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We have examined the production of the outer membrane proteins of the primary and secondary forms of
Xenorhabdus nematophilus during exponential- and stationary-phase growth at different temperatures. The
most highly expressed outer membrane protein of X. nematophilus was OpnP. The amino acid composition of
OpnP was very similar to those of the porin proteins OmpF and OmpC of Escherichia coli. N-terminal amino
acid sequence analysis revealed that residues 1 to 27 of the mature OpnP shared 70 and 60% sequence
identities with OmpC and OmpF, respectively. These results suggest that OpnP is a major porin protein in X.
nematophilus. Three additional proteins, OpnA, OpnB, and OpnS, were induced during stationary-phase
growth. OpnB was present at a high level in stationary-phase cells grown at 19 to 30&C and was repressed in
cells grown at 34&C. OpnA was optimally produced at 30&C and was not present in cells grown at lower and
higher temperatures. The production of OpnS was not dependent on growth temperature. In contrast, another
outer membrane protein, OpnT, was strongly induced as the growth temperature was elevated from 19 to 34&C.
In addition, we show that the stationary-phase proteins OpnA and OpnB were not produced in secondary-form
cells.

The genus Xenorhabdus (Enterobacteriaceae) consists of mo-
tile rods that are carried monoxenically in a specialized intes-
tinal vesicle of a nonfeeding juvenile stage of an entomopatho-
genic nematode, Steinernema carpocapsae, in a species-specific
symbiotic association (2). The foraging infective juvenile nem-
atode locates the larvae of many different insects, penetrates
into the hemocoel of the host, and releases the bacterial sym-
biont into the nutrient-rich insect hemolymph. The bacteria
proliferate within the trehalose-rich hemolymph (17) and then
presumably enter the stationary phase of its life cycle (2).
During stationary-phase growth in culture, Xenorhabdus spp.
secrete several products. These products include a protease
and a lipase that are thought to play important roles in the
killing and digestion of the insect larva (4). Broad-spectrum
antibiotics, also optimally produced during stationary-phase
growth, inhibit the multiplication of other microorganisms
within the insect cadaver and help to establish conditions that
are required for nematode reproduction (1, 22, 26). In addi-
tion, protein inclusion bodies form crystalline structures in the
protoplasm of stationary-phase cells (2, 22). The Xenorhabdus-
nematode symbiotic pair can kill a broad range of insect pests.
This system is currently being intensively studied for its use-
fulness as a biological control agent (20).
Xenorhabdus spp. exhibit a phase variation that is also a

growth phase-dependent phenomenon. The primary form pro-
duces protease, lipase, antibiotics, and crystalline protein and
is able to bind specific dyes such as Congo Red (28). In the
closely related Photorhabdus luminescens (5), the primary-form
cells also produce an insect toxin (6) and a lipase (27) and are
luminescent during stationary-phase growth (16). The primary
cells are the predominant form of Xenorhabdus spp. present
during exponential growth in culture. It is also the primary-
form cell that is isolated from the nematode (2, 24). The
secondary form is isolated from cell cultures that are in sta-

tionary phase. The secondary-form cells do not produce the
growth phase-dependent products described above and possess
altered dye-binding properties (2). In addition, the secondary-
form Photorhabdus cells are nonluminescent (16, 22). The pri-
mary form provides better conditions than the secondary form
for nematode reproduction (2). Smigielski et al. have specu-
lated that primary-form cells have optimally adapted to the
conditions present in the nematode gut and insect hemolymph
whereas the secondary-form cells are better adapted to condi-
tions as a free-living organism (25).
In gram-negative bacteria, the outer membrane functions as

a permeability barrier permitting small water-soluble nutrients
to passively diffuse into the cell while excluding toxic sub-
stances (18, 23). In Escherichia coli, nutrients diffuse through
water-filled channels formed by homotrimeric association of
the porin proteins OmpF and OmpC (13, 14, 23). The ompF
and ompC genes are regulated by several environmental stim-
uli including changes in the osmolarity and temperature of
growth (3, 10, 14) and by oxidative stress (9). Exposure of E.
coli to purified antibacterial hemolymph proteins (attacins) has
been shown to repress OmpF and OmpC production (8). A
large amount of the monomeric protein OmpA also exists in
the outer membrane. OmpA is considered to be a structural
protein, although recent evidence has indicated that it allows
very slow diffusion of solutes in a reconstituted system (23). In
Xenorhabdus spp., the outer membrane proteins may provide
additional functions that allow the bacterium to evade the
insect host immune system, to transport molecules out of the
cell, and to establish the symbiotic association with the nema-
tode. There is no information presently available describing
the functions of the outer membrane proteins of Xenorhabdus
spp. In this study, we have characterized the major outer mem-
brane proteins of X. nematophilus and studied the environmen-
tal conditions that affect their production.

