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The xenocin operon of Xenorhabdus nematophila consists of xciA and ximB genes encoding a 64-kDa xenocin and 42-kDa im-
munity protein to kill competing microbes in the insect larva. The catalytic domain of xenocin has RNase activity and is respon-
sible for its cytotoxicity. Under SOS conditions, xenocin is produced with immunity protein as a complex. Here, we show that
xenocin and immunity protein complex are exported through the flagellar type III system of X. nematophila. Secretion of xeno-
cin complex was abolished in an flhA strain but not in an fliC strain. The xenocin operon is not linked to the flagellar operon
transcriptionally. The immunity protein is produced alone from a second, constitutive promoter and is targeted to the periplasm
in a flagellum-independent manner. For stable expression of xenocin, coexpression of immunity protein was necessary. To ex-
amine the role of immunity protein in xenocin export, an enzymatically inactive protein was produced by site-directed mutagen-
esis in the active site of the catalytic domain. Toxicity was abolished in D535A and H538A variants of xenocin, which were ex-
pressed alone without an immunity domain and secreted in the culture supernatant through flagellar export. Secretion of
xenocin through the flagellar pathway has important implications in the evolutionary success of X. nematophila.

enorhabdus nematophila is a Gram-negative gammaproteo-

bacterium that resides in the gut of the soil nematode Steiner-
nema carpocapsae as a symbiont (1). The bacterium produces po-
tent cytotoxins (2-5) and orally toxic proteins to kill larval stages
of insect pests (6, 7). After the death of the larva, the bacterium
secretes a variety of antibiotic molecules (8-10) to kill putrefying
microbes for optimum growth of the nematode. In addition, a
number of effector proteins are also released by the bacterium to
communicate with and manipulate its hosts (11); however, secre-
tion pathways of very few have been elucidated to date. We have
described an insect-toxic outer membrane vesicle complex from
the culture supernatant of X. nematophila containing multiple
virulence factors (12), and an extracellular lipase, XIpA, was
shown to be exported through the flagellum by this bacterial
pathogen (13).

Bacteriocins are antimicrobial peptides produced by bacteria
under environmental stress conditions, e.g., high population den-
sity and nutrient depletion (14). A cognate immunity protein (IP)
is coinduced from an SOS-responsive promoter to protect the
producer cell from the lethal effect of the bacteriocin (15). The
bacteriocin and IP remain associated as a complex until the toxin
enters the target cell (16, 17). In operons encoding nuclease bac-
teriocins, two different promoters regulate IP synthesis: an induc-
ible SOS promoter and a constitutive promoter that allows con-
stant production of IP to ensure inactivation of the incoming
bacteriocins (15, 18).

Earlier we described a gene pair constituting the xenocin
operon of X. nematophila (19). The first locus, xciA (XNC1_3261),
encoded a 64-kDa xenocin with RNase activity followed by ximB
encoding the cognate immunity protein. The 42-kDa IP is consti-
tuted by a 10-kDa immunity domain in the N terminus and a
C-terminal 32-kDa putative hemolysin domain (Fig. 1). The two
genes were transcribed as a single mRNA by an SOS inducible
promoter located upstream of the xciA gene. Additionally, ximB
was transcribed alone from a constitutive promoter present in the
5’-untranslated sequence of the gene (19) (Fig. 1). Generally, bac-
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teriocin-IP complexes are released from the producer cell with the
help of a lysis or lysis-inducing protein located in the same operon
in group A members (15) or through an ABC transporter in group
B members (20). Since none of the genes mentioned above was
present in the proximity of the xenocin operon, it was presumed
that secretion of xenocin occurred though an atypical pathway.
Bacteria have adopted a variety of mechanisms to translocate
effector proteins across the cell envelop. The secretion systems
have been classified as types I to VII (21). In addition to the well-
established pathways, secretion of toxins also occurs commonly
through membrane blebs in many pathogenic bacteria (22). There
are two protein export machineries exclusive and inbuilt into bac-
terial organelle biogenesis system, the chaperon-usher system for
translocation and assembly of pilin subunits (23) and flagellar
biogenesis on the cell surface. In both the cases the nascent subunit
proteins are exported through a dedicated system in a sequential
manner for assembly of the mature organelle. The export of fla-
gellar subunits directly from the cytoplasm to the cell surface re-
sembles the contact-dependent type III secretion of Gram-nega-
tive bacteria. Some of the common features, e.g., homology in the
sequence of the subunits and secretion of substrates without mod-
ification, reflects functional similarities between the two systems.
The flagellar secretory system exports a number of effector pro-
teins/virulence factors in addition to flagellar components out of
the cell (13, 24-26). However, data regarding recognition and tar-
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FIG 1 Schematic representation of xenocin operon xciA and ximB genes. P1,
inducible promoter; P2, constitutive promoter; T, translocation domain; R,
receptor binding domain; C, catalytic domain; I, immunity domain; H, hemo-
lysin domain.

geting of potential substrates to the flagellar secretory machinery
are conflicting and not very well defined (27-29).

