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The nematode-bacterium complex of Heterorhabditis-Photorhabdus is pathogenic to insect larvae. The bac-
teria undergo a form of phenotypic switching whereby the primary form, at the stationary phase of the growth
cycle, makes a range of products and has the capacity to support nematode growth, whereas the secondary form
does not express these phenotypes. The work described here investigated the mechanism regulating phenotypic
variation by transforming the primary cells with secondary-form DNA on a low-copy-number vector and
screening for colonies which did not produce the yellow pigment characteristic of primaries. Four transfor-
mants all carrying the same gene were found to loose primary-form-specific characteristics, and the gene was
sequenced and identified as ner, a regulatory gene in gram-negative bacteria and their phages. Unexpectedly,
inactivation of the endogenous gene in the secondaries did not cause them to revert to the primary phenotype,
and the gene was expressed in the primary form as well as the secondary form during exponential but not
stationary phase and deregulated in the plasmid-bearing primary form. These and other pieces of evidence
indicate that the endogenous ner gene is not responsible for the secondary phenotype, but that ner, when
overexpressed, can repress expression of primary phenotypes at stationary phase. Inactivation of the endog-
enous ner gene in the primary form affected the outer membrane protein profile. A number of outer membrane
proteins displayed differential accumulation in the primary and secondary forms at stationary phase, and two

of the primary-form-specific proteins were absent from the ner primary strain.

Photorhabdus and Xenorhabdus spp. are bacteria (family En-
terobacteriaceae) carried symbiotically in the gut of nematodes
of the genera Heterorhabditis and Steinernema, respectively.
The nematode and bacteria act together to kill a range of
insect prey (pathogenicity mechanisms reviewed in reference
10) and are used in biological pest control. In addition to
producing an insecticidal toxin, the bacteria are needed for
growth and reproduction of the nematodes (27). The strain
used in this work fell originally into the species Xenorhabdus
luminescens, which was then reclassified as a new genus with a
single species, Photorhabdus luminescens. Recent taxonomic
work (13) has divided Photorhabdus into three species, and the
K122 strain used in this work probably falls into the P. tempe-
rata species (36).

Photorhabdus and Xenorhabdus can undergo a form of phe-
notypic switching, which has been called phase variation be-
tween primary (phase 1) and secondary (phase 2) forms. The
bacteria isolated from the nematode or insect carcass are the
primary variant, whereas secondary cells can be generated by
prolonged growth at stationary phase or in low osmolarity
medium, at a frequency which is strain dependent. There are a
large number of primary-form-specific characteristics such as
extracellular enzyme and crystal protein production, pilus and
glycocalyx synthesis, bioluminescence, dye uptake, and motility
(9, 16), which are lacking or present in decreased amounts in
secondary cells. Moreover, the secondary form is unable to
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support nematode growth and reproduction (14). The primary-
form-specific traits are induced at stationary phase, and many
of them could derive from changes in membrane properties or
secretion pathways. For example, the Photorhabdus lipase gene
is expressed and lipase protein is produced in both variants, but
only the primary form secretes active lipase enzyme (41).

This phenomenon has been labeled phase variation, but it
probably does not result from reversible DNA instability, as is
the case for the classical forms of phase variation (23). For
example, several genes whose expression is primary-form spe-
cific have identical restriction patterns in the two forms (18, 20,
40, 41), and Southern cross (2) and amplified fragment length
polymorphism (D. M. Roche and B. C. A. Dowds, unpublished
data) analyses have failed to identify any difference in band
pattern between primary and secondary total chromosomal
DNA. Furthermore, reversion from the secondary to the pri-
mary form is not observed. This suggests that the secondary
form may be a mutant rather than a phase variant. Some
evidence for this is found in the experiments of Krasomil-
Osterfeld (24), who found that low-osmolarity growth gener-
ated reversible secondaries during the first subculture, fol-
lowed by stable secondaries after prolonged subculturing. The
unstable isolates may be true phase variants, whereas the sta-
ble phase 2 cells may be mutants selected during prolonged
culturing under stressful conditions.