MATERIALS AND METHODS

Strains and media. The following strains were used: Xenorhabdus nematophi-
lus AN6/1 (primary form) and AN6/2 (secondary form) (both from R. J.
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Akhurst) and E. coliMC4100 (F2 lacU169 araD rpsL relA thi flbB; from the Cold
Spring Harbor Laboratory collection). Luria broth (LB) (0.5% NaCl) supple-
mented with 0.5 mMMgSO4 was the medium used for all experiments except for
maintaining X. nematophilus, which was done on L agar with 0.0025% bromthy-
mol blue (Sigma, St. Louis, Mo.) and 0.004% triphenyltetrazolium chloride
(Sigma).
Growth conditions. Cultures of X. nematophilus and E. coli were grown on

gyratory shakers at 30 and 378C, respectively (or other temperatures when
specified) in sidearm flasks. Growth curves were determined by measuring light
scattering with a Klett-Summerson colorimeter (VWR, Chicago, Ill.) equipped
with a red filter.
Preparation of outer membrane proteins using Sarkosyl. Cells were harvested

in different phases of growth by centrifugation at 10,0003 g. The cell pellets were
washed once with 20 mM sodium phosphate (pH 7.1; E. coli) or LB (X. nema-
tophilus); the latter prevented lysis of the X. nematophilus cells. Sonication was
performed over a period of 10 min (1-min bursts at 120 W) in 400 ml of sodium
phosphate buffer on ice. The disrupted cells were centrifuged for 3 min at low
speed (15,800 3 g) and then for 14 min at high speed (353,000 3 g in a TL-100
ultracentrifuge; Beckman Instruments, Inc., Fullerton, Calif.). These crude
membrane pellets were suspended over a period of 30 to 60 min in 0.5% Sarkosyl
(N-lauroyl-sarcosine, Sigma) in 20 mM phosphate in order to solubilize the
cytoplasmic membrane components and then centrifuged another 14 min at
353,000 3 g. The resulting outer membrane pellets were solubilized in Laemmli
sample buffer, heated for 5 min at 1008C, and electrophoresed on 15% poly-
acrylamide gels or on urea-sodium dodecyl sulfate (SDS)-polyacrylamide gels (8
M urea, 10% polyacrylamide) (15). To test heat modifiability, some samples were
run without heating.
Purification of outer membrane proteins. Stationary-phase cells of E. coli

(grown at 378C) and X. nematophilus (grown at 308C) were broken by passage
through a French press and then centrifuged and treated with Sarkosyl as de-
scribed above. The pellets from the second centrifugation at 353,000 3 g were
incubated either for 2 h or overnight at 378C with TES (50 mM Tris-HCl [pH
7.2], 5 mM EDTA, 1% SDS) and centrifuged (14 min at 353,000 3 g), and the
resulting pellets were incubated overnight with TENS (50 mM Tris-HCl [pH 7.2],
5 mM EDTA, 400 mM NaCl, 1% SDS). OmpF from E. coli appeared in the TES
supernatant fraction (19), while OpnP from X. nematophilus was found in the
TENS supernatant fraction after centrifugation at 353,000 3 g. Eluted OmpF
and OpnP were chromatographed on a column (1.6 by 84 cm) of Sephacryl S-200
(Pharmacia, Inc., Piscataway, N.J.), using either TES (OmpF) or TENS (OpnP)
as the elution buffer.
Amino acid analysis and N-terminal sequencing. Purified OpnP was electro-

transferred from 15% polyacrylamide minigels to Immobilon-P (Millipore, Bed-
ford, Mass.), using the Bio-Rad Trans Blot Cell for 1 h at 78 V (constant) at 48C
in 10 mM CAPS (3-[cyclohexylamino]-1-propanesulfonic acid; Sigma), pH 11.0
(21). The bands were visualized by staining with 0.1% amido black. The amino
acid analysis and N-terminal amino acid sequencing were performed at the
Protein/Nucleic Acid Shared Facility at the Medical College of Wisconsin.