Screening of the X. nematophila genome for secretion systems
revealed the total absence or redundancy of major protein secre-
tory pathways in this insect pathogen and predicted that flagellar
export apparatus and type Vb systems identified in the genome
play a wider role in effector protein export (30). Thus, in the light
of the clues obtained from genomic analysis of X. nematophila,
this study was conducted to explore the involvement of the flagel-
lar type III secretory system in xenocin export. Our results dem-
onstrate that under SOS conditions, xenocin-IP is translocated as
a complex through the flagellar pathway in X. nematophila.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. Bacterial strains and
plasmids used in this study are listed in Table 1. X. nematophila 19061 and

TABLE 1 Strains and plasmids used in the study

Secretion of Xenocin-Immunity Complex through Flagella

xciA, flhA, fliA, and fliC mutant strains of X. nematophila were maintained
on LB medium containing appropriate antibiotics. Ampicillin was used at
50 pg/ml, kanamycin at 25 pg/ml, and chloramphenicol at 25 g/ml as
required. All of the Xenorhabdus strains were grown for 24 h at 30°C, and
E. coli strains were grown for 14 to 16 h at 37°C with shaking at 200 rpm for
procedures requiring general growth. For secretion-related experiments,
strains were grown without shaking in 2X LB medium at 30°C for 16 to 18
h. The plasmid pJQ200SK+ was maintained in E. coli DH5«, which was
grown in LB medium with 5 wg/ml gentamicin. Escherichia coli S-17.1 was
used to conjugally transfer the plasmids to X. nematophila. E. coli strain
pLysS was used as the indicator strain for bactericidal activity. The plas-
mid vector pGEM-T Easy, from Promega (Madison, WI), was used for
PCR cloning. pCR-XL-TOPO and pBCSK(+) were used for cloning and
complementation studies. The data presented here are representative of
experiments performed at least 2 to 3 times with all the strains.

Preparation of cytosolic and extracellular proteins from Xenorhab-
dus strains. X. nematophila strains were grown at 30°C as static cultures
until the optical density at 600 nm (OD,) reached 0.4 to 0.5 and induced
with 0.25 pg/ml mitomycin C for 2 to 3 h for xenocin expression. After
induction, samples were collected at different time points and centri-
fuged, and the supernatant was passed through a nonpyrogenic 0.22-pm-
pore-size filter. Extracellular proteins were precipitated with 10% (wt/vol)
ice-cold trichloroacetic acid at 4°C for 3 h and centrifuged, and the pellet
was resuspended in 50 mM Tris-HCl buffer, pH 8.0. The cell pellet from 1
to 2 ml of culture was boiled for 5 min in sample loading dye and centri-
fuged, and the supernatant was loaded in the gel.

Cellular fractionation. Different cellular fractions of X. nematophila
containing cytoplasmic, outer membrane, and periplasmic proteins were
prepared as described earlier (7) and were analyzed by Western blotting
using antibodies of xenocin and immunity protein. All of the subcellular
fractions were checked for the respective markers; alkaline phosphatase as

Strain or plasmid Relevant characteristic(s)

Reference or source

Plasmids
pGEM-T Easy vector 3.0-kb PCR cloning vector, Amp" Promega
pBC SK(+) 3.4-kb cloning vector, Cm" Stratagene
pJQ200 SK+ Gm', sacB, Rp4 mob, R6K ori 31
pCR-XL-TOPO(+) 3.5-kb PCR cloning vector, kan" Invitrogen
pXAB pBCSK(+) containing xciA and ximB loci with 5'-UTR containing promoter This study
pXA pBCSK(+) containing xciA loci with 5'-UTR containing promoter This study
pFIhBA pCR-XL-TOPO containing fIhBA operon This study
ptac-pBCSK pBCSK(+) vector containing tac promoter This study
E. coli strains
DH5a supE44AlacU169 hsdR17 recAl endAl gyrA96 thi-1 relA1 ®80dlacZ AM15 Invitrogen
BL21(DE3)/pLysS F~ ompT hsdSy (ry” my ™) gal dem (DE3)/pLysS (Cm") Novagen
S.17-1 Donor host for r6K ori conjugant MTCC, India
pimm/Pimm ximB with 5"UTR in pGEM-T Easy vector in DH5« This study
X. nematophila strains
and plasmids
ATCC 19061 Wild type, phase I variant, Amp" Laboratory stock
19061 xciA X. nematophila xciA::kan This study
19061 xciA™ X. nematophila xciA containing pXAB or pXA This study
19061 flhA X. nematophila flhA::cam 13
19061 flhA™ X. nematophila flhA::cam containing 4.16-kb fIhBA in pCR-XL-TOPO(+) vector This study
19061 fliC X. nematophila fliC::cam 13
19061 fliA X. nematophila fliA::cam 13
pPS1/PS1 ptac-pBCSK containing 2.9 kb xciA and ximB genes in xciA-null mutant strain This study
pPS2/PS2 ptac-pBCSK containing 1.7 kb xciA in xciA-null mutant strain This study
pPS3/PS3 pPS2 with D535A mutation in xciA-null mutant strain This study
pPS4/PS4 pPS2 with H538A mutation in xciA-null mutant strain This study
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a periplasmic marker, glyceraldehyde-3-phosphate dehydrogenase (32)
and GroES as cytoplasmic markers, and OpnP as an outer membrane
marker were used to validate the fractions.

