B and lysozyme, the
MICs obtained were lower for AdItAg; than for WT by
factors of 32 and 4, respectively (Table 2). AdItAg/
pHT315-Pi,z exhibited the same sensitivity with the
AdItAg; to polymyxin B and lysozyme. Full resistance
was obtained in the complementation strain AdItAg-
comp (Table 2), demonstrating that dItA deletion is
responsible for the resistance defect. Therefore, the dlt
operon of Bt is likely to be an important component of
the intrinsic resistance of Bt to CAMPs.

Table 2. MICs® of CAMPs for WT strain
BMB171, AdItAg;, AdItAgi-comp and AdItAgy/
pHT315‘P|acZ

MIC of CAMP/(ug/mL)

Strains

Polymyxin B Lysozyme
WT 640 >1280
AdItAg, 20 320
AdItAgi-comp 640 >1280
AdItAg/pHT315-P ¢z 20 320

®As determined by the LB dilution method (three
replicates). MICs were scored after 24 h of incubation at
28 °C.

http://journals.im.ac.cn/actamicrocn
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2.5 Inactivation of dItA impairs the tolerance of
Bt to alkaline

In consideration of alkaline environment in host
insect intestine, we examined the tolerance of WT
and AdItAg; to increasing pH by assessing their
survival ability in alkaline buffer with a pH value
ranging from 7.0 to 10.0. Our result showed that WT
and AdItAg; exhibited a slight decline of survival
ratio in sodium phosphate buffer at pH 7.0 and 8.0,
and no obvious difference between them was
observed (Figure 4-A and B). Comparatively, the
AdItAg; and AdItAg/pHT315-P .z exhibited a
significantly accelerated rate of death in alkaline
buffer (pH 9.0, 10.0) (Figure 4-C and D), suggesting
the mutant is more sensitive to alkaline than WT. In
addition, AdItAg; and AdItAg/pHT315-P 4z
obviously exhibited alkalinity-dependent rate of
death (Figure 4-B-D). The complementation strain

A 00

60 - Wi
0t = AdltAg,

a AAdltA  _comn
- AdiiAg-Comp

201 A Adltdy/pHT315-P,,

% of survival

0 1 2 3 4
t/h

| - WT
B Aditdy,
20 - Adltdg-comp

& AditA/pHT313-P,;

0 1 2 3 4
i/h

% of survival

AdItAgi-comp exhibited similar tolerance to alkaline
with WT (Figure 4-B-D). These data suggest that
D-alanylation of TAs could provide Bt relative
protection in alkaline environment of insect intestine.

2.6 D-alanylation of TAs is involved in biofilm
formation

To evaluate the impact of dlt operon on biofilm
formation, WT and mutant strains were tested for
their ability to adhere to abiotic polystyrene surface.
Biofilm formation was quantified by crystal violet
staining. On the basis of ODsgs of solubilized dye,
AdItAg; and AdItAg/pHT315-P .7 produced
significantly less biofilm than WT (P<0.05) (Figure 5).
The complementation strain AdItAg-comp completely
restored the ability of biofilm formation (Figure 5).
This result suggests that D-alanylation of LTAs in Bt is
closely correlated with biofilm formation.

(B)

100
80 +
=
f5 - WT
’é 40 - g Adlidy
° - Adlidg-comp
207 A Aditdy/pHT315-P,,
0 ' ' ‘ .
0 1 2 3 4
t'h
(™

100
80 r
60

40

.E.Ad!’f’4 Bt
20 o AdliA pecomp

0 'A_ACH[‘I‘BUIPHTB ]JS'PM;[ |
0 1 2 3 4
i/h

% of survival

Figure 4. Effect of D-alanylation of LTAs on the tolerance of Bt to alkaline. Exponential phase bacteria were
incubated up to 4 h in sodium phosphate buffer containing L-arginine buffered to pH 7.0 (A), pH 8.0 (B), pH 9.0
(C), and pH 10.0 (D). The tolerance to alkaline was determined by monitoring the decreases of ODgqo. Data are
shown as X s from three biological replicates.
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WT AdltAg-comp  Adltdy/
pHT315-P,,;

AdltAg,

Figure 5. Biofilm formation of WT, AdItAgt,
AdItAgi-comp, and AdItAg/pHT315-Pj;cz. Biofilm
quantification was determined by the crystal violet
staining method using measurement of the absorbance
at 595 nm. Data are shown as X £s from five replicates.

