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Xenorhabdus nematophilus is an insect pathogen that lives in a symbiotic association with a specific entomo-
pathogenic nematode. During prolonged culturing, variant cells arise that are deficient in numerous proper-
ties. To understand the genetic mechanism underlying variant cell formation, a transposon mutagenesis ap-
proach was taken. Three phenotypically similar variant strains of X. nematophilus, each of which contained a
single transposon insertion, were isolated. The insertions occurred at different locations in the chromosome.
The variant strain, ANV2, was further characterized. It was deficient in several properties, including the ability
to produce antibiotics and the stationary-phase-induced outer membrane protein, OpnB. Unlike wild-type
cells, ANV2 produced lecithinase. The emergence of ANV2 from the nematode host was delayed relative to the
emergence of the parental strain. The transposon in ANV2 had inserted in a gene designated varl, which en-
codes a novel protein composed of 121 amino acid residues. Complementation analysis confirmed that the pleio-
tropic phenotype of the ANV2 strain was produced by inactivation of varl. Other variant strains were not
complemented by varl. These results indicate that inactivation of a single gene was sufficient to promote vari-
ant cell formation in X. nematophilus and that disruption of genetic loci other than var! can result in the same

pleiotropic phenotype.

Xenorhabdus nematophilus is harbored as a symbiont in an
intestinal vesicle of the infective juvenile stage of the ento-
mopathogenic nematode, Steinernema carpocapsae (19, 20, 24,
25,31, 35, 36). The bacteria are carried into a susceptible insect
larva by the nematode and are subsequently released into
the insect hemolymph, where they participate in the killing of
the insect host (3, 4, 11, 17). X. nematophilus proliferates within
the hemolymph and eventually enters stationary phase. Under
stationary-phase conditions, the bacterium produces numerous
products that play roles in providing a nutrient base for the
developing nematodes (25, 42, 45). During the final stages of
nematode development, the bacteria and nematode reassoci-
ate, and the symbiotic pair leaves the insect cadaver in search
of a new host (4, 25, 36). The symbiotic association presumably
protects the bacterium so that it can exist outside of the insect
host (3, 11).

The X. nematophilus cells obtained from the infective juve-
nile nematode are referred to as primary or phase I cells
(1, 8-10, 12, 13, 43, 48). The primary cells of all strains of
X. nematophilus studied to date possess the following charac-
teristics: they are motile, are able to bind dye, can produce
antibiotics, hemolysins, proteases, and crystal proteins, can
stimulate hemagglutination, can elaborate fimbriae on agar
surfaces, and are able to synthesize the outer membrane pro-
tein, OpnB, during post-exponential-phase growth (25, 26, 27,
28, 34, 44). These properties will be referred to as primary-
specific traits. Other properties, such as lecithinase and lipase
production, are more variable between strains. During pro-
longed culturing of the bacteria, variant cells arise spontane-
ously at a variable frequency. The variant cells have been called
secondary or phase II cells (8, 9, 12, 13). In the secondary cells,
the primary-specific traits mentioned above are either absent
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or greatly reduced. In some strains, lipase and lecithinase ac-
tivity are increased in the secondary cells (8, 12). The mem-
branes of the variant secondary forms are less fluid than their
respective primary forms (21). The formation of secondary
cells occurs in all species of Xenorhabdus (8) and also occurs in
the closely related Photorhabdus spp. (24). Low osmolarity in
Photorhabdus luminescens (32) and microaerophilic conditions
in X. nematophilus (9, 25) have been shown to enhance forma-
tion of the secondary cells. Although the biological role of the
secondary cells remains unsolved, this form has been shown to
grow faster than the primary cells after experiencing starvation
conditions (41). It was suggested that the secondary cells may
be better adapted to life as a free-living organism.

The primary and secondary cells are equally pathogenic to-
wards larvae of the greater wax moth, Galleria mellonella (17,
25, 31, 46). The secondary cells of Xenorhabdus support growth
and development of the nematodes in vitro (18, 46). In con-
trast, they are defective in their ability to support growth of the
nematode in the insect (1). These findings suggest that the
products missing in the secondary cells are not essential for
virulence but are required for normal in vivo growth of the
nematode. A major difference between the secondary cells of
Xenorhabdus and Photorhabdus is that the latter do not support
in vitro growth of their symbiotic partner, the Heterorhabditi-
dae nematodes (18).