Preparation of flagella. Flagella were isolated from cells grown in LB
medium as described before (33) and induced with mitomycin C for 2 h.
The cells were harvested by centrifugation and suspended in 100 mM
Tris-HCl buffer (pH 7.5), vortexed for 5 min, and centrifuged to remove
the cells. The supernatant containing the flagella was filtered to remove
floating cells. The supernatant was centrifuged at 75,000 rpm for 40 min.
The pellet was washed repeatedly and resuspended in 100 mM Tris-HCI
buffer, pH 7.5, with 1 mM phenylmethylsulfonyl fluoride.

Immunoprecipitation. The protein fractions from wild-type X.
nematophila were incubated with anti-IP serum for 1 h at room temper-
ature, followed by addition of protein A-Sepharose beads for an hour at
room temperature. The beads were centrifuged, washed thoroughly,
boiled in SDS-PAGE sample buffer, and resolved by gel electrophoresis.
Western blotting was performed with antibodies against xenocin and a
nontarget protein, GroES.

Bacteriostatic activity of different cellular fractions. Growth-inhib-
itory activity of the preparations was determined in indicator plates pre-
pared by overlying 3 ml of soft nutrient agar, containing E. coli indicator
cells, grown in M9 medium on LB agar plates. The cellular fractions were
filter sterilized and applied on sterile filter paper discs placed on the sur-
face. The plates were incubated at 37°C overnight, and the clearance zone
was recorded.

RT-PCR of flagellar genes. X. nematophila cultures were induced with
mitomycin Cas described above for 2.5 h. The culture was centrifuged and
total RNA was isolated from the cells using an RNeasy kit (Qiagen) as
described before (19). The RNA was treated with DNase and checked by
PCR for DNA contamination. A 50-p.l reaction mixture was set up with
800 ng of purified RNA using a Qiagen one-step reverse transcription-
PCR (RT-PCR) kit and primers shown in Table S1 in the supplemental
material. The reaction was amplified for 25 cycles.

Construction of xciA-null strain of X. nematophila. The 1.7-kb xciA
gene was amplified by PCR using X. nematophila genomic DNA as the
template and primers 1 and 3 (see Table S1 in the supplemental material)
as described before (19). The PCR-amplified fragment was cloned in the
pGEM-T Easy vector, producing pxciA. Similarly, a 1.5-kb kanamycin
cassette was amplified using plasmid pJH101 (34) as the template and
cloned in pGEM-T Easy vector. The kanamycin cassette was excised and
ligated at the unique BglII site in the pxciA-generating pPSA. The 3.2-kb
fragment containing the disrupted xciA gene was excised from pPSA with
BamHI and Sall and ligated to plasmid pJQ200SK+ at complementary
sites. The resulting plasmid, pPSB, was electroporated into E. coli S-17.1,
producing strain PSB. pPSB in E. coli S17.1 was conjugally transferred into
X. nematophila as described earlier (35). The allelic replacement in Km"
Cm’® exconjugants was verified by PCR amplification and Southern anal-
ysis.

To complement the xciA mutant, a 3.7-kb DNA fragment containing
both xciA and ximB genes with the native promoter was amplified using
primers XciAB F (879 bp upstream of the start codon of the xciA locus)
and primer 2 and was cloned in the pCR-XL-TOPO(+) vector, producing
PAB. pAB DNA was digested with BamHI and Pstl, and the released frag-
ment was ligated in pPBCSK(+) at complementary sites, producing pXAB
construct, which was chemically transformed in the xciA mutant as de-
scribed earlier (36). The xciA mutant was also complemented with the
xciA gene alone. A 2.6-kb DNA fragment containing xciA with 5’-untrans-
lated promoter sequence was amplified using primer XciAB F and primer
3 and cloned into pGEM-T Easy vector. The DNA was digested with
BamHI and HindIII, and the fragment was subcloned in pBCSK(+) vec-
tor. The construct pXA was chemically transformed in the xciA mutant as
described earlier (36).