Based on differences in levels of respiratory enzymes and lag
times, it has been suggested that secondary cells of Xenorhab-
dus may be better adapted to survival as free-living organisms
in the soil (34), and indeed protein profiles of primary and
secondary cultures of Photorhabdus are identical during expo-
nential phase but strikingly different at stationary phase (29),
suggesting a role for the secondary form under starvation con-
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TABLE 1. Strains and plasmids

Strain or plasmid

Genotype and/or description

Source or reference

Strains
Photorhabdus K122 primary Wild isolate from Ireland 22
Photorhabdus K122 secondary  Isolated from prolonged stationary-phase culture of primary cells 41
Photorhabdus KN1 Primary K122 with ner disrupted This study
Photorhabdus KN2 Secondary K122 with ner disrupted This study
E. coli Tg-1 supE44 hsdA5 thi-1 A(lac-proAB) F'(traD36 proAB ™ lacl® lacZAM15) Stratagene
E. coli XL1-Blue F’ proAB lacl"ZAM15 Tnl0(Tet") Stratagene
Plasmids
pBR322 Ap" Tet" with BamHI site, 4.4 kb Promega Corporation
pGEM-7Zf(—) Ap", multiple cloning site, 3 kb Promega Corporation
pHP450-Km Source of Km" interposon 12
pBS115 Source of sacB gene; same as pBS101 (4) except sacB/sacR not under control of Todd Ciche
the lac promoter
pK2B 1.5-kb insert containing ner in BamHI site of pBR322 This study
pK2N101 1.2-kb ner-containing insert from pK2B in EcoRI site of pGEM7Zf(—) This study
pK2N102 0.85-kb insert (without ner) from pK2B between EcoRI and Sphl sites in pGEM7Zf(—)  This study
pDR100 pK2B with ner disrupted by Km" interposon from pHP45(-Km This study
pDR101 pDR100 with sacB gene from pBS115 in EcoRV site This study

ditions. It has been proposed that the stable secondaries are an
artifact of in vitro conditions, and that it is the reversible forms
that have a function in vivo (24). The manner in which the
secondary variant is usually isolated—prolonged incubation at
stationary phase—provides the conditions for selection of mul-
tiple mutations, suggesting the possibility that the secondary is
more analogous to a growth-advantage-in-stationary-phase
(GASP) mutant (42) than a phase variant.

Whether or not the secondary form is a spontaneous mutant,
it is clear that the primary-phase-specific phenotypes are co-
ordinately regulated, and the induction of phase shift by mul-
tiple independent transposon insertions in X. nematophilus
(39) implies that a complex pathway regulates this kind of
phenotypic variation. In the work described here, we hypoth-
esize that phenotypic variation in Photorhabdus is controlled by
a cascade of regulatory genes and ask whether a repressor
inhibits expression of the phase-specific phenotypes in the sec-
ondary form. We describe a gene which transforms primary
cells of Photorhabdus sp. strain K122 into a secondary-like
form, and which was identified as one of the ner family which
codes for a DNA binding protein in a number of phages and
bacteria (3). In phage Mu, Ner inhibits expression of the lyso-
genic repressor gene from the Pc promoter and, in conjunction
with integration host factor, negatively autoregulates early
transcription from the Pe promoter to ensure low-level expres-
sion of genes needed for replicative transposition (reviewed in
reference 21).

MATERIALS AND METHODS

Strains and plasmids. Strains and plasmids are listed in Table 1.

Media and phenotypic analysis. Luria—Bertani (LB) and other media were
prepared as described by Sambrook et al. (32). Dye indicator media were Mc-
Conkey agar (MCA, Oxoid); McConkey broth purple agar (MCBPA, Oxoid);
2% proteose peptone no. 2 agar with eosin Y (400 mg/liter) and methylene blue
(65 mg/liter) (EBA); nutrient agar with bromothymol blue (25 mg/liter) and
2,3,5-triphenyltetrazoleum chloride (30 mg/liter (NBTA); and Congo Red me-
dium (Congo Red [0.01%] in LB).

Antibiotic activity against Micrococcus luteus ATCC 4698 was determined by
the method of Akhurst (1); motility on swim agar was determined by the method
of Givaudan et al. (19); and lipase activity was assessed on Tween 80 agar plates
(5). Protease was assayed in culture supernatant from stationary-phase cultures
(33) or on gelatin nutrient agar (6). Hemolysin activity was determined on plates
containing blood agar base (bioMerieux) supplemented with 7% horse blood.