The genetic mechanism underlying the formation of the
secondary cell type is not known. DNA rearrangement (5) and
loss of plasmids (33) do not appear to play a role in this
process. In Photorhabdus, both posttranscriptional (25, 30) and
posttranslational (16, 47) mechanisms have been proposed to
be involved in the loss of primary-specific traits. Since numer-
ous properties are altered in the secondary cells, it is conceiv-
able that inactivation of a putative global regulatory gene could
result in the coordinate loss of the primary-specific products.
The question arises whether a unique genetic locus controls
variant cell formation. Alternatively, since secondary cells form
under prolonged incubation conditions, it is possible that the
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TABLE 1. Bacterial strains and plasmids used in the study

Bacterial st_rain Relevant genotype Source or
or plasmid reference
X. nematophilus strains
ANG6/I (ATCC 19061/T) Wild type, Amp* R. J. Akhurst
ANG/II Spontaneous variant type, Amp* R. J. Akhurst
ATCC 19061/11 Spontaneous variant type, Amp" R. Hurlbert
ANV2 ANG6/I::Tnl0 Amp* Km" This study
ANV1 ANG6/I::Tnl0 Amp" Km" This study
ANV4 ANG6/I::Tnl0 Amp* Km" This study
Plasmids
pLOF-Km" Amp", Tnl0-based delivery plasmid with Km" 29
pJQ200KS sacB, R6Kori, Rp4mob, Gm" 37
pG52 pGEMB3Z containing 2.1-kb EcoRI/HindIII fragment from ANV2 This study
pBK9 pBK-CMYV containing a 5.2-kb EcoRI insert from the wild-type X. nematophilus AN6/1 This study
pBK10 pBKO with 945-bp EcoRV deletion This study
pBK12 pBK9 with 1.5-kb deletion at Csp451 and Clal sites This study
pJV9 pJQ200KS containing a 5.2-kb EcoRI insert from the wild-type X. nematophilus AN6/1 This study
pJV10 pJV9 with 945-bp EcoRV deletion This study
pJV12 pJV9 with 1.5-kb deletion at Csp451 and Clal sites This study

accumulation of multiple mutations is necessary for the for-
mation of the variant form. In the present study, a transposon
mutagenesis approach was taken to address these questions.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. Bacterial strains
and plasmids used in this study are shown in Table 1. X. nematophilus strain
ANG/I (ATCC 19061/I) was maintained on Luria broth (LB) containing 50 pg of
ampicillin per ml, 0.0025% bromothymol blue (BTB), and 0.004% triphenyl-
tetrazonium chloride (LBTA) (26, 34). ANV1, ANV2, and ANV4 were main-
tained on LB containing 30 pg of kanamycin per ml. The rifampicin-resistant
strain AN6/I was maintained on LB containing 100 pg of rifampicin per ml.
Escherichia coli S17-1 N(pir) was used to conjugally transfer plasmids to X.
nematophilus (40). X. nematophilus strains were grown at 30°C, and E. coli was
grown at 37°C.

Transposon mutagenesis. The mini-Tn/0 transposon carried on pLOF-Km"
was introduced into X. nematophilus by conjugal transfer. Cultures used for
transposon mutagenesis were grown to logarithmic phase, were centrifuged for
10 min at room temperature, and were resuspended in 0.6 ml of LB. One
hundred microliters of E. coli 17-1/pLOF-Km" and 400 .l of AN6/I were mixed
and placed on the surface of an LB plate containing 0.1 mM isopropyl-B-p-
thiogalactopyranoside (IPTG) and were incubated for 12 to 14 h at 30°C. Bac-
teria were resuspended in 1.5 ml of LB, were serially diluted, and were plated on
LBTA (26) containing 30 pg of kanamycin per ml and 100 ug of rifampicin per
ml. The kanamycin-resistant red colonies were screened for several in vitro
phenotypes.

In vitro biochemical assays. Motility on soft agar, outer membrane proteins,
crystal proteins, antibiotic production, hemolysis, and egg yolk lecithinase reac-
tion were analyzed as described previously (46).

Fimbria production and hemagglutination. Fimbria production was examined
by electron microscopy as described by Brehelin et al. (13). For the hemagglu-
tination assay, cultures from nutrient broth agar plates incubated at 30°C for 3
days were used (34). Cells were serially diluted in Grace’s medium (25 wl).
Twenty-five microliters of sheep blood (4% in phosphate-buffered saline) was
added to the cells, and the mixture was shaken gently to mix. The result was
recorded after 2 h of incubation at room temperature.