SDS-PAGE and Western blot analysis. Ten to 20 g of total protein
from different strains was loaded in the gel, and all the lanes in one gel
contained the same amount of protein. The proteins were resolved by
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SDS-PAGE followed by Western blotting. The blots were developed with
polyclonal antibodies raised against the proteins. Xenocin and IP antibod-
ies were used at a dilution of 1:4,000 and 1:5000, respectively, and the
proteins were detected with nitroblue tetrazolium-5-bromo-4-chloro-3-
indolylphosphate substrate.

Cloning of ximB with 5’ untranslated sequence and expression of
immunity protein in E. coli DH5a cells. ximB sequence with 300 bp of
the 5'-untranslated region (UTR) containing its promoter was PCR am-
plified using primers ximB-UTR and ximB RP and cloned in pGEM-T
Easy vector. The resulting plasmid pimm was transformed in E. coli DH5a
cells and IP synthesis was examined in different cellular fractions of an
overnight grown culture, without induction.

Construction of xenocin variants in a heterologous vector and ex-
pression in X. nematophila. A heterologous ptac-pBCSK vector was pro-
duced by ligating the tac promoter at the Xbal and BamHI site of
pBCSK(+) (Stratagene). The fac promoter was obtained from pGEX-4T1
(GE Health Care Life Sciences) vector by PCR amplification, using TacF
and TacR primers. The DNAs encoding different protein variants (see Fig.
8A) were amplified by PCR using primers shown in Table S1 in the sup-
plemental material, cloned at BamHI and HindIII sites of ptac-pBCSK
vector, and transformed in E. coli DH5a cells. The plasmid DNAs pPS1 to
pPS4 were prepared from E. coli and transformed into a chemically com-
petent xciA mutant strain of X. nematophila (Table 1). All of the strains
were grown as static cultures in 2X LB medium at 30°C, and log-phase
cells (ODg,, of 0.4 to 0.5) were induced with 1 mM isopropyl-B-p-thio-
galactopyranoside (IPTG) for 2 h. Samples were taken and processed as
described above and analyzed by Western blotting.

Mutation of active-site residues of xenocin. A homology model was
generated based on the structure of bacteriocin E3 of E. coli (37) using
http://www.fundp.ac.be/urbm/bioinfo/esypred/. Six key residues (D535,
H538, E542, H551, K564, and R570) in the active site of RNase (xenocin)
were altered to alanine by site-directed mutagenesis to produce nontoxic
xenocin. For mutagenesis, the 1.7-kb xciA DNA was used as the template
with primers (see Table S1 in the supplemental material), and the altered
DNAs were expressed in E. coli cells. These strains were tested for growth,
and the variant proteins were analyzed by CD spectra. The nontoxic vari-
ants D535A and H538A of xciA were able to grow like the vector control,
and the wild-type genes were subcloned in ptac-pBCSK vector and trans-
formed in the xciA knockout strain of X. nematophila. The proteins were
induced by 1 mM IPTG for 2 h as described above and examined by
Western blotting.

RESULTS

Detection of xenocin and IP in cellular fractions after induction
of X. nematophila. To determine the secretion pathway of the
xenocin-IP complex, different cellular and extracellular fractions
were examined. Induction of SOS response in the wild-type X.
nematophila cells with mitomycin C resulted in synthesis and re-
lease of both xenocin and immunity proteins in the soluble frac-
tion (obtained after ultracentrifugation of the culture superna-
tant), while GroES, a cytosolic protein marker, was not detected
(Fig. 2A). The ODy,, and CFU/ml in the induced culture was not
very different (0.40 and 3 X 107, respectively) from those of the
uninduced culture (0.42 and 5 X 107, respectively) after 2.5 h; in
addition, release of an intracellular enzyme, glyceraldehydes-3-
phosphate dehydrogenase, in the culture supernatant was negligi-
ble relative to intracellular levels (2.1 U/mg protein). This sug-
gested that xenocin was exported by a specific pathway and not by
cell lysis. Neither xenocin nor immunity protein was detected in
the outer membrane or outer membrane vesicles (Fig. 2B). The IP
was present alone in the periplasmic fraction of both induced and
uninduced cells. No xenocin was detected in the periplasm under
either condition (Fig. 2C). The presence of IP in the periplasm of
uninduced cells indicated that it is produced constitutively and
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FIG 2 Secretion analysis of xenocin and IP in wild-type X. nematophila by Western blotting. (A) The cells were induced with 0.25 pwg/ml mitomycin C for 2 to
3 h, and total secreted proteins were separated from the cell pellet and precipitated with 10% TCA. The cell pellet and culture supernatant fractions were analyzed
using antibodies against xenocin, IP, and GroES. (B) Total culture supernatant proteins were fractionated, and xenocin and IP were detected in different fractions
with their respective antibodies. OMV, outer membrane vesicles. (C) Xenocin and IP were detected in the periplasmic fraction with their respective antibodies.
(D) Cytosolic and culture supernatant proteins from induced culture of X. nematophila were immunoprecipitated with antiserum against IP and protein
A-Sepharose beads, followed by SDS-PAGE and blotting with anti-xenocin antibodies or anti-GroES as a nontarget control. (E) Flagella were prepared from cells
grown in LB broth, induced, and incubated under stationary conditions. Xn, purified xenocin; IP, purified IP; U, uninduced; I, induced. Lane M, low-range,

prestained molecular mass markers (in kDa; Bio-Rad).

