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Abstract

Pseudomonas taiwanensis is a broad-host-range entomopathogenic bacterium that exhibits insecticidal activity toward
agricultural pests Plutella xylostella, Spodoptera exigua, Spodoptera litura, Trichoplusia ni and Drosophila melanogaster. Oral
infection with different concentrations (OD = 0.5 to 2) of wild-type P. taiwanensis resulted in insect mortality rates that were
not significantly different (92.7%, 96.4% and 94.5%). The TccC protein, a component of the toxin complex (Tc), plays an
essential role in the insecticidal activity of P. taiwanensis. The DtccC mutant strain of P. taiwanensis, which has a knockout
mutation in the tccC gene, only induced 42.2% mortality in P. xylostella, even at a high bacterial dose (OD = 2.0). TccC
protein was cleaved into two fragments, an N-terminal fragment containing an Rhs-like domain and a C-terminal fragment
containing a Glt symporter domain and a TraT domain, which might contribute to antioxidative stress activity and defense
against macrophagosis, respectively. Interestingly, the primary structure of the C-terminal region of TccC in P. taiwanensis is
unique among pathogens. Membrane localization of the C-terminal fragment of TccC was proven by flow cytometry.
Sonicated pellets of P. taiwanensis DtccC strain had lower toxicity against the Sf9 insect cell line and P. xylostella larvae than
the wild type. We also found that infection of Sf9 and LD652Y-5d cell lines with P. taiwanensis induced apoptotic cell death.
Further, natural oral infection by P. taiwanensis triggered expression of host programmed cell death-related genes JNK-2
and caspase-3.

Citation: Chen W-J, Hsieh F-C, Hsu F-C, Tasy Y-F, Liu J-R, et al. (2014) Characterization of an Insecticidal Toxin and Pathogenicity of Pseudomonas taiwanensis
against Insects. PLoS Pathog 10(8): e1004288. doi:10.1371/journal.ppat.1004288

Editor: David S. Schneider, Stanford University, United States of America

Received February 7, 2014; Accepted June 17, 2014; Published August 21, 2014

Copyright: � 2014 Chen et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by funding from Academia Sinica, Taiwan. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* Email: jrliu@ntu.edu.tw (JRL); mcshih@gate.sinica.edu.tw (MCS)

Introduction

The pathogenic ability of many insecticidal bacteria depends on

toxin complexes that consist of proteins encoded by gene clusters

scattered around their genomes [1,2]. Toxin complexes (Tcs)

comprise three different classes of functional components, TcA,

TcB and TcC, which display different insecticidal functions in

several entomopathogenic bacteria [2]. However, the mechanism

by which Tcs cause insect lethality remains largely unknown. Most

studies have reported that full insecticidal activities require intact

toxin complexes, which are formed by cross-linking of the A, B

and C components [3–5]. In the bacterium Photorhabdus
luminescens, toxicity and insecticidal activity of the A component

(TcdA) was enhanced by co-expression of the B (TcdB) and C

components (TccC) [4,5]. When TcdA1 or TcdB2/TccC3 or

TcdB2/TccC5 fusion proteins were used alone for infection of

Galleria mellonella hemocytes, phagocytosis was ineffective.

However, a combination of TcdA1 and TcdB2/TccC3 or

TcdB2/TccC5 produced toxicity [5].

Nevertheless, the A component (TcdA) of P. luminescences W14

expressed at a high level in transgenic Arabidopsis is sufficient to

cause high toxicity to Manduca sexta [6]. Lee et al. analyzed the

3-D structure of the A component TcA-like protein (XptA1) of

Xenorhabdus nematophila PMFI296 and found that this protein

formed a bottle-shaped tetrameric complex and bound to target

cell membranes, and might be responsible for delivering the toxin

complex [7]. Fragment analysis of TcdA showed that its N-

terminus causes rearrangement of actin cytoskeleton and its C-

terminus of coiled-coil domain promotes protein-protein interac-

tions in mammalian tissue culture cells [4]. In the B component,

the N-terminus of TcdB1 contains SpvB-like domain and C-

terminus contains RCC1-like domains, which also causes actin

contraction [4]. The SpvB domain encodes a mono-ADP-

ribosyltransferase [8] and the RCC1-like domain mediates

chromatin condensation [9]. In Tcs, the B component may

interact with the A and C components and modify the C

component [4]. Although TccC from Xenorhabdus alone has a

high toxicity using a microsyringe injecting method against the

wax moth Galleria [10], TccC recombinant protein isolated from

E.coli expressing Photorhabdus tccC gene displays little oral

activity alone [3,4]. TcdA1/TcdB2/TccC3 fusion protein mod-

ifies threonine-148 of actin by ADP-ribosylation and induces

actin clustering in G. mellonella hemocytes and HeLa cells [5].

However, TcdA1/TcdB2/TccC5 fusion protein modifies
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glutamine-61 and glutamine-63 of RhoA by ADP-ribosylation [5].

This suggests that different amino acid regions in TccC3 and

TccC5 are responsible for their biological activities and diverse

toxin components might derive different functional activities from

variable compositions of domains and motifs in different

entomopathoenic bacteria. Also, the possibility that a single

component of the Tcs has oral toxicity against insets cannot be

excluded.

Despite extensive studies on functions of the Tc components,

little is known about the relationship between pathogenicity caused

by Tc components and insect immune responses. Reactive oxygen

species (ROS), anti-microbial peptides (AMPs), lysozymes, pattern

recognition proteins, circulating recognition molecules and

phagocytes are involved in the defense mechanisms of the insect

immune system [11]. After oral ingestion, the local immune system

is triggered in the intestinal tract cells of Drosophila to produce

AMPs and ROS, important and complementary contributors to

defense against ingested microbes [12,13]. Pathogens have

developed strategies to counteract host immune responses, evading

the local immune system to promote pathogenicity [14]. Pseudo-
monas entomophila, which lacks a type III secretion system,

develops multiple virulence factors to promote its pathogenicity

[15]. Among these virulence factors, AprA metalloprotease plays

an important role in fighting against the AMPs of Drosophila [14].

In addition, P. entomophila causes changes in expression levels in

the genes that modulate the cytoskeleton components of the gut

epithelium of the host through the JNK pathway [16]. Oxidative

burst increases epithelium renewal and boosts the gut homeostasis

system, which induces stem cell proliferation. In the Drosophila
midgut, epithelium renewal is essential to defend against bacterial

oral infection and is controlled by the immune response. The JNK

(c-JNK NH2 terminal kinase) pathway is required for intestinal

stem cells to maintain and proliferate after human pathogen

Pseudomonas aeruginosa [17,18] and insect pathogen Pseudomo-
nas entomophila infection [19].