Initial growth of bacteria released from the nematode. Infective dauer juve-
niles raised on a lawn of either AN6 or ANV2 were harvested from water traps.
There was no detectable difference in the yields of nematodes grown on the
respective strains. The bacteria were subsequently surface sterilized by washing
in sterile 0.9% NaCl, followed by brief vortexing in a mixture of 10% Clorox and
0.9% NaCl, and were subsequently washed three times with sterile 0.9% NaCl.
The effectiveness of the sterilization procedure in removing bacteria from the
nematode surface was assessed by using the BacLight vital stain (Molecular
Probes, Inc., Eugene, Oreg.). Bacteria were not detected on the surface of the
sterile nematodes. Five hundred nematodes were inoculated into 5 ml of either
LB (wild-type strain) or LB containing 30 wg of kanamycin per ml (mutant
strains). The nematodes were incubated at 28°C, and the bacterial growth was
monitored by turbidity by using a Klett meter. Each experimental condition was
performed in triplicate. The released bacteria were plated on LBTA containing
either 50 pg of ampicillin per ml (wild-type strain) or 30 wg of kanamycin per ml
(mutant strains). X. nematophilus cultures with plasmids were grown and plated

on LBTA containing 10 pg of gentamicin per ml. The experiment was repeated
three times with nearly identical results.

Natural infection of Manduca sexta. Fourth-instar M. sexta larvae were natu-
rally infected with 50 surface-sterilized dauer juveniles per caterpillar. The nem-
atodes were raised on either the wild-type strain, secondary strains, mutant
strains, or mutant strains carrying plasmids, as described above. Nematodes were
placed on sterile filter paper soaked in 0.9% NacCl solution prior to infection of
the caterpillars. The growth of the M. sexta larvae was monitored by weight gain.
The time at which 50% of the insects had died (LTs,) was determined by
monitoring mortality by lack of movement and loss of body turgor. The patho-
genicity experiments were carried out three times for each experimental condi-
tion (26).

Southern hybridization. Southern hybridization was carried out as previously
described (38). Briefly, DNA separated on a 1% agarose gel run in Tris-borate-
EDTA buffer was transferred onto a nylon membrane by capillary transfer and
was hybridized with *?P-labeled probes under stringent conditions (65°C). After
hybridization, blots were washed at high stringency (65°C, 0.1 SSC [1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate], 0.1% sodium dodecyl sulfate [SDS])
(44).

Cloning varl and construction of varl-orf2 plasmids. Attempts to clone the
6.8-kb EcoRI fragment containing the inactivated var/ of ANV2 were unsuc-
cessful (6, 38). To clone the inactivated varl, we took advantage of the single
HindIII site that exists in the Km" cassette. The chromosome of ANV2 was
digested with HindIII and EcoRI, and the resulting fragments were cloned into
pGEM3Z (Promega). Following transformation of E. coli, colonies containing
the kanamycin resistance cassette were detected by colony hybridization. The
1.5-kb Notl fragment of pLOFKm" was used as the probe. The radiolabeled
probe was hybridized to the filter at 65°C. Blots were washed at 65°C in a solution
containing 0.1X SSC and 0.1% SDS. One positive clone containing a 1.2-kb
flanking region adjacent to the kanamycin resistance cassette (pG52) was ana-
lyzed by sequencing. To clone the full-length EcoRI fragment that contained the
wild-type varl, an EcoRI library of the AN6/1 was created in Lambda ZAPII
EcoRI (Stratagene). Plaque hybridization was performed with nylon filters (Mag-
naGraph). The radiolabeled probe containing the 5’ region of varl (1.2-kb
EcoRI/NotI fragment of pG52) was used for plaque hybridization. After hybrid-
ization, blots were washed at 65°C with a solution containing 0.5X SSC and 0.5%
SDS. The identified positive lambda clones were converted into plasmid (pBK-
CMV) with the in vivo excision protocol, described by Stratagene, resulting in
pBK9 (9.7 kb). A 5.2-kb insert was cut out from pBK9 with BamHI and Xbal and
was subcloned into pJQ200KS, resulting in pJV9 (10.1 kb). In order to delete the
open reading frames (ORFs) downstream of the ybhE-like gene, we used
EcoRV, which has three restriction sites (see Fig. 4). The pBluescript vector
(pBK9) containing the 5.2-kb wild-type fragment from X. nematophilus was
digested with EcoRV, and the 8.7-kb varI-containing fragment was isolated from
the gel. The new construction (pBK10, 8.7 kb in size) was digested with Xbal and
Sall to clone varl into pJQ200KS, resulting in pJV10 (9.1 kb in size). To
construct pJV12, pBK9 was digested with Csp451 and Clal. The larger (8.2-kb)
fragment was isolated from the gel and religated (pBK12). The insert was cut out
with Xbal and Sall and was cloned into identical restriction sites of pJQ200KS.