RESULTS

Characterization of outer membrane proteins of X. nemato-
philus. The outer membrane proteins of X. nematophilus
(Opns) have not yet been characterized. To understand the
roles that these proteins may play in the adaptive responses to
the different environmental conditions that this bacterium en-
counters during its life cycle, we isolated and characterized the
major outer membrane proteins of X. nematophilus AN6/1.
Several proteins produced in exponentially growing cells were
separated by electrophoresis in the presence of 8 M urea (Fig.
1A). OpnC, -D, -P, and -T were present at high levels in the
outer membrane. The faster-migrating proteins may represent
major lipoproteins and were not further characterized in this
study. OpnP was the most highly expressed protein in the outer
membranes of exponentially growing cells. The apparent mo-
lecular weights of OpnP and OpnT were 37,000 and 40,000,
respectively. Two bands migrated with apparent molecular
weights of approximately 46,000 and 48,000 and were assumed
to consist of OpnC and OpnD. These results are representative
of numerous separate experiments and outer membrane prep-
arations.
Purification of OpnP. Since OpnP was a predominant outer

membrane protein that would significantly contribute to the
cell surface properties of X. nematophilus, we purified this
protein in order to further characterize its physical properties.
The method used to purify OpnP was derived from that used to

purify outer membrane proteins of E. coli. After outer mem-
brane pellets were obtained, OpnP was solubilized in the high-
salt buffer (0.4 M NaCl) and subsequently applied onto a size
exclusion column. OpnP eluted as a single peak with a molec-
ular weight of 30,000. OpnP migrated as a 37,000-molecular-
weight protein on SDS-polyacrylamide gels, even without be-
ing boiled, indicating that it was not a heat-modifiable protein.
In contrast, it has been shown that OmpF and OmpC run as
high-molecular-weight smears when the boiling step was omit-
ted (19). A comparison of the properties of OpnP and OmpF
with those of OmpC of E. coli revealed that these proteins have
similar molecular weights, but OmpF and OmpC purify as
trimeric proteins, are heat modifiable, and are not soluble in
0.4 M NaCl. In contrast, OpnP purified as a monomer, was not
heat modifiable, and was soluble in 0.4 M NaCl.
The amino acid composition of OpnP was determined and

compared with those of OmpF, OmpC, and OmpA of E. coli
(Table 1) (29). The composition of OpnP was very similar to
those of OmpF and OmpC and was distinctly different from

FIG. 1. Outer membrane proteins of mid-log X. nematophilus. Strain AN6/1
was grown in LB at 308C, and outer membrane proteins were run on SDS-
polyacrylamide gels and stained with Coomassie blue. (A) 8 M urea in 10%
polyacrylamide; (B) 15% polyacrylamide.

TABLE 1. Comparison of amino acid compositions of OpnP,
OmpC, OmpF, and OmpA

Amino acida
Amino acid composition (no. of amino acid residues)

OpnP OmpC OmpF OmpA

Lys 17 15 18 17
His* 1 1 1 5
Arg 11 13 11 13
Asx 51 62 57 41
Thr 25 24 21 21
Ser 15 16 16 16
Glx 32 32 27 29
Pro* 5 3 4 19
Gly 38 47 48 37
Ala 30 24 29 29
Cys NDb 0 0 2
Val 23 21 23 25
Met 4 3 3 5
Ile 12 10 12 14
Leu 32 22 20 22
Tyr 24 29 29 17
Phe* 16 19 19 8
Trp ND 4 2 5

a Asterisks indicate the amino acids that distinguish OpnP and OmpF or
OmpC from OmpA.
b ND, not determined.
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that of OmpA. In particular, OpnP, OmpF, and OmpC con-
tained a single histidine residue, relatively few proline residues,
and many phenylalanine residues.
Amino-terminal sequence analysis of OpnP. The amino acid