Pseudomonas taiwanensis is a novel Gram-negative bacterium

isolated from soils that can grow on medium with shrimp shell

powder as the sole carbon and nitrogen source [20]. Interestingly,

P. taiwanensis displays high levels of extracellular chitinasae,

chitosanase, and nattokinase activities under shrimp shell medium

[21,22]. P. taiwanensis also has a broad-host range of insecticidal

activity against a Dipteran species (Drosophila melanogaster) and a

number of Lepidopteran species (Plutella xylostella, Spodoptera
exigua, and Trichoplusia ni). Recombinant TccC from

P. taiwanensis alone caused mortality of Drosophila larvae,

indicating that the TccC of P. taiwanensis has toxic properties

independent of other components [23]. Comparison of amino acid

sequences showed that the N-terminal fragments of different TccC

components are highly conserved, while the C-terminal regions of

TccC components are hypervariable [5,24]. In this study, we

investigated the mechanisms underlying the colonization of

P. taiwanensis in the guts of insect larvae, its evasion of host

immune response and its disruption of the intestinal barrier after

oral ingestion. We analyzed the damage caused by P. taiwanensis
and examined the signaling pathways triggered by P. taiwanensis
in larval guts after oral infection. In addition, we characterized the

function of the virulence factor TccC of P. taiwanensis and

showed that the C terminus of TccC from P.taiwanensis might

play an important role in its pathogenicity.

Results

Insecticidal activity of TccC of P. taiwanensis toward
P. xylostella

In a previous study, the tccC gene from P. taiwanensis was

overexpressed in E. coli and the recombinant TccC was able to

increase the mortality in Drosophila larvae [23]. In addition to

Drosophila melanogaster, we found that P. taiwanensis has

insecticidal activity against a number of Lepidopteran species,

including several vegetable pests Plutella xylostella, Spodoptera
exigua and Trichoplusia ni (Table S1). Here, we investigated the

in vivo insecticidal activities of the P. taiwanensis TccC against the

Lepidopteran species P. xylostella. The expression level of TccC in

P. taiwanensis was highest when bacterial cells reached the

stationary phase (24 h) (Figure 1A). Therefore, we collected

P. taiwanensis cells at this stage and determined their toxicity.

The P. taiwanensis cells were orally administered to the

P. xylostella larvae. The larvae in the treatment group exhibited

slower growth and were melanized, dehydrated, and rigid in

comparison with those in the control group (Figure 1).

We compared the amino acid sequences of several TccC-like

proteins from different pathogens, and found that all of them had

an N-terminal conserved RhsA-like domain and a C-terminal

hypervariable fragment (Figure S1). Interestingly, the TccC of

P. taiwanensis has a unique sodium/glutamate symporter-like

domain and a TraT-like domain in the C-terminal region (Figure

S1). In order to evaluate the function of the TccC protein, we

generated an isogenic tccC gene knockout mutant, designated

DtccC, of P. taiwanensis (Figure S2). Table 1 shows the mortality

rates of P. xylostella larvae orally administered with whole cells or

different cell fractions of wild-type or DtccC P. taiwanensis. The

mortality of P. xylostella larvae infected with P. taiwanensis DtccC
strain (OD = 2.0) was only 42.4% while those infected with wild-

type P. taiwanensis was 94.5% (Table 1). We further prepared

different cellular fractions of P. taiwanensis (Figure S3) and tested

their effects on P. xylostella larvae. More than 50% of P. xylostella
larvae infected with cell lysates, insoluble lysates (cell membranes

and cell wall pellets) and extracellular supernatants of wild-type

P. taiwanensis died at the end of the 5-day feeding period

(Table 1). Moreover, the mortalities of P. xylostella larvae infected

with cell lysates and insoluble pellets of P. taiwanensis DtccC were

lower than those infected with wild-type lysates (Table 1). These

results indicate that the insecticidal activity of P. taiwanenesis
might be attributable, at least in part, to the TccC.

Author Summary

Most entomopathogenic bacteria can produce toxin
proteins and proliferate in the intestines of insects after
natural oral ingestion. These bacteria can evade the
systemic and local immune responses of insects. Here,
we used insect larva of the diamond back moth (Plutella
xylostella), a cruciferous crop pest to study the pathogenic
mechanism of infection by novel bacterium Psudomonas
taiwanensis. We examined how P. taiwanensis colonizes
and escapes the immune response in the gut of P.
xylostella and the mechanism of pathogenesis after oral
ingestion of P. taiwanensis. Oral ingestion of P. taiwanensis
induced severe damage in intestinal cells of P. xylostella
and disrupted intestinal epithelial integrity. A toxin
protein, the C component of insecticidal toxin protein
complex (TccC) contributed to the pathogenicity of P.
taiwanensis by thwarting oxidative stress and phagocytosis
and inducing apoptosis in the gut cells of the host. Taken
together our results shed light on the bacterial pathogenic
processes in insect hosts, particularly the mechanism of
pathogenesis of P. taiwanensis.

Insecticidal Toxin and Pathogenicity of Pseudomonas taiwanensis
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Infection of Lepidopteran larvae with toxins, bacteria or viruses

caused the appearance of apical protrusion and protrusion

ruptures in the damaged enterocytes [25]. Therefore, we

performed histological analyses to assess the effect of P.
taiwanensis infection on the intestinal tracts of P. xylostella. The

ultrastructure of the midgut of P. xylostella larva showed that oral

infection with P. taiwanensis had a strong impact on gut cells

(Figure 2). After infection with P. taiwanensis for 48 h, apical

protrusion of enterocytes, abnormal microvilli and cell lysis were

induced in the guts in P. xylostella (Figure 2B compared with 2A)

indicating that P. taiwanensis infection caused serious injury to the

midgut epithelial cells, which could not be repaired in the

homeostatic process and finally caused the death of the host.

Similarly, ultrastructure sections of P. xylostella larvae that

ingested 100 ng toxin complex (Tc)/cm2 food, showed columnar

cells in the guts containing many vesicle-like structures [26]. In

Figure 1. Relative expression levels of tccC and toxicity of P. taiwanensis to P. xylostella larvae. (A) The tccC expression levels in different
growth phases (grey bar) of P. taiwanensis were analyzed by real-time PCR and compared with internal control 16S rRNA gene (white triangle).
Growth curves of P. taiwanensis were measured by OD600 (black circle). (B) P. xylostella larvae were infected after 3 days of oral ingestion by P.
taiwanensis. Left, control (non-infection). Center, infection. Right, death. Larvae, three instar. Ingestion does: 50 ml OD = 1 cells/0.561 cm2 vegetable
block. Scale bar = 0.5 cm.
doi:10.1371/journal.ppat.1004288.g001

Table 1. P. xylostella mortality after oral infection with P. taiwanensis wild-type and DtccC strains or their cell lysate, sonicated
pellet, sonicated supernatant, or culture supernatant on day 5.