Mobilization of the plasmids and complementation. pG52 was transformed
into SB221 as previously described (22). The plasmids pBK10, pBK12, pJV9,
pJV10, and pJV12 were electroporated into S17-1 in disposable microelectro-
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TABLE 2. Phenotypic characterization of ANV2

Variant type

Phenotypic trait Primary

ANV2 Secondary”

BTB absorption
Antibiotic production
Crystal protein production
Lecithinase

OpnB

OpnS

Swimming motility
Swarming motility
Fimbriae
Hemagglutination
Hemolysis

Cell shape in stationary phase

|
I+ 1

+H+++F A+ A+
+
+
+
I+ 4+ 1+

Short rods Long rods Short rods

“19061/11.
® Fimbriae were dramatically reduced but not absent on the variant cells.

poration chambers (Life Technologies) as described in the manufacturer’s pro-
cedure. The plasmids pJV9, pJV10, and pJV12 were conjugated into ANV2,

Nucleotide sequence accession number. The sequences reported herein have
been deposited in the GenBank database under accession no. AF191556.

RESULTS

Transposon mutagenesis. The genetic mechanism by which
secondary cells of X. nematophilus are formed is not known. To
determine whether inactivation of a single gene could produce
the pleiotropic phenotype associated with the secondary cell, a
transposon mutagenesis approach was taken. The strain ANG,
which is equivalent to the type strain ATCC 19061 (Table 1),
was mutagenized by using a mini-Tn/0 carrying a kanamycin
resistance gene. Exconjugants were selected for kanamycin
resistance and simultaneously screened for lack of BTB bind-
ing. Out of 2,600 transposon mutant strains isolated, 50 lacked
the ability to bind BTB. These strains were subsequently tested
for numerous phenotypic properties associated with the sec-
ondary cell (Table 2). Eight mutant strains which displayed the
secondary cell phenotype were isolated. Southern hybridiza-
tion and restriction enzyme analysis showed that each of the
eight strains contained a single transposon insertion and that
the chromosomal position of the insertion was different in the
individual strains.

During the course of this study, we found that three of the
eight mutant strains did not revert during storage at —80°C or
during storage on agar plates. In contrast, several phenotypic
characteristics reverted to the wild-type state in the remaining
five strains. The phenotypes of the three stable strains, ANV,
ANV2, and ANV4, were similar but not identical. They dif-
fered in the amount of lecithinase, lipase, and the station-
ary-phase-induced outer membrane protein (OpnS) pro-
duced. ANV1 and ANV4 produced higher levels of lecithinase
(Table 3) and lipase (data not shown) than ANV2. In addition,
OpnS production in ANV2 (Fig. 1, lane 2) and ANV1 (data
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not shown) was elevated while ANV4 (data not shown) pro-
duced wild-type levels of this protein. Finally, ANV2 and
ANV4 retained a long rod shape under stationary-phase con-
ditions while ANV1 exhibited a shorter rod shape (Table 3).
ANV2 was chosen for further study.

In vitro characterization of ANV2. The growth rate of ANV2
at 30°C in different growth media was identical to that of the
parent cell. ANV2 did not produce antibiotics, crystal proteins,
or OpnB (Table 2). These products have been previously shown
to be induced during the post-exponential-growth phase (23,
24, 25, 42). ANV2 also possessed dramatically reduced levels
of fimbriae, was unable to stimulate hemagglutination, lacked
hemolytic activity, and did not swarm on agar plates. In con-
trast, ANV2 was as motile in broth culture as the parent strain
and continued to be motile in stationary phase, while motility
of the parent was reduced. In this regard, ANV2 and the
secondary form of 19061 (19061/II) differed from secondary
cells characterized previously in that the latter were shown to
be nonmotile in liquid culture (Table 3).