released in the culture supernatant by a yet-unknown mechanism.
We have shown earlier (19) that the xenocin operon had two
promoters: the SOS-inducible P1, upstream of the xciA gene, pro-
duced a bicistronic transcript, and P2, upstream of ximB, consti-
tutively produced a smaller RNA (Fig. 1). To demonstrate specific
targeting of constitutively produced IP to the periplasm, a plasmid
containing the ximB locus with its constitutive, upstream pro-
moter sequence in the pGEM-T Easy vector was produced and
transformed in E. coli DH5a cells. Examination of proteins local-
ized in different cellular fractions showed the presence of IP in the
cytosol and periplasm but not in the flagella of transformed cells
grown overnight. No protein was detected in the untransformed
host cells (Fig. 3). Immunoprecipitation of the cytoplasmic and
culture supernatant proteins of wild-type X. nematophila with an-
tibody against IP demonstrated that xenocin and IP were present
as a complex in both fractions (Fig. 2D).

Bioinformatic analysis of xenocin polypeptide sequence
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FIG 3 Export of constitutively expressed immunity protein. E. coli DH5« cells
containing the ximB locus with an 5’-upstream promoter sequence in
pGEM-T Easy vector was grown overnight. Cytosolic, periplasmic, and flagel-
lar proteins were prepared without induction. The fractions were analyzed
with antibody against IP. Lane M, low-range, prestained molecular mass
markers (in kDa).
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FIG 4 RT-PCR analysis of flagellar genes after induction with mitomycin
C. Total RNA was prepared from X. nematophila cells after induction, and
mRNA levels were analyzed. U, uninduced; I, induced. Arrow shows the
xciA amplicon.

showed neither a leader sequence nor any motifs involved in pro-
tein export (38,39). To get an idea of the probable export pathway,
we proceeded to determine the N-terminal sequence of the pro-
cessed protein, purified from the culture supernatant of recombi-
nant M15 E. coli by ammonium sulfate precipitation, followed by
SP Sepharose column chromatography. However, attempts to pu-
rify xenocin protein repeatedly failed due to copurification of FliC
protein of E. coli (identified by its N-terminal sequence). This
suggested an association of xenocin with the flagella as a possible
route of export. Hence, to examine the involvement of the flagellar
system in xenocin export, flagella were prepared from wild-type X.
nematophila cells after induction with mitomycin C. Protein anal-
ysis by Western blotting identified both xenocin and IP in the
flagella from induced cells only (Fig. 2E); none of the proteins
were detected in the flagella of uninduced cells (Fig. 2E). The
association of xenocin and IP with flagella is not due to cosedi-
mentation during high-speed centrifugation of flagella, as immu-
nogold labeling of Xenorhabdus cell or isolated flagella with xeno-
cin antibody showed negligible binding by transmission electron
microscopy (unpublished results), suggesting the presence of the
proteins within the flagellar fiber. Antibacterial activity was also
detected in the flagellar preparation from induced cells; none of
the proteins or bioactivity was observed in the flagella from unin-
duced cells, demonstrating close association of xenocin complex
with the flagella of X. nematophila.

Flagellar genes are not regulated by mitomycin C. To exam-
ine the effect of mitomycin C on the flagellar operon, total RNA
from mitomycin-induced X. nematophila cells was subjected to
semiquantitative RT-PCR, and relative abundances of fIhC, fliA,
fliC, and xciA genes were measured. The results showed that mi-
tomycin C specifically upregulated xciA transcription only, and
none of the flagellar genes were affected in that time period, dem-
onstrating independent control of the two gene clusters (Fig. 4).