Treatmenta % Treated mortality (n)b P value (two tailed)c

Controld 1.8% (1/55) P,0.05

Whole cells of P. taiwanensise

Wild-type strain

OD = 0.5 92.7% (51/55) P,0.05

OD = 1.0 96.4% (53/55) P,0.05

OD = 2.0 94.5% (52/55) P,0.05

DtccC mutant strain

OD = 2.0 42.4%(14/33) P,0.05

Crude extract of P. taiwanensisf

Wild-type strain

Cell lysates 67.3% (33/49) P,0.05

Insoluble lysates 50.0% (24/48) P,0.05

Soluble lysates 31.3% (15/48) P,0.05

Secretory proteins 65.9% (29/44) P,0.05

DtccC mutant strain

Cell lysates 45.6% (21/46) P,0.05

Insoluble lysates 25.0% (11/44) P,0.05

Soluble lysates 32.7% (16/49) P,0.05

Secretory proteins 64.3% (27/42) P,0.05

aP. taiwanensis wild-type, DtccC mutant strains, and their various proteins fractions were fed to three instar of healthy larvae.
bMortality is the percentage of larvae death. n is the sample size of the treated groups. The data were collected on day 5.
cThe two tail student t-test was used to elucidate statistical significance. Each treatment was repeated three times.
dSimilarity with b, n is the sample size of the negative control PBS-treated group.
eIngestion dose: 50 ml OD = 0.5, 1, 2 cells/0.561 cm2 vegetable block.
fIngestion dose: The crude extract contained 300 ng of proteins.
doi:10.1371/journal.ppat.1004288.t001
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contrast, ingestion of the DtccC mutant only resulted in abnormal

microvilli in P. xylostella intestinal tracts, without any apical

protrusions or cell lysis (Figure 2C).

Damage to the gut can induce stem cells to proliferate and

differentiate to replace the damaged cells, producing a higher

number of goblet cells with a larger size than the control group

[25,27,28]. Homeostasis of gut cells, through which damaged cells

are replaced with newly differentiated enterocytes and goblet cells,

is very important during infection [18,25]. Lethal pathogens are

capable of overcoming host immune defenses, and eventually

blocking gut homeostasis [17]. Of particular interest, in this study,

we observed that oral infection of P. xylostella with P. taiwanensis
DtccC resulted in a greater number of goblet cells in the midgut

system (Figure 2C) as compared with the non-infected or wild-type

P. taiwanensis-infected P. xylostella (Figure 2A and 2B) indicating

that only infection with DtccC, but not the wild-type, could induce

the differentiation of damaged cells and the formation of many

goblets in the midgut system. On the other hand, we also found

that enlargement of the goblet cavity did not occur in DtccC

infection (Figure 2C). It is likely that over-proliferation of

differentiated goblet cells replaced damaged gut cells when

P. xylostella was infected by the DtccC mutant strain. Wild-type

P. taiwanensis, however, displayed severe damage, inducing

collapse of the epithelial layer, enlargement of goblet cells, and

rupture of apical protrusion (Figure 2B). This suggests that the

toxicity of P. taiwanensis DtccC was lower than that of the wild-

type strain, and the midgut epithelial cells could be repaired

(Figure 2C).

The colonization and invasion of midgut epithelial cells of

P. xylostella by P. taiwanensis were further confirmed by bacterial

quantification and histological examination. After oral infection

for 48 h, the bacterial counts of P. taiwanensis DtccC were lower

than those of wild-type strain in the midgut of P. xylostella
(Figure 3A). In addition, the midgut epithelial cells were seriously

disrupted by wild-type P. taiwanensis after oral infection for 48 h

(Figure 3B).

The insecticidal activity of the TccC was further confirmed by

treatment of Sf9 insect cells with different P. taiwanensis cell

fractions (Figure 4). The survival rates of Sf9 insect cells exposed to

the intact cells (P. taiwanensis alive), cell lysate (total proteins),

Figure 2. TccC of P. taiwanensis contributes to damage to the
midgut of P. xylostella larvae. Histological tissue of midgut sections
were collected with (A) non-infection or (B) 48 h after oral infection by
wild-type or (C) tccC mutant P. taiwanensis. In non-infection larva, the
larval stage epithelium presents enterocytes (E, commonly called
columnar cells), goblets cells (G), microvilli (MV). After 48-h oral
infection with P. taiwanensis considerable damage to gut cells such
as apical protrusion (AP), cell lysis, and abnormal microvilli can be seen.
Although tccC mutant also causes abnormal microvilli, infection with
tccC mutant did not result in any apical protrusion or cell lysis. In
surviving larva, the damaged gut induced stem cell proliferation and
differentiation and promoted gut cell renewal, resulting in tccC mutant-
induced morphological alterations in goblet cells that are not seen in
non-infected or wild-type P. taiwanensis infection insects. Scale
bar = 20 mm.
doi:10.1371/journal.ppat.1004288.g002

Figure 3. TccC is instrumental in P. taiwanensis persistence in
the gut of P. xylostella and in invasion of the epithelium cells. (A)
Comparison of colonization through bacteria persistence in P. xylostella
larvae. After oral infection by P. taiwanensis wild-type strain and tccC
mutant strain, the numbers of colony-forming-units (cfu) were
calculated at different time points. (B) Gram stain of P. xylostella
midgut tissue section was observed after oral infection by P. taiwanensis
for 48 h. The epithelial cells were invaded and lysed by P. taiwanensis.
At 48 h, P. taiwanensis crossed the epithelium barrier of midgut into the
cells. Pt, P. taiwanensis; CD, cell debris; E, enterocytes; L, lumen. Scale
Bar = 10 mm.
doi:10.1371/journal.ppat.1004288.g003

Insecticidal Toxin and Pathogenicity of Pseudomonas taiwanensis
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soluble lysate (cytosolic proteins) and insoluble lysate (cell wall and

cell membrane) of wild-type P. taiwanensis were significantly

lower than those exposed to PBS buffer (Figure 4A–D). On the

other hand, the survival rates of Sf9 insect cells exposed to the

intact cells or cell wall pellets of P. taiwanensis DtccC were not

significantly different from those exposed to PBS buffer, only those

exposed to the cell lysates or soluble lysate of P. taiwanensis DtccC
were significantly decreased. Since P. taiwanensis DtccC did not

express TccC, it was likely that some other virulence factors were

present in the cell lysates of P. taiwanensis DtccC. Furthermore,

active phagocytosis was found in Sf9 viable cells, a characteristic

phenomenon during in vivo apoptosis but uncommon for in vitro
cultures. Sf9 cells are phagocytic and contain unusually high

numbers of phagosomes, particularly after glucose depletion [29].

In the early infection stage (after incubation for 1 h), RFP-labeled

P. taiwanensis was phagocytosed by Sf9 cells (Figure S4A). After

incubation for 3 h, lysis of Sf9 cells infected with P. taiwanensis
was observed, as compared with no lysis in non-infected cells

(Figure S4B and S4C).

Induction of apoptotic cell death by TccC of
P. taiwanensis

In a previous study, both the JNK and JAK-STAT pathways

and several cell proliferation genes of adult Drosophila were

significantly induced after oral infection with P. entomophila [16].