Certain products were made at higher levels in ANV2 than
in the parent strain. The production of lecithinase was in-
creased in ANV2 and was not detectable in the parent cells
(Table 2). In other strains of X. nematophilus, lecithinase ac-
tivity was detected in the parent strain and was reduced in the
secondary strains (Table 3). ANV2 also produced a higher
level of OpnS (Fig. 1, lane 2) than did the parent strain (lane
1). Overall, the phenotype of ANV2 closely resembled that of
19061/11 (Table 2). However, ANV2 produced more OpnS and
retained its long rod shape under stationary-phase conditions
while 19061/II became shorter in stationary phase.

In vivo characterization of ANV2. To assess the pathogenic
properties of ANV2, approximately 300 bacterial cells were
injected into either fourth- or fifth-instar M. sexta. The LT5,s of
the injected animals were determined. The LT, was 24 h when
the bacteria were injected into fourth-instar caterpillars and
was 27 h when cells were injected into fifth-instar M. sexta.
These values were identical to those found for the parent
strain. These findings indicated that ANV2 was fully patho-
genic towards the larval insect host and that the properties
missing in the variant strain were not essential for virulence.

We next addressed the question of whether ANV2 was de-
fective in its interaction with the nematode host. It was previ-
ously shown that S. carpocapsae was able to mature and repro-
duce on secondary cells of X. nematophilus (18, 46). The ability
of the nematode to grow on, retain, and subsequently release
the bacteria was evaluated as described in Materials and Meth-
ods. Figure 2 shows a representative experiment. The release
and subsequent growth of AN6 were initially detected 14.7 h
after inoculation. In contrast, the initial appearance of ANV2
in the culture did not occur until 20.7 h after inoculation.
These findings suggest that ANV2 was defective in some aspect
of its survival within, or in its release from, the nematode.

Cloning and sequence analysis of varl and orf2. Since a
single Tn/0 insertion was found in ANV2, it was possible that

TABLE 3. Variable traits of the secondary and Tnl0 variant forms of X. nematophilus

Secondary variants

Phenotypic trait

Transposon variants

ANG6 19061 F1 A24 NC116 ANV2 ANV1 ANV4
Lecithinase + + - - - + ++ ++
Swimming motility - + - - - + + +
Pathogenicity - + + NA* NA + + +
Shape in stationary phase Short, thin, rods Short rods Short rods NA NA Long rods Short rods Long rods

“NA, not available.
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FIG. 1. Outer membrane proteins of strains grown under stationary-phase

conditions in LB. Lane 1, AN6; lane 2, ANV2; lane 3, ANV2 with pJV9; lane 4,
ANV2 with pJV12; lane 5, ANV2 with pJV10.

inactivation of a single gene was responsible for the pleiotropic
phenotype of this variant cell. To confirm this possibility, the
location of the Tnl0 insertion in ANV2 was determined. A
2.1-kb fragment containing the upstream sequence flanking the
transposon was cloned and sequenced. A partial ORF that
encoded 279 amino acid residues was found to share 43%
identity with the ybhE gene of E. coli. The function of ybhE in
E. coli is not known. The final nine codons of the ybhE-like
gene of X. nematophilus are shown in Fig. 3. The transposon
was found to be inserted 320 base pairs downstream of the stop
codon of the ybhE-like gene. An ORF encoding 84 residues to
the point of the transposon insertion was identified. This ORF
was named varl since its inactivation appeared to be involved
in the formation of the variant type cell. To obtain the entire
nucleotide sequence of varl, a varl-containing clone was ob-
tained from the chromosomal library of the wild type. Se-
quence analysis of the DNA region containing var! is shown in
Fig. 3. The varl gene encodes a protein consisting of 121 amino
acid residues. The transposon had inserted into the codon for
Ala84. A consensus ribosome binding site was found 10 bp
upstream of the predicted start codon. Varl showed no se-
quence similarity to any protein in the GenBank database.
The OREF located downstream of varl was named orf2. The
orf2 gene encoded a protein of 192 amino acid residues and
showed no sequence similarity to any known gene. The orf2
gene, which is transcribed in the opposite direction of varl,
contained an identifiable ribosome binding site and consensus
—10 and —35 ¢’ promoter sequences. The nucleotide se-
quence of the region upstream of orf2 was also determined
(Fig. 4). Three genes which shared amino acid identity with the
E. coli genes bioA, bioB, and bioF were identified. The level of
sequence identity was 72, 69, and 58%, for bioA, bioB, and
bioF, respectively. These genes are involved in biotin biosyn-
thesis in E. coli and other enteric bacteria. The level of identity
for bioA was based on the complete sequence of this gene
while that for bioB and bioF was based on a partial sequence.
This sequence analysis revealed that in X. nematophilus the six