(A)

e

AdltAg-comp AdltAs/pHT315-P,,, (B)

2.7 D-alanylation of LTAs has a negative impact
on swarming motility

To determine whether Bt swarming motility is
affected by D-alanylation of LTAs, the swarming
motilities of WT and AdItAg; on 1% agar plate were
tested. In general, the swarming diameters of AdItAg;
and AdItAg/pHT315-P,.; were significantly larger
than that of WT (Figure 6-A). The average swarming
diameters of WT and the mutant strains were shown
in Figure 6-B. At 24 h of incubation, the swarming
diameter of WT showed no difference with those of
the mutant strains (Figure 6-B). At 48 h and 72 h, the
swarming diameters of AdItAg; and AdItAg/pHT315-
Piacz Were significantly larger than that of WT (Figure
6-B). Swarming motility of the complementation strain
AdItAgi-comp is similar to the WT (Figure 6-B). All
these results indicated that D-alanylation of LTAs in Bt
exerts negative influence on the swarming motility.

Ea WT

B Aditdy,

E AditAg-comp

[0 Adit4g/pHT315-P,,,

(=)
1

o

(o))

~

[\

Bacterial swarming diameter/cm

(=]

Figure 6. Swarming motility assay in LB medium solidified with 1.0% agar. Swarming motility plates were
inoculated with WT, AdItAg;, AdItAg--comp, and AdItAg/pHT315-Pjcz. A: Bacterial swarming motility at 24, 48,
and 72 h of incubation. One representative phenotype out of three independent experiments is shown; B: Mean
values for swarming motility diameters at 24, 48 and 72 h. Error bars indicate standard deviation values of 9
measurements from three independent experiments. Means with different letters (a, b, c) indicate significant
differences among the data for each experimental setup (Turkey’s test, P<0.05).
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2.8 dlt operon is crucial for special binding to
mid-gut epithelial cell of insect

To assess the impact of D-alanyl
modification of TAs to binding ability, we
compared the capacities of WT and the mutants
binding to insect mid-gut epithelial cell CF203.3.
Meanwhile, non-target host cell ZF4 was used as
control to check binding specificity of Bt. In
general, both WT and mutant strains displayed
greatly stronger binding capacities to CF203.3
than to ZF4 (Figure 7-A and B), suggesting
specificity of Bt binding to target host cell. For
CF203.3 cells, a remarkable decrease in the total
number of cell-associated AdltAg; bacteria was
observed compared to WT (52% reduction,
P<0.01) (Figure 7-A). The AdItAg/pHT315-P 4
mutant exhibited similar adherence ability to WT
strain; and the complementation strain AdltAg;-
comp completely restored the binding ability to
CF203.3 cells (Figure 7-A). This result reveals
that D-alanylation of TAs plays a role in
facilitating Bt attach to mid-gut epithelial cell of
insect.

(A) 1.5 P<0.01 P<0.01
[ 1T 1
= 1.0+
£
S
X
£ sz
@) 05+ 255 :
0.0 pirb
WT AdltAn,  AdltAg-comp AdltAs/
pHT3 1 S'Plac'Z
Figure 7.

2.9  Inactivation of dItA greatly attenuates
virulence to insect

All the above findings suggest that dlt operon
plays an essential role in the interaction of Bt and
insect, which lead us to investigate the effect of dlt
operon on insecticidal virulence. Equal amount of cells
of WT and mutants were directly injected into the
hemocoels of silkworm larvae, respectively. About
40% mortality was observed with AdItAg, and
AdItAg/pHT315-P,y; after 24 h of injection, while the
mortality of WT is up to 80% (Figure 8). The
complementation strain AdItAg:-comp partially restored
virulence and its mortality reached up to about 59%
after 24 h of injection. Interestingly, all the mortality
virtually occurs within the first 24 hours after injection,
agreeing well with a previous study in which a Adlt
mutant of B. cereus exhibited toxicity to Spodoptera
littoralis and Galleria mellonella within 20 h
post-injection®™. The values of LTs, with a dose of
2x10* CFU per larva were 16 h for the WT strain, 20 h
for the complementation strain AdltAg-comp, and
more than 120 h for the AdItAg:; and AdItAg/pHT315-
Placz mutant. This result indicates that D-alanylation of
LTAs is crucial to the virulence of Bt to host insect.

(B)

0.5

P<0.05 P<0.05
0.4+ [ 1 1

o —

1 1

CFUx10°/mL

WT AdltAs AditAg-comp AdltAs/
pHT315-Pjsez

Impact of dIt operon on the adhesion ability of Bt to insect mid-gut epithelial cell line CF203.3 (A) and

zebrafish embryonic fibroblast ZF4 (B). The experiments were performed in triplicate. Data are shown as X s

from three biological replicates.
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Figure 8. In vivo virulence of WT, AdItAg;, AdItAg-

comp, and AdItAg/pHT315-P 5z to silkworm larva.
Bacteria at the end of the exponential phase were
collected, and about 1x10* CFU of each strain were
injected per fifth-instar larva. 20 larvae were injected
for each strain. All experiments were performed in
triplicate, and data are shown as X xs from one
representative experiment of three independent
experiments with similar results.