The JNK pathway was activated in apoptotic or proliferative cells

[30]. To determine whether P. taiwanensis infection induces

apoptosis in Lepidopteran Sf-9 and LD-5d cells, we used Annexin

V-FITC to stain for apoptotic cells and DAPI staining to

determine total cell numbers. Apoptosis was detected in Lepidop-

teran Sf-9 and LD-5d cells after 10 h of infection with

P. taiwanensis (Figure 5A and 5B) and significantly higher

mortality rates were observed than in the non-infection control

(Figure 5C). Furthermore, the JNK pathway of the gut epithelial

cells of P. xylostella larvae was triggered by P. taiwanensis
infection (Figure 6). In addition to the JNK pathway, we also

examined the expression of the caspase genes, which can also

induce apoptotic cell death [31]. After 48-h oral infection with

P. taiwanensis, the expression level of cleaved-caspase-3 was

increased in the midgut cells (Figure 6). The expression levels of

JNK-2 and cleaved-caspase-3 in P. xylostella larva infected with

P. taiwanensis DtccC were lower (Figure 5) than in the wild-type

strain of P. taiwanensis, indicating that TccC might induce

apoptosis and play an important role in cell death of the gut

epithelial cells of P. xylostella larvae.

Effect of TccC on the antioxidant response of
P. taiwanensis

The digestive tracts of healthy insects are protected against

bacterial disruption by an intact gut epithelial barrier and the host

Figure 4. Toxicity of P. taiwanensis and various cell fractions on Spodoptera frugiperda Sf9 insect cells. (A) Survival rates of Sf9 cells after
infection of P. taiwanensis wild-type and DtccC (MOI = 1000) and protein fractions (10 mg/ml) derived from (B) cell lysates, (C) soluble lysates and (D)
insoluble lysates of P. taiwanensis. Every well in a 96-well plate contained 5000 Sf9 cells. The results are obtained by XTT proliferation assay P.
taiwanensis infection or protein treatment for 72 h.
doi:10.1371/journal.ppat.1004288.g004

Insecticidal Toxin and Pathogenicity of Pseudomonas taiwanensis
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Figure 5. Apoptosis-induced by P. taiwanensis infection in Sf9 and LD-5d cell lines. After P. taiwanensis (MOI = 1000) infection for 10 h, the
insect cell lines Sf9 (A) and LD-5d (B) were stained with Annexin V-FITC and DAPI staining. P. taiwanensis can induce apoptosis in Sf9 and LD-5d cells
after infection for 10 h. (C) The frequencies of apoptopic cells in (A) and (B) were quantified by calculating the ratio of Sf9 and LD-5d to DAPI positive
numbers. Scale bar = 20 mm.
doi:10.1371/journal.ppat.1004288.g005

Figure 6. Immunohistochemical analysis of cleaved-caspase-3 and JNK-2 protein expression level in the gut tissue of P. xylostella
larva. Expression level of caspase-3 was detected by immunohistochemical analysis using cleaved-caspase-3 or JNK-2 antibodies. Samples of larvae
were collected after oral infection for 48 h by P. taiwanensis wild-type or DtccC strain.
doi:10.1371/journal.ppat.1004288.g006

Insecticidal Toxin and Pathogenicity of Pseudomonas taiwanensis
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immune defense system. In the insect gut system, antimicrobial

peptides (AMPs) and reactive oxygen species (ROS) are important

elements of the defense system against invading pathogens [11]. In

order to overcome the attack of AMPs, P. entomophilas secretes an

abundant protease (AprA) that degrades AMPs [14]. We analyzed

the protease and antioxidant responses of P. taiwanensis strains to

evaluate their resistance against the insect gut immune system. At

the stationary phase of bacterial growth, P. taiwanensis secreted

large amounts of proteases (Figure S5) and showed high

antioxidant response (Figure S6). Interestingly, the antioxidant

response of P. taiwanensis DtccC was significantly lower than that

of wild-type P. taiwanensis (Figure S6), indicating that the

antioxidant response of P. taiwanenesis might be directly or

indirectly regulated by the TccC.

In order to confirm the involvement of the TccC in antioxidant

response, wild-type and DtccC P. taiwenansis were exposed to

different concentrations of hydrogen peroxide and the bacterial

counts were determined. The results showed that wild-type

P. taiwenansis had a higher survival rate than DtccC (Figure 7A),

demonstrating that TccC also played a role in the protection of

bacterial cells against ROS. ROS induced greater damage in the

tccC mutant at high concentrations of H2O2 treatment

(Figure 7A). The P. taiwanensis TccC protein contains a

sodium/glutamate symporter Glts–like domain in its C-terminal,

which might function in glutamate transport. To compare the

glutamate uptake activity of wild-type and DtccC mutant,

P. taiwanensis cells were cultured in medium containing

250 mM of 15N-L-glutamate for 4 hours. Uptake activity of 15N-

L-glutamate was defined as enrichment of 15N content in P.
taiwanensis cells. The results showed that glutamate uptake

activity was much lower in DtccC than in the wild-type (Figure

S7), which is consistent with the hypothesis that TccC has

glutamate import activity. Since L-glutamate can be converted to

glutathione, TccC might play a role in defense against ROS attack

and maintain the intracellular redox potential in P. taiwanensis.
We, therefore, next determined whether P. taiwanensis possesses

the ability to degrade hydrogen peroxide (H2O2). We found that

1 mM H2O2 was quickly degraded after incubation with wild-type

P. taiwanensis for 2 min. In contrast, it took 15 min to completely

decompose when incubated with tccC mutant (Figure S6).

Together, our results suggest that wild-type P. taiwanensis has

higher H2O2 detoxification activity, and is, therefore, more

resistant to ROS attack generated by the host immune response

than the tccC mutant.

Antiphagocytic activity of TccC
To evaluate the antiphagocytic activity of TccC, we performed

a phagocytosis assay in which wild-type and DtccC P. taiwanensis
cells were fluorescent-labeled with CFSE and then incubated with

mouse macrophage cells. As seen in the scatter plot in Figure 7B,

macrophage cells incubated with fluorescent-labeled P. taiwanen-
sis DtccC for 30 min showed a shift in the peak position toward

higher fluorescence intensity, indicating that the amount of

phagocytized DtccC was larger than that of phagocytized wild-

type P. taiwanensis. To substantiate the findings of the scatter plot

analysis, the percentage of phagocytized P. taiwanensis was

calculated (Figure 7C). The mouse macrophages engulfed fewer

wild-type cells than the DtccC cells, suggesting that wild-type

P. taiwanensis possessed antiphagocytic activity that might be

partly attributable to TccC. We also analyzed the cytotoxicity of

P. taiwanensis wild-type and DtccC toward mouse macrophages

and found that the survival rate of mouse marcophages in the

presence of the wild-type was not different from that in the

presence of DtccC, suggesting that P. taiwanensis does not have a

cytotoxic effect on mouse macrophages (Figure S8).

Processing and location of TccC in vivo
Based on Pfam domain prediction, TccC is predicted to possess

an RhsA domain (11-673), an Rhs repeat-associated core (600-

680), and sodium/glutamate symporter-like (726-825) and TraT

complement resistance-like domains (736-781). In addition, three

transmembrane regions (718-742, 744-758, 760-778) were pre-

dicted at the C-terminal region (Figure 8A, vertical red bars).

Western blot analyses were performed to determine the subcellular

localization of the TccC protein in P. taiwanensis (Figure 8B).