1000
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- + ANV2

£ 100 -

5

o 10
0 5 10 15 20 25 30 35 40

Hours

FIG. 2. Nematode-bacteria assay. Five hundred surface-sterilized dauer ju-
venile nematodes were inoculated into 5 ml of LB, and the bacterial growth was
monitored.
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T § M

FIG. 3. Nucleotide sequences of varl and orf2 and their deduced amino acid
sequences. The putative ribosome binding sites are underlined. The putative
promoter consensus sequences are double underlined. The site of transposon
insertion is marked with an arrowhead. Restriction sites used for complementa-
tion analysis are indicated with small letters and are labeled above the sequence.

ybh genes found in this region of the E. coli chromosome have
been replaced with the varl-orf2 sequence in X. nematophilus.
Interestingly, the guanine-plus-cytosine content of var! and
orf2 was 41 and 36%, respectively, while the average guanine-
plus-cytosine content of the X. nematophilus genes so far se-
quenced, including those presented in this study, is 46%.
Complementation of in vitro phenotypes. The above results
suggested that the variant cell phenotype of ANV2 was caused
by inactivation of varl. Because orf2 was transcribed in the
opposite direction, it was not likely that the Tn/0 insertion had
a polar effect on this gene. To ensure that it was inactivation of
varl alone that produced the ANV2 phenotype, complemen-
tation experiments were carried out. The plasmid pJV9, car-
rying a 5.3-kb fragment containing varl, orf2, and the bio genes,
was constructed. Introduction of pJV9 into ANV2 completely
complemented the variant type cell (Table 4) and restored the
OpnS production to wild-type levels (Fig. 1, lane 3). These
results supported the idea that varl function was required for
the expression of the numerous traits that were altered in
ANV2. To further analyze whether varl alone was sufficient for
the complementation of ANV2, the DNA sequence spanning
the upstream regulatory region and the first 10 amino acid
residues of orf2 was deleted, generating pJV12. This plasmid
contained the varl and bio genes but lacked the orf2 gene.
ANV2 containing pJV12 was almost completely comple-
mented (Table 4). Thus, var] function alone was sufficient to
restore almost all of the phenotypic traits altered in ANV2.
Interestingly, pJV12 only partially restored the production of
OpnB and OpnS to wild-type levels (Fig. 1, lane 4), suggesting
that orf2 may play a role in the production and/or processing of
these stationary-phase outer membrane proteins. To be certain
that the bio genes were not involved in the complementation of
ANV?2, the plasmid pJV10, which lacked var! and orf2 but
retained the bio genes, was constructed. As expected, pJV10
was unable to complement ANV2 (Table 4 and Fig. 1, lane 5).
These results confirm that the varl gene itself is required for
the production of the numerous phenotypic traits altered in



1626 VOLGYI ET AL.

X. nematophilus
ybhE var1 orf2 bioA  bioB  bioF
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FIG. 4. Comparison of the ybh-bio regions in X. nematophilus and E. coli. The site where the Tnl0 inserted is marked with the circle. E, EcoRI; RV, EcoRV; C,

Csp4sl; Cl, Clal.

ANV2 and that the inactivation of this gene resulted in the
formation of the variant type cell.

To address the question whether var! was inactivated in
other variant cells, pJV9 was conjugated into the secondary
cells of both 19061 and ANG6. These strains were not comple-
mented by pJV9, indicating that genes other than var! were
altered in these variant cells. Finally, while restriction analysis
suggested that the transposon had inserted into different chro-
mosomal locations in ANV1, ANV2, and ANV4, it was possi-
ble that the transposon had actually inserted into different
positions of varl. This was not the case, since pJV9 did not
complement ANV1 and ANV4, indicating that genes other
than varl were affected in these variant strains.

Complementation of in vivo phenotypes. Since plasmids con-
taining varl were able to complement ANV2 in vitro, we ad-
dressed whether the defect in its interaction with, or survival
within, the nematode could be complemented. Dauer juveniles
grown on ANV2 carrying either pJV9, pJV10, or pJV12 were
surface sterilized and were inoculated in LB. The initial time of
bacterial growth was monitored as shown in Table 5. The initial
growth of ANV2 was previously shown to be delayed for 6 h
relative to that of AN6 (Fig. 2 and Table 5). When ANV2
carried plasmids containing var! (pJV9 or pJV12), the time of
initial bacterial growth was comparable to that of ANG6, indi-
cating that varl was able to correct the defect in the interaction
with the nematode. In contrast, this defect was not corrected
in ANV2 carrying pJV10, further supporting the conclusion
that varl was required for normal interaction with, or survival
within the nematode.