3 Discussion

The widespread distribution of dIt operon
among gram-positive pathogenic bacteria suggests
that D-alanylation of TAs is biologically important
in various microbial habitats, including affording
resistance to CAMPs of host. Here, we investigated
the role of dlit operon in Bt, which is very critical for
understanding and overcoming the potential
resistance of Bt when long-term and large-scale
application as insecticide. We firstly inactivated dItA,
an essential gene in dIlt operon, by allelic
replacement. By contrast, the resulting mutant
AdItAg; exhibited a series of changes, including
surface net charge, bacterial cell morphology,
growth and autolysis rate, biofilm production,
swarming motility, susceptibility to CAMPs,
adhesion ability to insect mid-gut epithelial cell, and
attenuated virulence. These observations further
illustrate the potential significance of dIt operon in
adaption and survival of Bt in host. It should be

noted that several phenotypic traits of the
complementation strain AdltAg;-comp did not fully
restored to the level of WT, including growth rate at
exponential phase (Figure 2-A), swarming motility
(Figure 6-B), and virulence (Figure 8). In order to
account for this discrepancy, we checked the
expression of dItA by quantitative real time PCR in
the complementation strain. Our result showed that
the transcription of dItA in the complementation
strain is about 35% of that in WT (data not shown).
The lower transcription of dItA is likely attributed to
the low activity of promoter P,z in Bt, resulting in
the phenotypes were not fully restored.

AdItAg; mutant displayed a slower growth rate
at late exponential phase and a rapider lysis process
at stationary phase, which were also confirmed in
other Gram-positive bacteria, such as Lactobacillus
plantarumt”, and B. cereus®™. However, an
exceptional example showed that depletion of
D-alanine does not affect global autolysis in C.
butyricum®®. Moreover, disruption of dItA strongly
alter the morphology of Bt cell since the AdItAg;
displayed irregular shape and rough surface which
were greatly different from WT (Figure 3). Such
drastic changes in cell morphology have also been
observed in a AdItX mutant derived from Bt 407
strain®™. In L. plantarum, deletion of dIt resulted in
cell perforations of cell envelopel*™). In AdItAg;, the
cell surface was more negatively charged than that
of WT (Figure 1), which is attributed to the absence
of positively charged D-alanyl esters that can
neutralize the negative charge. The contribution of
dIt operon to cell wall charge has been confirmed in
many Gram-positive bacteria, except for Lactococcus
lactis®®. In which, the D-alanylation of TAs in the
cell wall does not significantly affect the surface
charge™®. The authors proposed that the
incorporated D-alanyl esters of TAs are located
inside the cell wall, and are not exposed at the cell
surface, thereby do not affect the surface chargel*.
Taken together, inactivation of dlt operon can result
in a wide range of physiological consequence in

http://journals.im.ac.cn/actamicrocn



1910

Huan Wu et al. | Acta Microbiologica Sinica, 2019, 59(10)

different  Gram-positive  bacteria,
functional diversity of dlt operon.

The biofunction of dit operon is responsible for
the modification to the TAs on bacterial surface
through incorporation of D-alanine, and results in
the increase of negative change of cell surface®®. In
the current study, alcian binding assay confirmed
that inactivation of dItA in BMB171 obviously
increased net negative charge of Bt surface (Figure
1). Meanwhile, the increase of net negative charge
on Bt cell surface could enhance the electrostatic
interaction with CAMPs, thereby lead to
hypersensibility to CAMPs (Table 1). In many
Gram-positive bacteria, inactivations of dlt operon
were observed to increase negative charge on cell
surface, and resulted in decrease of bacteria to
CAMPsIST1L3 1n addition, inactivation of dItA in
Bt also led to decrease of tolerance ability to alkaline,
which is likely attributed to the change of cell wall,
such as perforation, and increased permeability of
cell. In this study, although significant change of
morphology of AdItAg; cell was observed, there is no
evidence to support the change of cell wall
permeability. The mechanism of altered tolerance
ability to alkaline in AdItAg should be investigated
in the following study.