Three cellular fractions were prepared according to the method

outlined in Figure S3. Surprisingly, two protein bands were

detected in the total cellular protein fraction, a ,70 kD and a

,40 kD bands, representing a processed form of TccC protein

(Figure 8B, lane CL). In the soluble protein fraction, only the

,70 kD band was detected (lane SL), whereas in the insoluble

pellet fraction that contained cell wall and membrane proteins

only, the processed ,40 kD band was detected (lane IL). This

suggests that TccC protein was processed when it was inserted into

the membrane of P. taiwanensis cells. Because the C-terminal of

the TccC contains three transmembrane regions, we suspect that

the C-terminal domain of TcCC was integrated into the

membrane.

We have observed that the recombinant TccC protein also was

similarly processed in E. coil expression system. To further

characterize the cleavage process, TccC with 6xHis-tag was cloned

into a broad host range vector pCPP30, and overexpressed in

P. taiwanensis and E.coli (BL21) (Figure S9). The His-tagged

TccC proteins were purified using a nickel ion column. Western

blot analysis showed that processed forms of TccC proteins with

similar molecular weight were purified from both E. coli and

P. taiwanensis (Figure S9). This result suggests that the TccC has a

similar cleavage site in E.coli and P. taiwanensis.
To test whether the TccC was indeed integrated into cell

membrane, the TccC was labeled with FITC to trace the outer

membrane fraction by staining with TccC-FITC antibody. Flow

cytometry analysis showed that the fluorescence signal of TccC on

the cell surface of P. taiwanensis had significantly higher density

than the non-stained control (Figure 8C). In contrast, no

significant fluorescence density was detected in the tccC mutant.

Discussion

Although toxin complex (Tc) genes that encode insect toxins are

found in many entomopathogenic bacteria, the mechanisms of

action of these toxin complexes are not well understood. In our

previous study, we found that oral ingestion of the purified

recombinant C component of the toxin complex TccC-like protein

from P. taiwanensis caused high mortality in Drosophila [23]. In

this study, we demonstrate that tccC mutant has lower toxicity

toward larvae of the agricultural pest P. xylostella than the wild-

type (Table 1). However, tccC mutant still induces a 42.4%

mortality rate. Therefore, in addition to TccC as an insecticidal

factor, P. taiwanensis also triggers others virulence factors or

cofactors to produce the toxic effect. From our unpublished whole

genome sequencing data, we found many virulence-related factors,

such as other components of insecticidal toxin complexes (tccA,

tccB, tcdB), lipases, proteases, chitinase, nonribosomal peptides

and repeat-in-toxin (RTX), which might have toxic effects on

insects.

In the genome of P. taiwanensis there are two homologus tccC
genes located in different gene clusters. TccC (846 aa) and TccC2
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(896 aa) have 57% amino acid sequence identity in the RhsA

domain (Figure S1), but have little similarity in other regions.

TccC has predicted Glt and TraT domains in the C-terminus,

while TccC2 has no predicted domains in the same region. We,

therefore, propose that TccC and TccC2 have different functions

in P. taiwanensis. TccC is induced in the stationary phase in

P. taiwanensis (Figure 1A), and like the toxin complex genes of

Clostridium botulinum is upregulated in the early stationary phase

[15,32,33]. In P. entomophila, which also infects Drosophila [15],

the GacS/GacA system regulates secondary metabolite formation,

and influences sigma factor ss accumulation to respond to stress of

Pseudomonas spp. in the stationary phase [34]. Virulence and

pathogenicity are also regulated by the GacS/GacA two-

component system [35]. Based on the similar expression patterns

of these toxin genes, we propose that TccC is also regulated by

GacS/GacA in P. taiwanensis.

Figure 7. TccC contributes to increases in oxidant stress defense and inhibits phagocytosis. (A) Antioxidant response was measured by
different H2O2 concentration treatments. Wild-type and tccC mutant of P. taiwanensis were exposed to different concentrations of H2O2 for 3 h and
surviving cells were detected by CFU. (B–C) Phagocytosis of CFSE-stained wild-type or tccC mutant of P. taiwanensis by macrophages was detected.
CFSE-stained wild-type or tccC mutant of P. taiwanensis incubated with macrophage (MOI = 1000) for 30 min and (B) following analysis of
phagocytosis and (C) quantification by flow cytometry. Untreated macrophage cells were used as a negative control.
doi:10.1371/journal.ppat.1004288.g007
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Histological tissues of midgut sections of P. xylostella displayed

severe damage caused by the ingestion of wild-type P. taiwanensis,
but ingestion of tccC mutant did not cause dramatic damage

(Figure 2). The tccC mutant induced P. xylostella larvae gut stem

cell proliferation and cell renewal (Figure 2C compared to 2A).

Conversely, wild-type P. taiwanensis disrupted gut cell renewal

(Figure 2B compared to 2A) and entered into gut cells (Figure 3B).

These results indicate that P. taiwanensis can evade insect

immune responses and colonize in the gut (Figure 3). Drosophila
melanogaster produces antimicrobial peptides (AMPs), reactive

Figure 8. TccC processing and locations of fragments in P. taiwanensis. (A) According to the predicted protein domains, TccC possesses a
highly conserve RhsA protein (11-673) in the N-terminus and Rhs repeat-associated core domain (600-680), sodium/glutamate symporter-like (726-
825), and TraT complement resistance-like proteins (736-781) in the C-terminus. The vertical line indicates three transmembrane fragments at the C-
terminal hypervariable region (IIYVLMSVVLEALATTIGMAGGLLGGAAGGAIGGAVGGVIANVPGAAVGATWGASVGGLVG). The amino acid sequence of the
transmembrane helix was predicted by Philius transmembrane prediction server. (B) TccC fragments were detected in different locations in P.
taiwanensis by western blotting using TccC antibody. Cell lysate (CL), soluble lysate (SL), and insoluble lysate (IL) to confirm TccC location was
obtained according to the experimental steps outlined in Figure S3. (C) TccC was measured by flow cytometry after staining with TccC-FITC antibody.
Wild-type and DtccC were compared with the non-stained control of P. taiwanensis.
doi:10.1371/journal.ppat.1004288.g008
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oxygen species (ROS) and hemocytes in local and systemic

responses to defend against pathogens [11,14,36]. Pathogens can

degrade AMPs by zinc metalloprotease (AprA), protect cells from

ROS-induced damage by antioxidant enzymes, and inhibit

phagocytosis by hemocytes [11,14,36]. Because Drosophila
immune responses are shared with other higher organisms

[36–38], we used the information gained from the Drosophila
studies to investigate the interaction between agricultural pest

P. xylostella and P. taiwanensis. Our results showed that

P. taiwanensis is involved in resistance to a burst of high H2O2

in the environment (Figure 7A) and is capable of degrading H2O2

(Figure S6). P. taiwanensis also produces proteinase activity in the

stationary phase (Figure S5). In phagocytosis, P. taiwanensis-RFP

labeled cells were engulfed by Sf9 cells to form phagosomes,

resulting in the lysis of Sf9 cells (Figure S4). These mechanisms

together enable P. taiwanensis to effectively colonize in the gut of

P. xylostella larvae. In an interaction between P. taiwanensis and

mouse macrophages, P. taiwanensis displayed antiphagocytosis

activity (Figure 7B and 7C). However, P. taiwanensis did not

cause mouse macrophage death (Figure S8). Similar to entomo-

pathogenic P. entomophila [15], P. taiwanensis did not infect

macrophages because it lacks a type III secretion system

(unpublished whole genome database).