composition of OpnP suggested that it may share sequence
similarity with OmpF and OmpC. To assess this possibility,
the amino acid sequence of the N-terminal region of OpnP
was determined. The first 27 residues of OpnP are compared
with the N-terminal sequences of OmpF and OmpC (Fig. 2)
(29), revealing that OpnP shared 59 and 70% sequence iden-
tities with OmpF and OmpC, respectively. We have recently
isolated the gene coding for OpnP (27a). Initial DNA sequence
analysis has allowed us to deduce the amino acid sequence of
the signal peptide of OpnP (Fig. 2). Comparison of the de-
duced amino acid sequences of the signal peptides of OpnP,
OmpF, and OmpC showed a remarkable degree of sequence
identity (Fig. 2). OpnP shared 86 and 59% sequence identi-
ties with OmpF and OmpC, respectively. This analysis also
showed that the signal peptide cleavage site was identical in
all three proteins. On the basis of the strong sequence similar-
ity between the signal peptide and N-terminal regions of
OpnP and the E. coli porin proteins, we conclude that OpnP is
a major porin protein in the outer membrane of X. nemato-
philus.
Growth phase regulation. X. nematophilus is exposed to very

different environments in the nematode gut and in the insect
hemolymph. Furthermore, the bacteria are actively growing in
the insect hemolymph and may be in a nongrowing state in the
nematode gut. To adapt to these different environments, the
bacterium may modulate the production of its outer mem-
brane proteins. To examine this possibility, we analyzed the
production of outer membrane proteins at different stages of
the Xenorhabdus growth cycle by electrophoresis on the urea-
SDS-polyacrylamide gel system (Fig. 3A). OpnC, -D, -T, and
-P were produced in cells grown at 308C and harvested during
early-log-phase growth (Fig. 3A, lane 3). During mid-log (lane
4)- and late-log (lane 5)-phase growth, OpnA and OpnS began
to be produced at higher levels. In stationary-phase cells,
OpnA and OpnS were strongly induced. A new protein, OpnB,
also appeared in the outer membranes of stationary-phase
cells. OpnC, -D, -T, and -P were apparently not growth phase
regulated, although Northern blot analysis using an opnP
probe suggested that the steady-state level of opnPmRNA was
markedly reduced during stationary-phase growth (12a). In
contrast, E. coli did not exhibit a growth phase-dependent
modulation of outer membrane protein production (Fig. 3A,
lanes 1 and 2). The apparent molecular weights of OpnA,
OpnB, and OpnS were 52,000, 49,000 and 45,000, respectively
(Fig. 3B).
Temperature regulation. One of the environmental condi-

tions that the bacterium and nematode must adapt to is
changes in both the daily and seasonal ambient temperature.
Outer membrane proteins in E. coli have been shown to be
thermally regulated (3). In order to look for temperature-

controlled expression of the outer membrane proteins, strain
AN6/1 was grown to stationary phase at 19, 23, 27, 30, and 348C
(Fig. 4). The optimal growth temperature of X. nematophilus in
LB was 308C. The production of several outer membrane pro-
teins was dramatically modulated by changes in growth tem-
perature. OpnB was produced at 19 to 308C but was markedly
repressed in cells growing at 348C. In contrast, OpnT was
strongly induced by elevated growth temperatures. This pro-
tein was not expressed in cells grown at 19 and 238C, was
present in cells grown at 278C, and was produced at higher
levels in cells grown at 30 and 348C. OpnA exhibited a stringent
temperature-dependent expression, being produced only in
cells grown at 308C.
Opn production in secondary-form variant. Since most of

the secondary metabolites of X. nematophilus exhibit a form-
dependent pattern of expression, we examined the growth
phase regulation of the Opns in the secondary-form variant.
One of the most striking results was that OpnA and OpnB
were expressed at a much lower level in the secondary-form
cells (Fig. 5, lane 2) than in the primary-form cells (lane 3). We
also noted that OpnC was growth phase inducible in the sec-
ondary-form cells. On the other hand, growth phase induction
of OpnS did occur in the secondary-form cells.