Analysis of protein secretion by xciA mutant. To ascertain
that xenocin is indeed responsible for the observed antibacterial
activity and is secreted through the flagellar system, the xciA gene
was insertionally inactivated by allelic exchange. After induction
of the SOS response with mitomycin C for 2.5 h, the ODg,, and
CFU/ml counts in the culture (0.46 and 4.5 X 107, respectively)
were similar to those of uninduced culture (0.53 and 5.2 X 107,
respectively). The cells produced no xenocin in the culture super-
natant (Fig. 5A). However, IP was produced alone, with or with-
out induction, and was detected in the cytosol, periplasmic frac-
tion, and culture supernatant, similar to the wild-type strain (Fig.
5B). In the uninduced cells, IP was synthesized from the constitu-
tive promoter P2 (not affected by polar effect due to disruption of
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xciA) and targeted to the periplasm and the culture supernatant
(Fig. 5B). After induction, amounts of IP in the fractions described
above were similar to those of uninduced conditions (Fig. 5B),
indicating no additional synthesis from the inducible promoter,
P1. Unlike the case for the wild-type strain, IP was not detected in
the flagella under any condition, with or without induction, in the
xciA null mutant strain (Fig. 5B). These results suggest that (i) due
to disruption of the xciA gene, no IP was produced from the in-
ducible P1 promoter; and (ii) for localization of IP in the flagel-
lum, either a P1 mRNA or a xenocin-IP complex is required. The
IP synthesized constitutively from P2 is expressed but not targeted
to the flagella (Fig. 3). Similarly, consistent with the absence of
xenocin and IP from the flagellar preparation, no antibacterial
activity was observed after induction with mitomycin C (Table 2).
Complementation of the mutant with xciA-ximB sequence re-
stored xenocin protein expression in the culture supernatant (Fig.
5C) and bactericidal activity in the flagella (Table 2). However,
complementation with xciA alone was toxic for the cell. The cell
density was very low compared to that of the noncomplemented
strain after 20 h of growth, and no xenocin could be detected in the
induced cells (data not shown). Early detection of only IP in the
culture supernatant at 1.5 h, ahead of xenocin, appears to be due
to constitutive synthesis of the protein in both the xciA mutant
and the complemented strains.

Secretion of xenocin requires FIhA. To confirm secretion of
xenocin-IP complex through the flagellar type III system of X.
nematophila, an flhA mutant strain (13) lacking FlhA, a mem-
brane component of the basal body necessary for export of flagel-
lar subunits, was employed. Induction of SOS response in this
strain with mitomycin C did not affect cell density, and ODg, and
CFU/ml counts in the culture were 0.41 and 3.1 X 107, respec-
tively, similar to those of uninduced culture (0.44 and 3.2 X 107,
respectively) after 2.5 h. The cellular protein profile of the mutant
showed the presence of both xenocin and IP in the cytoplasmic
fraction of the induced cells (Fig. 6A), but no xenocin was detected
in the culture supernatant (Fig. 6A). However, IP alone was de-
tected in the culture supernatant of the flhA mutant, suggesting
that IP can be exported through a route other than that of the
flagellum (Fig. 6A). The major flagellar subunit FliC was produced
in the cells normally but was not exported. Unlike the case in E. coli
and Salmonella, FliC expression in Xenorhabdus occurs in the ab-
sence of flhA, as reported earlier (13), leading to normal levels of
FIiC synthesis in the flhA strain. Complementation of the flhA
mutant with flhA-flhB sequence restored secretion of both xeno-
cin complex and FliC proteins, as expected (Fig. 6B).

Analysis of fliA and fliC mutants for xenocin-IP complex se-
cretion. To determine if the xenocin operon was coregulated by
FliA (028), a transcription factor that regulates class III flagellar
genes, an fliA mutant strain of X. nematophila was used. There was
no difference between the synthesis and secretion of xenocin com-
plex in the fliA mutant strain and those in the wild-type cells (Fig.
7A), indicating that xenocin complex was transcribed indepen-
dently and secreted through the flagella, unlike the fliA-regulated
class I1I flagellar component, FliC, which was not produced in this
strain. The growth rate of the fliC mutant strain was found to be
lower than that of the wild-type strain. Xenocin-immunity pro-
tein complex was produced and secreted normally after mitomy-
cin Cinduction in the absence of flagellar filament as shown in Fig.
7B, indicating that absence of flagellar filament does not affect
xenocin export.
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Protein fractions from xciA™ cells were isolated as described in the text and analyzed. Xn protein, purified xenocin. Cytosolic proteins refers to proteins at 2.5 h
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Secretion of xenocin variants in X. nematophila. To deter-
mine the minimum essential sequence necessary for secretion
through the flagella, DNA sequences encoding xenocin variants
were cloned and expressed in the xciA strain of X. nematophila
under an IPTG-inducible promoter. The results show that xeno-
cin and IP were produced in the cytosol and exported to the fla-
gella and outside the pPS1 plasmid, containing only the coding
sequences of the proteins (Fig. 8B). This implied that the 5'-UTR

TABLE 2 Exogenous antibacterial activity and proteins in flagellar
preparation from different strains

Characteristic of flagella
from induced cells”

Presence of

Strain Activity xenocin/IP
X. nematophila wild type + +/+
xciA mutant - —/—
xciA mutant complemented with xciA-ximB + +/+