The question of whether a delay in the initial time of bac-
terial growth would be reflected in a delay in killing of the in-
sect host during natural infection was next addressed. Fourth-
instar M. sexta larvae were naturally infected with nematodes
carrying the different bacterial strains described above. As shown
in Table 6, the LTs, for nematodes containing ANV2/pJV10

TABLE 4. Complementation analysis of ANV2

Plasmids
Phenotypic trait JV12 JV10
P (mr})g\;?ﬁ+) (wgl *orf2 (var% mutant
mutant) orf2 mutant)
BTB absorption + + -
Antibiotic production + + -
Crystal protein production + + -
Lecithinase - - +
OpnB + + _
OpnS + ++ +++
Swimming motility + + ++
Hemolysis + + —
Cell shape in stationary phase ~ Short rods  Short rods  Long rods

was 45.8 h, which was 7 to 8 h longer than that for nematodes
carrying the parent strain. In contrast, the LT5ys of ANV2
carrying either pJV9 or pJV12 were comparable to that of
ANG6. These findings indicated that the delay in the initial
growth of ANV2 correlated with a delay in the killing of the
insect when the bacteria were introduced via the nematode.
When ANV?2 contained varl-bearing plasmids, both the delay
in initial growth and the delay in insect killing were corrected.

DISCUSSION

During prolonged culturing of Xenorhabdus spp., secondary
cells that lack numerous primary-specific traits arise spontane-
ously at an unpredictable frequency. Secondary variants have
not been isolated during exponential growth. At least eight di-
verse primary-specific characteristics are consistently affected
in the secondary cells of all strains of X. nematophilus studied
to date (Table 2). Other characteristics, such as lecithinase
production, swimming motility, and cell shape, were more vari-
able. The mechanism underlying secondary cell formation is
not known. We show that disruption of a single gene, varl,
produced a secondary cell that was very similar to the sponta-
neously formed 19061/11 strain. This result suggests that spon-
taneous formation of the secondary variant cell could result
from a mutation in a single gene. This event appears to occur
under prolonged culturing conditions but not during exponen-
tial growth. Our results show that var! is not the only gene
involved in secondary cell formation since plasmids contain-
ing the varl gene did not complement the 19061/1I, AN6/IIL,
ANV1, and ANV4 strains. Furthermore, Tnl0 insertions in the
ANV1, ANV2, and ANV4 strains were located in different
chromosomal positions. Thus, the expression of primary-spe-
cific traits is complex and may involve multiple levels of regu-
lation.

The fact that a single transposon insertion eliminated the
production of the primary-specific traits, and that these traits
are also affected in the secondary variants of all strains of

TABLE 5. Initial growth of bacteria after inoculating
dauer juveniles into LB*

Time of initial

Bacterial strain growth (h)
+ SE
ANO/T . 147 =04
ANV2 20.7 £0.9
ANV2/pIV9 15.6 = 0.2
ANV2/pJV10? 204 £ 0.5
ANV2/pJV12? 15.8 = 0.2

“ Five hundred dauer juveniles were used in the experiments.
® LB containing 10 pg of gentamicin per ml was used.
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TABLE 6. LTs,s from natural infection of
fourth-instar M. sexta larvae

Bacterial strain LTs, (h) = SE

ANOG/I/PJQ200KS......ooiiiiciiiiciiicieceeceene 38.0 0.8
ANV2/PIV .. 37.8 £ 0.5
ANV2/pJV10 458 £ 0.7
ANVL2PIVI2 o 38.0 = 1.0

X. nematophilus examined, suggests that the primary-specific
genes are coordinately regulated. Since none of the primary-
specific genes have been cloned, we can only speculate about
how inactivation of varl affects the production of the primary-
specific genes. It is conceivable that the primary-specific genes
are coordinately regulated at the level of transcription. Al-
though BLAST search analysis indicated that the Varl protein
was not similar to any known regulatory protein, it may func-
tion as a small DNA binding protein, such as integration host
factor, that globally regulates gene expression. Primary-specific
genes may require this type of regulatory protein for their
expression. It is also possible that the production of individual
gene products is controlled posttranscriptionally or at the level
of protein processing and/or protein secretion. For example,
Varl may function as a specific chaperone that is necessary for
the proper folding or secretion of primary-specific products.
The pleiotropic phenotype of ANV2 may also be due to an al-
teration in protein transport and secretion pathways or altered
membrane properties. The primary-specific products may be
secreted via the specific transport system which would be ab-
sent or nonfunctional in secondary cells. It is conceivable that
OpnB participates in these transport processes. Since crystal
protein production and stationary-phase cell shape were also
altered in ANV2, it appears that varl affects other cellular
functions as well. Understanding the level of regulation of
the individual primary-specific traits should help to elucidate
whether, and how, these genes are coordinately regulated.