DISCUSSION

X. nematophilus inhabits two distinct ecological niches, the
gut of nonfeeding entomopathogenic nematodes and the he-
molymph of the larvae of many different insects. The outer
membrane of X. nematophilus presumably provides important
functions that allow the bacterium to adapt to and survive
under these different environmental conditions. Since the
outer membrane proteins had not been characterized in X.
nematophilus, we have studied their production in this bacte-

FIG. 2. N-terminal amino acid sequences of porin proteins. In the sequences
of OmpF and OmpC (29), a dot indicates identity and a dash indicates a deletion.
The N-terminal sequence of OpnP protein (OpnPa) and the deduced amino acid
sequence from the nucleotide sequence of opnP (OpnPb) are shown. Arrowheads
show the signal peptide cleavage site.

FIG. 3. Growth phase regulation of outer membrane proteins. (A) 8 M urea
in 10% polyacrylamide; (B) 15% polyacrylamide. E. coli (MC4100), grown in LB
at 378C, was harvested at mid log phase (lane 1) and stationary phase (lane 2).
X. nematophilus AN6/1, grown in LB at 308C, was harvested at early log phase
(lane 3), mid log phase (lane 4), late log phase (lane 5), and stationary phase
(lane 6).

FIG. 4. Temperature regulation of outer membrane proteins. Cells were
grown in LB to stationary phase at the temperatures (in degrees Celsius) over the
lanes. Note the induction of OpnA and OpnT at 308C and the repression of
OpnA and enhanced production of OpnT at 348C.
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rium. We show that cells growing exponentially at 308C pro-
duce several outer membrane proteins. The most highly ex-
pressed protein, OpnP, was purified, and its N-terminal
sequence was determined. Protein sequence analysis reveals
that the N-terminal sequence of OpnP is strongly similar to the
porin proteins OmpF and OmpC of E. coli. On the basis of its
high level of expression and the strong sequence similarity to
OmpF and OmpC, OpnP is predicted to be the predominant
porin protein in the outer membrane of X. nematophilus. The
outer membrane proteins designated OpnC, OpnD, and OpnT
were also produced during exponential growth conditions. We
found that OpnC, OpnD, and OpnT were not recognized by
antisera raised against purified OpnP (unpublished data). This
result suggests that these proteins are not homologous to
OpnP. Characterizing the pore properties of OpnP and eluci-
dating the functions of the other Opns expressed during expo-
nential growth will help define the role that cell surface prop-
erties of X. nematophilus plays in the unique life cycle of this
bacterium.
During stationary-phase growth, an additional protein,

OpnB, was induced in the primary-form cells. This protein was
not produced in exponentially growing cells and was repressed
by growth at elevated temperatures (348C). The pattern of
expression of OpnB in cells growing in culture media may
mimic the stationary-growth-phase environment that occurs in
the insect hemolymph. We speculate that OpnB is not present
in the outer membranes of cells growing exponentially in the
hemolymph and is induced during the stationary phase of the
bacterial life cycle. Two other outer membrane proteins, OpnA
and OpnS, were produced at low levels in early- and mid-log-
phase growth and appear as major constituents of the outer
membranes of stationary-phase cells. OpnS, like OpnB, was
strongly induced in stationary-phase cells grown at a broad
range of temperatures. OpnA was highly produced in station-
ary-phase primary cells grown at 308C but was not produced at
lower growth temperatures. The more restricted production of
OpnA suggests that it would not be expressed in the insect
hemolymph unless the temperature reaches 308C. Since the
ambient temperature is usually lower than 308C, OpnA would
not be a strong candidate for a cell surface protein that is
important in establishing and/or maintaining the nemotode-
bacterium symbiosis.
We also found that OpnB is not induced in the secondary-

form cells grown under stationary-phase conditions. If OpnB is
essential for the association with or survival within the nema-
tode gut, secondary-form cells may not efficiently enter the
symbiotic interactions with the nematode. The inefficient pro-
duction of nematodes grown on the secondary form of X.
nematophilus (2) may be due, in part, to the absence of OpnB
and other cell surface molecules that play a role in adhesion
and colonization (7).
The properties of the outer membrane have been shown to

contribute to the antihemocytic nature of X. nematophilus (11).
Treatment of the bacterium with carbohydrases and proteases
result in increased adherence of the bacteria to hemocytes and

an increased rate of removal from the hemolymph of nonim-
mune larvae. Mutant strains that contained a reduced level of
outer membrane protein and an elevated level of the 3-deoxy-
D-mannooctulosonic acid moiety of lipopolysaccharide were
found to be less virulent than wild-type cells (12). Avirulent
forms of X. nematophilus have also recently been isolated by a
Tn5 mutagenesis approach (28). It will be of interest to deter-
mine whether the outer membrane proteins we have charac-
terized play a role in virulence and in the ability of the bacte-
rium to evade the host nonself response.