Inactivation of dIt operon in Bt reduced
biofilm formation (Figure 5), promoted swarming
motility (Figure 5), which are two life traits involved
in bacterial behaviors. In B. subtilis, the two life
traits have been confirmed to be associated with the
bacterium’s ability to differentiate into distinct
coexisting cell types, including competent cells,
cannibal, motile, matrix-producing, sufactin-
producing, and sporulating cells®*®. In this study,
swarming motility is significantly enhanced in
AdItAg;, suggesting that, indeed, D-alanine
incorporation affords other ecological characteristics,
rather than merely conferring bacterial immunity to
CAMPs. Swarming motility is a collective bacterial
phenomenon®?, and requires the presence of
flagellum in cell surface®. The ability of swarming

suggesting

actamicro@im.ac.cn

motility for survival of pathogens is important since
it is helpful for the movement of pathogens to a
suitable environment where they can utilize nutrients
and proliferate rapidly. In this study, the significantly
increased swarming motility in AdItAg, is probably
attributed to the altered flagella expression caused
by the lack of D-alanylation of TAs. However, there
is no any experimental evidence available for
supporting this postulate. The detailed mechanism of
how D-alanylation of TAs negatively controls the
flagellum expression is beyond the scope of this
study but worthwhile for further investigation.

Production of biofilm is recognized as a
virulence factor in pathogens*. Previous studies
have described the effect of D-alanylation of TAs on
biofilm production in S. aureus™, E. faecalis™, L.
reuteri®, and Streptococcus sp.””!, which all
showed that lack of D-alanylation of TAs
significantly decreases the ability of biofilm
formation. Especially in S. aureus, D-alanine
incorporation of TAs has been confirmed to be
necessary for biofilm formation*). Here, AdltAg
mutant displayed significantly decreased biofilm
formation, suggesting that dit operon also plays a
key role for biofilm formation in Bt. Biofilm
formation is thought to be a two-step process that
requires the primary adhesion of bacteria to a target
surface followed by the formation of multiple cell
layers!*!. The charge of TAs was confirmed to play a
pivotal role in the initial step of biofilm formation in
S. aureus™. Hence, the positive impact of
D-alanylation of TAs on biofilm formation in Bt can
be explained by two possibilities: (i) the much
stronger negative charge in the AdItAg, mutant
probably leads to a pronounced increase in the
repulsive force, thereby disabling the adherence of
bacteria to artificial surface; (ii) low growth rate
during the exponential phase and high autolysis rate
during the stationary phases in AdItAg; (Figure 2-A)
decrease the density and, thus, the number of
adhering cells necessary during the first stage of
biofilm formation.
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AdItAg, mutant displayed altered adherence to
the mid-gut epithelial cell of insect in this study
(Figure  7-A). Previous studies have also
demonstrated that dIt mutant displays altered
adherence to host cells. For example, dItA mutant of
L. monocytogenes exhibited decreased adherence to
murine bone marrow-derived macrophagest”; dItA
mutant of S. gordonii displayed a significantly lower
level of binding to dendritic cells than its parent®!;
dItA mutant of Streptococcus sp. exhibited weak
abilities of adherence and invasion to human
pharyngeal epithelial cell line Hep-2!"\. In this study,
the decreased binding capacity of AdItAg; to mid-gut
epithelial cell of insect suggests that D-alanylation
plays an important role in modulating the binding of
Bt to host insect cell. The impaired ability of
adherence could be attributed to an increase of
negative charge in the AdItAg, surface causing a
decreased electrostatic interaction  with  the
negatively charged host cells.

We also took advantage of the silkworm
infection model to investigate the prominent role of
dit operon in the virulence of Bt to host insect.
Inactivation of dItA significantly attenuates the in
vivo virulence of Bt to silkworm by injection (Figure
8). Traditionally, the insecticidal activity of Bt is
thought to be mainly dependent on the crystal
proteins, which can be activated by protease and
then perforate the membrane of mid-gut epithelial
cells, ultimately lead to lysis of intestine cells and
mid-gut disarrangements®. While, Bt spores may
colonize, germinate, and multiply in the hemocoel of
insect, eventually killing larvae by septicemial®%,
In spite of the main contribution of insecticidal
crystal proteins, spores have also been shown to
contribute to overall entomopathogenicity*¥. The
current study further illustrates the contribution of
the vegetative cell of Bt modified by D-alanylation
to insecticidal activity.

In conclusion, this study confirmed that the dlt
resistance system of the entomopathogenic
bacterium Bt is effective against the humoral

immune system of insect, and contributes to the
virulence. Moreover, the impact of this system on
cellular responses to Bt infection in insect is
currently being studied, and these results will
increase our understanding of the mutual antagonism
mechanism between insect and its pathogenic
bacterium.
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