ANV2 and ANV4 were longer rods under stationary-phase
conditions while the parent strain bacteria were shorter rods
under these conditions. E. coli cells also become short rods
under stationary-phase conditions. The alternative sigma fac-
tor, mpoS, is involved in controlling genes that regulate this
stationary-phase cell shape phenotype (39). It remains to be
determined whether var! affects rpoS function in X. nemato-
philus.

While the primary-specific properties are thought to be im-
portant for the growth of the nematode in the insect cadaver,
it was not known whether they were directly involved in the
interaction between the bacterium and the nematode. We
show that when nematodes carrying either ANV2 or 19061/11
were placed in broth culture, initial bacterial growth was de-
layed relative to that seen with the parent strain (Fig. 2). The
LT, for natural infection with ANV2-bearing nematodes was
also increased (Table 5). The delay in initial bacterial growth
may indicate that the ANV2 and secondary strains survive less
well in the nematode than does the parent strain. Fewer bac-
terial cells in the intestinal sac would result in a longer lag
phase for initial bacterial growth. One intriguing possibility is
that the crystal proteins play a role in survival of the bacterium
in the nematode. Another possible explanation for the delay in
initial growth is that X. nematophilus may require an active
process such as swarming motility to leave the nematode. Since
ANV2 and secondary cells do not swarm, they may leave the
nematode via a slower, passive process. To elucidate the role of
primary-specific traits in the interaction between the nematode
and the bacteria, it will be necessary to create mutant strains in
which individual primary-specific genes are inactivated.

PHENOTYPIC VARIANT IN XENORHABDUS NEMATOPHILUS 1627

Secondary (phase II) variants have also been isolated during
prolonged culturing of Photorhabdus spp. (1, 3, 24). The sec-
ondary variants of Photorhabdus are pathogenic but do not
support growth of the Heterorhabditidae nematodes in vitro (1,
8). It was recently shown that an inactivation of either one of
the two different crystal genes, cipA and cipB, resulted in a
pleiotropic phenotype that resembled secondary cells (7). The
cipA mutant and cipB mutant strains grew normally and were
fully pathogenic, but did not support growth of nematodes
in vitro. Taken together, these findings support the idea that
primary-specific traits are involved in the symbiotic interaction
between the bacteria and the nematode. Several primary-spe-
cific products, such as antibiotic and crystal protein production,
are shared by both Xenorhabdus and Photorhabdus. However,
the biochemical properties of these products are very different.
The antibiotics produced by Xenorhabdus are either indole
derivatives or belong to the xenocoumacin or xenorhabdin
family of compounds, while the antibiotics of Photorhabdus are
hydroxystilbenes (2, 24, 42). The biochemical properties of the
crystal proteins of the respective bacteria are also very different
(7, 14). It is therefore probable that the genes responsible for
these phenotypic traits were acquired laterally and have been
retained to participate in the symbiotic function of the bacte-
rium. The acquired genes presumably came under the control
of a preexisting regulatory network in the cell.

While primary-specific traits were altered in all secondary
cells so far studied, several traits, such as lecithinase and OpnS
production, stationary-phase cell shape, and swimming motil-
ity, varied among the various strains. For example, ANV2
overproduced OpnS and grew as long rods during stationary
phase, whereas OpnS was not overproduced in 19061/II and
cells were short rods under stationary-phase conditions. There
were also significant differences among the secondary cells of
different strains of X. nematophilus. 19061/I1 was able to swim
and produced lecithinase while the secondary cells of other
strains (Table 3) were nonmotile and lacked lecithinase activ-
ity. These findings suggest that the regulation of the primary-
specific and variable traits is complex. Identifying the genes
that have been altered in the various secondary and ANV
strains would help to elucidate the genetic network involved in
the formation of secondary cells of X. nematophilus. With this
information, it may be possible to understand the role of pri-
mary-specific and variable traits in the symbiotic interaction
between the bacterium and the nematode.
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