ACKNOWLEDGMENTS

We thank Mary Lynne Collins for critically reading the manuscript.
The shared research facilities of the Cancer Center of the Medical

College of Wisconsin were used for amino acid composition and se-
quence determinations. This work was supported by The Shaw Scien-
tist Award (The Milwaukee Foundation).

REFERENCES

1. Akhurst, R. J. 1982. Antibiotic activity of Xenorhabdus spp., bacteria symbi-
otically associated with insect pathogenic nematodes of the families Heter-
orhabditidae and Steinernematidae. J. Gen. Microbiol. 128:3061–3065.

2. Akhurst, R. J., and N. E. Boemare. 1990. Biology and taxonomy of Xeno-
rhabdus, p. 75–90. InR. R. Gaugler and H. K. Kaya (ed.), Entomopathogenic
nematodes in biological control. CRC Press, Boca Raton, Fla.

3. Andersen, J., S. A. Forst, K. Zhao, M. Inouye, and N. Delihas. 1989. The
function ofmicFRNA:micFRNA is a major factor in the thermal regulation
of OmpF protein in Escherichia coli. J. Biol. Chem. 264:17961–17970.

4. Boemare, N., and R. J. Akhurst. 1988. Biochemical and physiological char-
acterization of colony form variants in Xenorhabdus spp. (Enterobacteriace-
ae). J. Gen. Microbiol. 134:751–761.

5. Boemare, N. E., R. J. Akhurst, and R. G. Mourant. 1993. DNA relatedness
between Xenorhabdus spp. (Enterobacteriaceae), symbiotic bacteria of ento-
mopathogenic nematodes, and a proposal to transfer Xenorhabdus lumine-
scens to a new genus, Photorhabdus gen. nov. Int. J. Syst. Bacteriol. 43:249–
255.

6. Bowen, D. J., M. A. Barman, N. E. Bechage, and J. C. Ensign. 1988. Extra-
cellular insecticidal activity of Xenorhabdus luminescens NC-19, p. 256. Pro-
ceedings of the XVIII International Congress on Entomology, Vancouver,
Canada.

7. Brehelin, M., A. Cherqui, L. Drif, J. Luciani, R. Akhurst, and N. Boemare.
1993. Ultrastructural study of surface components of Xenorhabdus sp. in
different cell phases and culture conditions. J. Invertebr. Pathol. 61:188–191.

8. Carlsson, A., P. Engström, E. T. Palva, and H. Bennich. 1991. Attacin, an
antibacterial protein from Hyalophora cecropia, inhibits synthesis of outer
membrane proteins in Escherichia coli by interfering with omp gene tran-
scription. Infect. Immun. 59:3040–3045.

9. Chou, J. H., J. T. Greenberg, and B. Demple. 1993. Posttranscriptional
repression of Escherichia coli OmpF protein in response to redox stress:
positive control of the micF antisense RNA by the soxRS locus. J. Bacteriol.
175:1026–1031.

10. Csonka, L. N., and A. D. Hanson. 1991. Prokaryotic osmoregulation: genetics
and physiology. Annu. Rev. Microbiol. 45:569–606.

11. Dunphy, G. B. 1994. Interaction of mutants of Xenorhabdus nematophilus
(Enterobacteriacae) with antibacterial systems of Galleria mellonella larvae
(Insecta:Pyralidae). Can. J. Microbiol. 40:161–168.

12. Dunphy, G. B., and J. M. Webster. 1991. Antihemocytic surface components
of Xenorhabdus nematophilus var. dutki and their modification by serum
nonimmune larvae of Galleria mellonella. J. Invertebr. Pathol. 58:40–51.