“ Induced with mitomycin C.
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of the xciA gene is not necessary for targeting the complex to
flagellar export. To examine the role of IP in export of the com-
plex, pPS2 containing the xciA sequence without ximB was tested.
The wild-type xenocin, when expressed in the absence of IP, was
less abundant, suggesting that IP is required for xenocin stability
in the cytoplasm. Since the cells harboring the plasmid eventually
lysed, flagellar localization could not be examined (Fig. 8C). It is
puzzling as to why the constitutively produced IP could not neu-
tralize the toxicity of xenocin. We suspect that the amount of
constitutively produced IP is not enough to inactivate xenocin
produced from a multicopy plasmid, as it has been observed ear-
lier that more than a 3 times molar excess of IP was required to
neutralize xenocin under in vitro conditions (19). Alternatively,
the constitutively produced IP, in isolation, may not be readily
accessible for complex formation, or it may be chemically/struc-
turally distinct from the inducible IP, not amenable to complex
formation. Further work will be needed to answer these interest-
ing questions.

To neutralize xenocin toxicity, we produced enzymatically in-
active protein by introducing point mutations in the active site.
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Growth profiles of the E. coli strains containing xenocin variants
D535A and H538A (pPS3 and pPS4) were similar to that of the
vector control and showed minimal inhibition in growth com-
pared to the wild-type protein (data not shown). Far-UV circular

dichroism spectra of the nontoxic variant indicated that the sec-
ondary structure of the latter was not disturbed (data not shown).
The plasmids pPS3 and pPS4, when transformed in the xciA mu-
tant, allowed variant xenocin expression in the absence of IP with-
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FIG 7 Secretion analysis of fliA and fliC mutants by Western blotting. (A) Wild-type and fliA mutant cultures were induced with mitomycin C and samples taken
after 2.5 h. Proteins in the culture supernatant were precipitated and analyzed. WT, wild type. (B) Cytosolic and culture supernatant proteins of the fliC mutant
strain were induced with mitomycin C, and samples were taken at different time points and processed as described in the text. Cytosolic proteins were analyzed
at 2.5 h; flagellin control indicates purified flagellin. Lane M, low-range, prestained molecular mass markers (in kDa).
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out causing cell lysis when induced with mitomycin C, in contrast
to cells containing the wild-type xciA variant. Analysis of expres-
sion by Western blotting with anti-xenocin antibody showed the
presence of variant xenocin in the cytoplasmic fractions, flagella,
and the culture supernatant (Fig. 8C). The level of expression of
xenocin alone was lower than that when it was produced as a
complex with IP, which could be due to the higher proteolytic
susceptibility of the unprotected protein. The individual domains
of xenocin, e.g., translocation, translocation-receptor binding,
and catalytic domains, were not expressed very stably in the cyto-
sol, hence their export could not be evaluated with a reasonable
degree of confidence (data not shown).

DISCUSSION

Previously, we have described an antibacterial protein xenocin of
X. nematophila that has activity against several bacterial species
colonizing the larval gut (19). Bacteriocins need to be transported
out of the cell to be functionally active, which occurs by a well-
established mechanism of cell lysis orchestrated by a lysis-induc-
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ing gene (15). In this study, we demonstrate that the xenocin-IP
complex of X. nematophila is released in the extracellular medium
through the flagellar type III pathway, which has not been re-
ported before for a bacteriocin.

In bacterial cultures, as the nutrients are depleted due to over-
crowding, bacteriocins are induced and released by cell lysis to
eliminate the competitor strains. As a consequence, most of the
producer population is killed, leaving a small number to with-
stand the unfavorable conditions (15). In X. nematophila, since
antimicrobials are produced in a nutrient-rich insect carcass to
control putrefying competitors (40, 41), it may be counterproduc-
tive to reduce its own population, considering the requirement of
high population density for efficient nematode reproduction (42—
44). This might have driven xenocin export by an alternate route
without lysing the cell, as it would be beneficial for the evolution-
ary success of the symbiotic relationship. In a similar case in Pseu-
domonas aeruginosa, effector toxins were delivered directly in the
target cells by a type VI secretion system, thereby minimizing the
fitness cost associated with self-targeting, and further, to prevent
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self-intoxication, the cognate immunity proteins were localized in
the periplasm (45). In X. nematophila, we do not know if xenocin
is delivered directly to the target cell; however, its direct export
outside without cell lysis/self-targeting would surely help in sus-
taining mutualism, which is vital to its survival in nature.