The Tc has been well characterized from the insect pathogen

P. luminescens, and the TcC component that has biological

activity in the C-terminal hypervariable region have been

identified as ADP-ribosyltransfeases [39]. A previous study showed

that TcC-like (TccC) protein may be cleaved and coexpressed with

TcB (TcdB) by an unclear mechanisms [4]. Recently, Aktories and

colleagues showed that TcC was autoproteolytically cleaved and

secreted the C-terminal region into host cells by the TcA channel

of the tripartite Tc toxin complex [39]. However, in the

P. taiwanensis system, we found that TccC was autoproteolytically

cleaved and the cleaved-C-terminus was integrated into the cell

membrane (Figure 8B and S9). This result is consistent with the

observation that the C-terminus of TccC consists of a transmem-

brane GltS-like domain and a TraT-like domain (Figure 8A). The

Tc mechanism seems to be very different in P. taiwanensis and

P. luminescens. The biological activity of TccC depends on C-

terminal functional regions. Therefore, there may be functional

differences in Tcs across pathogens that correlate with the

differences in the amino acid sequences in the hypervariable

regions of TccCs (Figure S1).

Analysis of the tccC mutant indicated that TccC, which is

associated with defense against local immune response, signifi-

cantly contributes to the colonization of P. taiwanensis in the gut

(Figure 3A). Considerably less damage was seen in the intestinal

tract after ingestion of the tccC mutant. The gltS gene encodes the

sodium-dependent glutamate symporter which transporters L-

glutamate into bacterial cells [40,41]. Nitrogen metabolism of L-

gultamate plays an important role in the colonization and

pathogenicity of some bacteria such as Streptococcus pneumonia,

Helicobacter pylori and Neisseria meningitidis [42–44]. In the L-

glutamate uptake system of N. meningitidis, L-glutamate is

converted into glutathione, which can detoxify ROS produced

by polymorphonuclear neutrophil leucocytes [44]. In the insect gut

system, ROS is an important element in the defense against

invading pathogens [11]. In an in vitro analysis, we showed that

the tccC mutant had less H2O2 detoxification activity, which might

be attributed to the function of the GltS-like domain (Figure 7A).

Conversely, we propose that the TraT-like domain in the C-

terminus of TccC might have other functions. TraT is an outer

membrane protein that mediates the barrier function, which

excludes toxic compounds such as bile salts, lysophosphatides,

lysozymes, phosphlipases and proteases in the environments from

entering cells [45,46]. TraT can also inhibit phagocytosis by

macrophages [47]. The tccC mutant of P. taiwanensis increased

phagocytosis by mouse macrophage cells (Figure 7). However, we

cannot exclude the possibility that reduced toxicity of the tccC
mutant per se resulted in enhanced phagocytosis. Previous studies

showed that P. luminescens inhibited phagocytosis by utilizing the

toxin complex rather than a single component [5,48]. Therefore, it

is likely that the Tc complex is not formed in the tccC mutant,

affecting the antiphagocytosis activity of the mutant. Outermem-

brane proteins and lipoproteins are known to be involved in host-

pathogen interactions, such as adhesion and permeability barrier,

maintaining intracellular physiological functions, and promoting

host immune responses and barrier disruption by pathogens

[49,50]. Among the Tcc genes with known sequences, only the C-

terminal of TccC from P. taiwanensis has Glts and TraTdomians

with potential permease functions. These permease activities might

contribute to the insecticidal activity after oral infection by

P. taiwanensis.
A number of studies have demonstrated that Tc toxin

complexes are involved in pathogenicity in insects; however, none

has shown whether signal transduction pathways are triggered by

Tc toxin complexes or by a single component. Our results showed

that P. taiwanensis triggers the JNK and caspase pathways in the

gut system, which mediate inflammation and apoptosis of

damaged cells, respectively (Figure 6). The tccC mutant did not

induce the JNK and caspase pathways in gut cells, suggesting that

TccC plays a role in triggering the cell homeostasis and apoptosis

signaling pathways. Consistently, infection of P. taiwanensis
induced apoptosis in insect cell lines (Figure 5). Histological

analysis of the midgut showed that the epithelium cells sustained

less damage and displayed cell renewal after infection by the tccC
mutant (Figure 2C). These data demonstrate that TccC has a

significant effect on the P. taiwanensis and P. xylostella interaction

and contributes to cell death mediated by JNK- and caspase-

depend pathways. Cleaved-caspase-3 is the active form of caspase-

3 in damaged cells and is regarded as an apoptotic initiator in

mammalian cells. Insects like Drosophila and Choristoneura
fumiferana are also known to have a similar mechanism [31,51].

In this study, our IHC analysis proved that cleaved-caspase-3

accumulates in the damaged gut cells of P. xylostella after infection

by P. taiwanensis and thus induces apoptosis. Previously, many

studies have focused on using recombinant proteins to examine the

toxicity of Tcs, but the mechanism by which Tc complexes work

and the host cells respond are still poorly understood. The results

presented here demonstrate that the TccC in P. taiwanensis can

induce host damage by triggering signal transduction of the

apoptosis pathway after oral infection.

Materials and Methods

Bacterial strains, culture condition, and antibiotics
P. taiwanensis BCRC 17751 [23] was used as the entomo-

pathogenic species. Escherichia coli DH5a was used in all

construction experiments. E. coli S17-1 [52] was used for

biparental mating with P. taiwanensis, and E.coli BL21 was used

to express recombinant protein. P. taiwanensis and E. coli were

grown in Luria-Bertani (LB) broth or on an agar plate.

P. taiwanensis cultures were grown at 30uC and E. coli cultures

were grown at 37uC. Antibiotics were applied at the following

concentrations: rifampicin (34 mg/ml), ampicillin (100 mg/ml),

and spectinomycin (100 mg/ml) for P. taiwanensis wild-type

cultured media; and kanamycin (30 mg/ml), tetracycline (20 mg/

ml) for P. taiwanensis mutant strain and overexpression strain,
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respectively; kanamycin (50 mg/ml), ampicillin (100 mg/ml), and

tetracycline (20 mg/ml) for E.coli strain.

Cell culture
Both the Lepidoptera insect Spodoptera frugiperda Sf9 cell line

and Lymantria dispar IPLB LD-652Y-5d cell line were provided

by Dr. C.H. Wang (Department of Entomology, National Taiwan

University). The gypsy moth (Lymantria dispar) cell line, IPLB

LD-652Y-5d was subcloned from IPLB LD-652Y [53]. They were

grown in Sf-900 II SFM (Gibco) medium supplemented with 10%

fetal bovine serum (FBS) and 1% penicillin/streptomycin/

glutamine (PSG) (Invitrogen) at 27uC.