12a.Esterling, L., and S. Forst. Unpublished data.
13. Forst, S., and M. Inouye. 1988. Environmentally regulated gene expression

for membrane proteins in Escherichia coli. Annu. Rev. Cell Biol. 4:21–42.
14. Forst, S., and D. L. Roberts. 1994. Signal transduction by the EnvZ-OmpR

phosphotransfer system in bacteria. Res. Microbiol. 145:363–373.
15. Forst, S. A., J. Delgado, and M. Inouye. 1989. DNA-binding properties of the

transcription activator (OmpR) for the upstream sequences of ompF in
Escherichia coli are altered by envZ mutations and medium osmolarity. J.
Bacteriol. 171:2949–2955.

16. Frackman, S., and K. H. Nealson. 1990. The molecular genetics of Xeno-
rhabdus, p. 285–300. In R. R. Gaugler and H. K. Kaya (ed.), Entomopatho-
genic nematodes in biological control. CRC Press, Boca Raton, Fla.

17. Friedman, S. 1978. Trehalose regulation, one aspect of metabolic homeosta-
sis. Annu. Rev. Entomol. 23:389–407.

18. Hancock, R. E. W. 1991. Bacterial outer membranes: evolving concepts.
ASM News 57:175–182.

19. Klebba, P. E., S. A. Benson, S. Bala, T. Abdullah, J. Reid, S. P. Singh, and
H. Nikaido. 1990. Determinants of OmpF antigenicity and structure. J. Biol.

FIG. 5. Secondary-form versus primary-form variant of X. nematophilus.
Strain AN6/2 (secondary form) at mid log phase (lane 1) and stationary phase
(lane 2) and strain AN6/1 (primary form) at stationary phase (lane 3) are shown.

VOL. 61, 1995 REGULATION OF Opns IN XENORHABDUS NEMATOPHILUS 203



Chem. 265:6800–6810.
20. Klein, M. 1990. Efficacy against soil-inhabiting insect pests, p. 195–215. In

R. R. Gaugler and H. K. Kaya (ed.), Entomopathogenic nematodes in
biological control. CRC Press, Boca Raton, Fla.

21. LeGendre, N., and P. Matsudaira. 1989. Purification of proteins and pep-
tides by SDS-PAGE, p. 49–69. In P. T. Matsudaira (ed.), A practical guide
to protein and peptide purification for microsequencing. Academic Press,
San Diego, Calif.

22. Nealson, K. H., T. M. Schmidt, and B. Bleakley. 1990. Biochemistry and
physiology of Xenorhabdus, p. 271–285. In R. R. Gaugler and H. K. Kaya
(ed.), Entomopathogenic nematodes in biological control. CRC Press, Boca
Raton, Fla.

23. Nikaido, H. 1994. Porins and specific diffusion channels in bacterial outer
membranes. J. Biol. Chem. 269:3905–3908.

24. Poinar, G. 1990. Biology and taxonomy of Steinernematidae and Hetero-
rhabditidae, p. 23–62. In R. R. Gaugler and H. K. Kaya (ed.), Entomopatho-
genic nematodes in biological control. CRC Press, Boca Raton, Fla.

25. Smigielski, A. J., R. J. Akhurst, and N. E. Boemare. 1994. Phase variation in

Xenorhabdus nematophilus and Photorhabdus luminescens: differences in res-
piratory activity and membrane energization. Appl. Environ. Microbiol. 60:
120–125.

26. Sundar, L., and F. N. Chang. 1993. Antimicrobial activity and biosynthesis of
indole antibiotics produced by Xenorhabdus nematophilus. J. Gen. Microbiol.
139:3139–3148.

27. Wang, H., and B. C. A. Dowds. 1993. Phase variation in Xenorhabdus lumi-
nescens: cloning and sequencing of the lipase gene and analysis of its expres-
sion in primary and secondary phases of the bacterium. J. Bacteriol. 175:
1665–1673.

27a.Waukau, J., G. Leisman, and S. Forst. Unpublished data.
28. Xu, J., M. E. Olson, M. L. Kahn, and R. E. Hurlbert. 1991. Characterization

of Tn5-induced mutants of Xenorhabdus nematophilus ATCC 19061. Appl.
Environ. Microbiol. 57:1173–1180.

29. Yu, F. 1987. DNA and amino acid sequences of outer membrane proteins
and lipoproteins, p. 419–431. InM. Inouye (ed.), Bacterial outer membranes
as model systems. Wiley and Sons, New York.

204 LEISMAN ET AL. APPL. ENVIRON. MICROBIOL.