Our study reveals a unique feature of the immunity protein
export in X. nematophila. Synthesis of IP alone, constitutively
from the second promoter, P2, and with xenocin from the induc-
ible promoter P1 is in agreement with our earlier observation of
two transcripts of 1.2 and 2.9 kb (19). The results of this study
show that IP produced from different promoters is exported
through different routes. This has never been reported before and
raises important questions about, e.g., the specific role of the con-
stitutively produced IP in the periplasm in light of the C-terminal
hemolysin domain in the protein (19). The 5'-UTR or the coding
sequence of IP appears to contain a signal for targeting it only to
the periplasm, as it is never seen alone in the flagella. The nature
of the signal sequence/motif and mode of subsequent release of IP
in the medium are not known and will be addressed in the future.
The presence of IP in the periplasm has been reported for strains
producing bacteriocins that act on the murein layer, e.g., colicin M
and pesticin, and require an IP to neutralize the incoming bacte-
riocins (46—49). Since bacteriocins displaying nuclease activity,
like xenocin, contain tightly bound IP both in the intracellular and
released form (37, 47), presence of free IP in the periplasm is
unexpected, and its function entails further investigation. The re-
sults suggest that function of the inducible IP is to neutralize lethal
activity of xenocin by forming a complex until it is exported out of
the producer cell and to protect it from proteolytic degradation. It
does not appear to be involved in translocation of the complex, as
the nontoxic xenocin variants were exported through the flagel-
lum alone. Under the circumstances, the constitutively produced
IP that is present in the cell could not have substituted for induc-
ible IP in xenocin export, because if it were so, the wild-type xe-
nocin (when expressed alone) would be stable and harmless to the
cell (Fig. 8C). Based on the observations described above, it can be
concluded that xenocin alone has the necessary information for
export.

In the absence of a dedicated lysis-inducing system in the prox-
imity of the xenocin operon, we searched for genes implicated in
bacteriocin secretion in the genome of X. nematophila (http:
/Iwww.xenorhabdus.org; RefSeq NC_014228.1) with no signifi-
cant results. No secretion signal could be identified in the N ter-
minus of xenocin. This is in contrast to the export of the flagellin
protein FliC in E. coli and Salmonella, the N terminus of which
contains the signal for export through flagella (50-52). Similarly,
in Campylobacter jejuni, targeting of FlaA and FlaB was mediated
by their amino termini (53), while in Y. enterocolitica the signal for
export of YopQ through the type III system was reported to be in
the mRNA (54), reflecting the lack of consensus in the recognition
motif of substrates. Primary sequence comparison of xenocin to
other effector proteins secreted through the flagellar route, e.g., a
lipase of X. nematophila (13), phospholipase of Yersinia enteroco-
litica (26), and flagellar subunits FliC and FliD, did not reveal any
common, conserved motif. Thus, it is evident that characteristics
of recognition and targeting signals of substrates to the flagellar
and type III secretory machinery are yet to be established (27).

It is intriguing that an ~100-kDa protein complex travels
through the narrow 20- to 30-A-diameter channel of the flagellar
filament (55). Flagellar subunits, including the major 55-kDa
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FliC, are synthesized in the cytoplasm and translocated to the
distal end of the growing flagella through a 2- to 3-nm channel
(56); it is suggested that the flagellin transits partially unfolded
through this channel to its tip, where it refolds before inserting
into the growing filament (57, 58). A 41-kDa lipase encoded by
xIpA, contiguous to the xciA locus, is also exported through the
flagella in X. nematophila (13); however, since it is transcribed
divergently by an FliA-dependent promoter, their cotranslocation
seems unlikely. Incidentally, Photorhabdus luminescens, another
closely related, insect-pathogenic bacterium carried by ento-
mopathogenic nematodes, contains a bacteriocin cluster adjacent
to the flagellar operon (59) and could be a substrate for export via
flagella. Several pathogenic bacteria are known to export effector
proteins and virulence factors through the flagellar type III appa-
ratus (60), but molecular details of translocation have not been
elucidated.

Thus, despite the facts that (i) IP is synthesized and exported
alone via the periplasm, (ii) the constitutively produced IP,
though present, is unable to protect the cell, and (iii) IP apparently
is not required for xenocin export through the flagellum, the ex-
istence and export of xenocin alone, not in complex with IP, is
suicidal for the producer cell. While the combined evidence, e.g.,
transcription of xciA and ximB as a single transcript and detection
of xenocin and IP together in the cytosol by immunoprecipitation
and in the flagella only after mitomycin C induction, strongly
argue for transport of xenocin-IP together. At this stage, it is not
clear if the proteins travel by themselves or if they are assisted by
another protein/chaperone, which is common in type III secretory
systems (61).

In conclusion, the physiological significance of bacteriocin ex-
port through the flagellar route and not by cell lysis could be that
it enables X. nematophila to maintain high population density,
and it may provide a growth advantage over competing species.
Also, secretion through flagella would ensure its effective dissem-
ination in the environment through cellular motility. Another
function that may benefit X. nematophila that needs to be explored
is whether the flagella can directly deliver xenocin to the target
species, as reported for EtpA of enterotoxigenic E. coli (62). Thus,
in the absence of a dedicated (nonflagellar) type III secretory sys-
tem (13), the flagellar pathway could be employed for efficient,
targeted killing of competing microbes by X. nematophila.
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