Construction of the P. taiwanensis DtccC knockout
mutant

An tccC (GenBank database accession number, HQ260745)

knockout mutant of P. taiwanensis, designated DtccC was

constructed by double recombination of the suicide vector

pEX100T [54] containing the tccC fragment with a kanamycin

resistance cassette inserted [55]. A tccC-kan-tccC fragment was

generated by inserting a 1345-bp kanamycin resistance cassette

into an 852-bp fragment that contains the coding sequence of tccC.

The tccC-kan-tccC fragment was cloned into pEX100T suicide

vector, and then transformed into E.coli S17-1 for conjugation

with wild-type P. taiwanensis. The double recombination tccC
mutant strain was selected on LB plates containing 5% sucrose,

30 mg/ml kanamycin, 34 mg/ml rifampicin, and 100 mg/ml

spectinomycin. The resulting DtccC mutant was confirmed by

PCR and sequencing.

Bioassay of infection experiments and effective protein
fractions

Bioassays of bacteria infection of larvae were performed by

natural oral infection. P. taiwanensis was grown for 24 hours to

the stationary phase and collected. Subsequently, the cell pellet

was washed three times in 5 ml PBS (pH 7.4) and resuspended in

PBS, adjusted to different concentrations (OD). Different concen-

trations of bacteria (50 ml) were applied to surface of 0.561 cm2

vegetable pieces, which were used for feeding larvae of vegetable

moth Plutella xylostella and incubated at 25uC. Each infected

larva was observed at day 5 after oral infection and the mortality

rate was calculated. Healthy third-instar P. xylostella larvae were

provided by the Taiwan Agricultural Chemicals and Toxic

Substances Research Institute.

To determine the protein fractions that cause mortality against

P. xylostella, P. taiwanensis was cultured for 24 hours. The cell

culture was harvested by centrifugation (15 min at 4,600g, 4uC),

and supernatants and cell pellets were collected separately. For

culture supernatants, the secreted proteins were filtered through a

0.22 mm PVDF filter (Millipore) and concentrated using a

Vivaspin 20 concentrator (10 kDa MWCO, GE Healthcare).

The harvested cell pellets were washed with PBS two times and

resuspended in PBS with protease inhibitor and lysed with

sonication (cell lysates). The cell lystaes were separated into

insoluble lysates and soluble lysates by centrifugation (30 min at

26,000g, 4uC), and the soluble lysates were filtered by a 0.22 mm

PVDF filter. The insoluble lysates were washed with PBS two

times and resuspended in PBS. A schematic of the experimental

procedure for extraction of the various protein fractions of P.
taiwanensis is shown in Figure S3. For toxicity analysis of protein

fractions from P. taiwanensis, 300 ng of proteins dissolved in 10 ml

PBS were used for insect larvae treatment. Protein extracts were

quantified by Pierce 660 nm protein assay method (Pierce).

Cell survival assay
To investigate the effect of P. taiwanensis on insect cells,

proliferation of Spodoptera frugiperda Sf9 cells was determined by

a colorimetric XTT assay [56]. For cytotoxicity assay, Sf9 cells

were seeded at 5,000 per well in 96-well culture plates

supplemented with 10 mg/ml of the various fraction proteins of

P. taiwanensis (extraction procedure shown in Figure S3), or a

multiplicity of infection (MOI) of 1000 Pt/cell was added in

antibiotic-free medium. After 72-h treatment, cell proliferation

was quantified by Cell Proliferation Assay Kit (XTT) (Biological

Industries).

Apoptotic assay
Cell early stage apoptosis was detected by Annexin V-FITC

assay [57]. The percentages of apoptosis of human or insect cells

were determined by counting visible annexin V-positive cells

under the fluorescence microscope. Cells (5,000 cells well21)

were incubated with protein fractions of P. taiwanensis at 10 mg/

ml or with P. taiwanensis (MOI = 1000) for 72 h on the well in

24-well plates. After treatment for 72 h, the cells were washed

twice in PBS and detected using the ApoAlert Annexin V-FITC

Kit (BD) according to the manufacturer’s instructions. The DNA

in the nuclei was stained with 49,6-diamidino-2-phenylindole

dilactate (DAPI) for 5 min. Finally, the stained cells were washed

twice in PBS, fixed with 4% paraformaldehyde for 10 minutes,

and then observed under a fluorescence microscope (Zeiss

Axiovert 100M, Carl Zeiss, Germany). Annexin V positive cells

were counted and identified as P. taiwanensis-induced early

stage apoptotic cells.

Sectioning and HE, gram, immunohistochemistry
staining

After bacteria oral infection for 48 h, third instar larvae were

fixed in 10% buffered formalin (pH 7.0) for at least 48 h. After

fixation, larvae were sent to the Laboratory of Pathological Section

of National Taiwan University for sectioning. The tissue sections

were analyzed by hematoxylin–eosin, Gram’s, or immunohisto-

chemistry staining. Immunohistochemical (IHC) staining was

performed using anti-JNK-2 [N1C3] (GTX105523, Genetex;

80% [276/398] sequence identity to c-Jun NH2-terminal kinase of

Bombyx mori, NP_001103396) and anti caspase-3 p17

(GTX123678, Genetex; 36% [46/129] sequence identity to

caspase 3 of Bombyx mori, AAW79564 [58]) antibodies, followed

by diaminobenzidine (DAB) for color development and counter-

stained with hematoxylin from the Laboratory Animal Center of

National Taiwan University Hospital.

Purification of TccC
Full-length TccC-His6 fusion fragment was cloned into the

broad host range Pcpp30 vector and transformed into E. coli
(BL21) and P. taiwanensis. Overexpressed TccC-His6 fusion

protein was purified by His SpinTrap columns (GE Healthcare)

after P. taiwanensis and E. coli growth into stationary phase

(24 h), and the results were displayed by western blotting using the

anti-TccC antibody.

Analysis of TccC location
Western immunoblotting. For SDS PAGE, 20 mg

proteins of different cellular fractions from P. taiwanensis
were dissolved in loading buffer with SDS and then applied

to gel electrophoresis. After electrophoresis, the proteins

were transferred to nitrocellulose membranes under 40 mA

for 12 h. TccC was detected with specific anti-TccC
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antibody, using rabbit polyclonal antibodies raised against

P. taiwanensis TccC full-length recombinant protein puri-

fied from E.coli BL21 expression. After first antibody

binding, the color was developed with horseradish peroxi-

dase-coupled anti-rabbit secondary antibody binding and

chemiluminescent detection reagent (Pierce).

Flow cytometry. Flow cytometry was used to determine

membrane localization of TccC. Wild-type and DTccC mutant

strains of P. taiwanensis were grown overnight and collected at

stationary phase (24 h). The cultures were adjusted 109 CFU/ml,

and then 100 ml adjusted-bacteria was centrifuged to collect

pellets. The bacteria pellets were washed three times with PBS at

4uC and resuspended in 200 ml PBS with 1% BSA. The polyclonal

anti-TccC antibody (1/100 dilution) was added to the bacteria

suspension on ice for 1 h. The bacteria was washed three times

with PBS again and stained with goat FITC-conjugated anti-

rabbit IgG secondary antibody (1/100 dilution) (Jackson Im-

munoresearch) on ice for 1 h. After staining, the bacteria were

washed three times and resuspended in 1 ml PBS and analyzed by

flow cytometry. Flow cytometry was performed by MoFlo XDP

Cell Sorter (Beckman Coulter) using Summit 5.2 software

(Beckman Coulter).