The accumulation of crystal proteins was assessed by growing Photorhabdus
cultures in LB at 30°C with shaking at 200 rpm for 30 h followed by separation
of the total intracellular proteins by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (20%) (32).

Preparation and screening of a secondary-phase library. Chromosomal DNA
from K122 secondary cells (Table 1) was partially digested with Sau3A and
enriched in fragments of 2 to 10 kb by sucrose gradient centrifugation. These
were ligated into BamHI-cut pPBR322 and transformed into Escherichia coli Tg-1.
The library of recombinant plasmids was transformed into phase 1 cells of K122
by electroporation as follows. An early-exponential-phase culture of K122 (op-
tical density at 600 nm [ODy,] = 0.2) was chilled on ice for 90 min and harvested
by centrifugation. The cells were washed three times with ice-cold 1 mM HEPES
(pH 7.0). The cells were resuspended in an equal volume, 0.5X volume and
0.01X volume of HEPES after each successive wash. All apparatus and solutions
in immediate contact with the cells during electroporation were cooled on ice.

Up to 100 ng of DNA in a 1- to 5-pl volume was gently mixed with 40 pl of
cells, and the mixture was transferred to an electroporation cuvette (0.1-cm gap
width) which was placed in a GenePulser (Bio-Rad) The cell-DNA mix was
subjected to an electric pulse of 21 kV/cm with a time constant of 4.5 ms (settings
of 2.1 kV, 100 Q, and 25 wF). Luria broth (1 ml) was then gently mixed with the
cells, and the suspension, transferred to a test tube, was shaken at 200 rpm for 3 h
at 28°C. The cells were then plated on LB plus ampicillin (150 pg/ml), and 3 X
10* transformants were screened for white colonies in a background of yellow-
pigmented primary colonies.

DNA sequencing and sequence analysis. DNA sequencing of the ner gene and
its flanking region was carried out on the insert of the pK2B clone and on
chromosomal DNA from K122 primary and secondary cells. Chromosomal DNA
was sequenced using primers DR100 (5'-CTGGACCATGGTCGAAAGACAC
GATTGGC-3") and DR101 (5'-GGCGTGGATCCTCTGCTCGTACCTCAGA
C-3') to obtain the sequence of the coding region of the gene and KON1
(5'-CCGAACAGTGAGATAAAC-3") and KON2 (5'-CAGCGCCGCAATAA
TATCAG-3") to sequence 500 bp upstream of the gene. Restriction sites and
open reading frames were identified using DNAsis analysis software for Macin-
tosh (version 1.0). Homology searching was carried out using the National
Center for Biotechnology Information (NCBI) databases from the website of
Baylor College of Medicine, Texas (http://dot.imgen.bcm.tmc.edu:9331). Protein
sequences were aligned using ClustalW alignment software, and the helix-turn-
helix motif was identified using the MotifFinder program of the GCG sequence
analysis suite (University of Wisconsin, Madison).

ner gene disruptions. The ner gene was disrupted on pK2B as follows. pK2B
(Fig. 1A) was cleaved with Ncol, which cuts the plasmid once, within the ner gene
(Fig. 2). pHP450-Km was cut with BamHI, which removes the interposon. The
linearized plasmid and the interposon had their 5’ protruding ends filled in using
the Klenow fragment of DNA polymerase (Promega), and the blunt-ended
fragments were ligated to generate pDR100 (Fig. 1A). The plasmid was trans-
formed into E. coli XL1-Blue, and transformants were selected on LB plus
kanamycin (50 pg/ml) plus ampicillin (100 pg/ml).

The pDR100 construction was confirmed in two ways. First, primers DR100
and DR101 were used to amplify a fragment including the ner gene. A 300-bp
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FIG. 1. Structure of pK2B and construction of pDR100 (A) and
pDR101 (B).

PCR product was obtained as expected from pK2B, whereas this band was not
generated from pDR100, and the anticipated fragment of 2.3 kb was too large to
be amplified under these conditions. Second, pDR100 and pK2B were cut with
EcoRV and Sall, revealing that an extra Sa/l site had been introduced with the
interposon, as expected; in addition, the band sizes from the single and double
digests were as expected.