Phagocytosis assay
P. taiwanensis cells were collected in the early stationary phase

and washed twice with PBS, and resuspended in PBS to OD = 1

(46109 cells). One milliliter of resuspended cells was added to

CFSE (final concentration of 5 mM) and incubated at 30uC in the

dark for 30 min. The cells were washed three times with PBS and

observed under fluorescent microscope. For phagocytosis assays,

CSFE labeled P. taiwanensis cells were added to macrophage cells

(MOI = 1000) for 30 min at 37uC in the dark, and then washed

three times with PBS. Quantification and observation of phago-

cytosis was measured by flow cytometry and fluorescent micro-

scope respectively. Flow cytometry was performed by Cytomics

FC500 (Beckman Coulter) using CXP software (Beckman

Coulter). Ten thousand cells were collected for analyses. Non-

infected macrophage cells were used as a negative control.

Quantitative H2O2 assay and proliferation assay of
P. taiwanensis

P. taiwanensis cells grown to stationary phase (24 h) were

collected, washed three times in PBS, and resuspended in PBS to

109 cells per ml and subsequently incubated with 1M H2O2. The

concentration of H2O2 remaining was detected at different time

points after treatments using a PeroX-Oquant Quantitative

Peroxide Assay Kits (Pierce).

Visualization of the proliferation effect of hydroxyl radicals in P.
taiwanensis was performed as described in Huang and Chiou

(2011) [59]. P. taiwanensis was grown in LB broth for 24 h and

then incubated with different concentrations of H2O2 for 3 h.

Proliferation was determined by counting the colony-forming

units.

Quantitative 15N-L-glutamate uptake assay in
P. taiwanensis

P. taiwanensis cells grown to the stationary phase (24 h) were

collected, and cultured with LB broth containing 250 mM of 15N-

L-glutamate for additional 4 hours. The cells were washed three

times with PBS and dried at 80uC for 2 days. The dried cells were

weighed and the15N content was analyzed using a continuous-flow

isotope ratio mass spectrometer coupled with a carbon nitrogen

elemental analyzer (ANCA-GSL 20/20; PDZ Europa).

Supporting Information

Figure S1 Diagram of TccC-like proteins in different
insect pathogens. The N-terminus of the tccC-like gene encodes

the highly conserved region of RhsA protein within the Rhs

repeat-associated core domain and the C-terminus displays a

hypervariable region among different entomopathogenic bacteria.

The C-terminus of the TccC region in P. taiwanensis displays

amino acid similarity with the sodium/glutamate symporter and

the TraT complement resistance proteins. So far, only P.
luminescens TccC5 has shown ADP-ribosyltransferase function

[5], whereas the functions of other TccCs are unclear. The

proteins and the domains were predicted by the NCBI Conserved

Domain Database (CDD) and the Pfam Protein Families database.

The deduced amino acid sequences of TccC were obtained from

the NCBI databases as follows: Pseudomonas taiwanensis TccC1

(accession no. ADO85706), TccC2 (unpublished whole genome

database); Pseudomonas entomophila (accession no. CAK15567);

Xenorhabdus bovienii TccC (accession no. YP_003467480); Xe-
norhabdus nematophila TccC1 (accession no. YP_003712427),

TccC2 (accession no. YP_003712779); Photorhabdus luminescens
TccC1 (accession no. NP_931350), TccC2 (accession

no. AAL18492), TccC3 (accession no. AAO17204), TccC5 (ac-

cession no. AAO17210); Photorhabdus asymbiotica TccC2 (acces-

sion no. CAQ82972); Bacillus thuringiensis (accession

no. EEM92890).

(DOCX)

Figure S2 Schematic representation of insertion of
kannmycin cassette and RT-PCR analysis of tccC gene
expression in wild-type and tccC mutant strains. (A)

Schematic illustration of insertion of kanamycin upstream of the

RhsA-like domain of the tccC gene. (B) The kan insertion region

was checked by PCR. (C) tccC expression of tccC mutant strains

were confirmed by RT-PCR.

(DOCX)

Figure S3 Schematic of experimental procedure for
separating different protein fractions from P. taiwanen-
sis.
(DOCX)

Figure S4 Interaction of Sf9 insect cells and RFP-labeled
P. taiwanensis. (A) RFP-labelled P. taiwanensis was incubated

for 1 h with Sf9 cells and observed by confocal microscope. (B)

Non-infection of control Sf9 cells. (C) Lysis of Sf9 cells was

observed by light microscope after interaction for 3 h. Scale

bar = 5 mm (left panel); 10 mm (right panel).

(DOCX)

Figure S5 Determination of protease activity in P.
taiwanensis. Proteolytic activity of the culture supernatant of

P. taiwanensis in early (24 h), middle (36 h), and late (48 h)

stationary phase was measured by azocasein substrate at 440 nm.

(DOCX)

Figure S6 Comparison of hydrogen peroxide decompo-
sition by wild-type and tccC mutant of P. taiwanensis.
Degradation of hydrogen peroxide was measured in the culture

medium at different time points.

(DOCX)

Figure S7 TccC promotes glutamate uptake activity in
P. taiwanensis. Wild-type and DtccC mutant P. taiwanensis
cells were cultured in medium containing 250 mM of 15N-L-

glutamate for 4 hours. Uptake activity of 15N-L-glutamate was

defined as enrichment of 15N content in P. taiwanensis cells. The
15N enrichment was calculated as 15N abundance in labeled cells
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minus 15N abundance in non-labeled cells. The asterisk indicates a

P value = 0.035 from triplet repeats, as determined by Student’s

t-test.

(DOCX)

Figure S8 Survival of macrophages after treatment with
wild-type or tccC mutant of P. taiwanensis in vitro.
Macrophages incubated with wild-type or tccC mutant of

P. taiwanensis (MOI = 1000) for 24 h and survival rates were

detected by XTT assay.

(DOCX)

Figure S9 Western blot analysis of cleavage of the C-
terminal TccC fragment by immobilized metal affinity
column. Overexpression of the whole length tccC gene in E. coli
and P. taiwanensis by broad host vector pCPP30. Cleaved TccC

was purified by immobilized metal affinity column and detected by

TccC antibody.

(DOCX)

Table S1 Rough screening tests of mortality of insect
larvae after oral infection with P. taiwanensis.
P. taiwanensis was grown overnight and collected. Each bacteria

fermentation (30 ml) was individually applied to 10 surfaces of

0.561 cm2 vegetable pieces for 30 larvae, which were used for

feeding larvae and incubated at 25uC. Each infected larva was

observed at day 5 after oral infection and the mortality rate was

calculated. The two-tail student t-test was used to determine

statistical significance. Each treatment (30 larvae) was repeated

three times. The control was germ-free LB medium treatment.

(DOCX)
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