J. BACTERIOL.

The endogenous ner gene was disrupted by marker exchange-eviction mu-
tagenesis (31). First, the sacB gene was introduced into pDR100 as follows.
pDR100 was cleaved with EcoRV, which linearized the plasmid outside the ner
region. pBS115 was cut with Smal and Sa/l, which removes the sacB gene. This
fragment had its protruding end filled in with Klenow as above and was blunt-end
ligated into linearized pDR100. The resultant pDR101 (Fig. 1B) was trans-
formed into E. coli XL1-Blue, and Km" sucrose-sensitive (Suc®) colonies were
obtained after replica plating on LB plus kanamycin (50 pwg/ml) plus ampicillin
(100 pg/ml) with and without sucrose (5%). Plasmid DNA was prepared and
found to have the appropriate restriction sites.

K122 primary and secondary cells were transformed with pDR101 by electro-
poration. The electroporated cells were grown in liquid LB overnight. Transfor-
mants were then selected on LB plus kanamycin (50 pg/ml) plus sucrose (5%).
Colonies which grew are expected to have lost the sacB gene and taken up the
Km" gene by recombination onto the chromosome via a double crossover me-
diated by the ner sequences flanking the interposon. The loss of the plasmid was
confirmed by finding that the Suc” Km" colonies were also Ap® by replica plating
on LB with and without ampicillin (100 wg/ml).

To confirm that the endogenous ner gene was indeed disrupted by the inter-
poson, the chromosomal DNA was subjected to PCR (using the same procedure
as for pDR100, above) and Southern blotting, and in both cases the expected
band sizes were obtained. For the Southern blots, chromosomal DNA was
prepared from K122 phases 1 and 2, and the two putative disrupted strains KN1
(ner disrupted in primary cells) and KN2 (ner disrupted in secondary cells). The
DNA was cleaved with EcoRV, an enzyme that does not cut within the ner-
interposon region. Two blots were made and probed with (i) the ner gene (PCR
product from primers DR100 and DR101) and (ii) the Km" interposon cleaved
from pHP45Q-Km with BamHI. The ner probe revealed a band in KN1 and KN2
that was 2 kb larger than the band in K122 phase 1 or 2 cells, as expected from
the size of the interposon fragment being 2 kb. The interposon probe hybridized
to a band, the same size as the ner-hybridizing band, that was present in KN1 and
KN2, but not in K122 phase 1 or 2 DNA.

Southern and Northern blots. Southern blotting was carried out as described
by Sambrook et al. (32). A 453-bp restriction fragment carrying the ner gene was
labeled with digoxigenin (Boehringer Mannheim), and hybridization followed
the manufacturer’s instructions. For the Northern blot, K122 primary, secondary,
and primary/pK2B cultures were grown to ODgs of 0.3, 0.6, 1.0 (exponential
phase), and 4 to 5 (stationary phase), and RNA was extracted using Trizol
reagent (Gibco-BRL). Then 10 pg of RNA of each sample was loaded onto a 1%
formaldehyde gel (32) alongside RNA molecular weight markers (Sigma). The
gel was blotted onto Hybond N+ membranes after electrophoresis. The probe
was a PCR product of the ner gene made by using the DR100 and DR101
primers. Labeling and detection were carried out with the ECL system from
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pK2B. The ner ORF is underlined, and the predicted sequence of the Ner protein is shown
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Amersham, and the film used was BioMax Light-1 (Kodak). Relative intensities
of the chemiluminescent signals were determined by scanning the 2-min and 2-h
exposure films using an Eagle Eye 11 still video system (Stratagene).

Outer membrane protein preparation and electrophoresis. Outer membrane
proteins were made by an adaptation of the procedure of Forst et al. (15).
Cultures were grown in 50 ml of LB to ODy, values of 0.8 for exponential-phase
samples and 4.0 to 4.5 for stationary-phase samples. Cells were pelleted, resus-
pended in 20 ml of ice-cold 20 mM sodium phosphate buffer (pH 7.5), and lysed
in a French press (SLM-Aminco) at a pressure of 2,000 Ib/in?. After removing the
cell debris, the supernatant was ultracentrifuged to precipitate the outer mem-
brane proteins as described by Forst et al. (15). The pellets were resuspended in
15 ml of 0.5% sodium N-lauryl sarcosinate and incubated for 30 min at room
temperature. The samples were again spun in the ultracentrifuge as above, and
the pellets were resuspended in 150 to 200 pl (depending on the pellet size) of
gel loading buffer containing 1% SDS. The samples were boiled for 5 min before
running 4 to 6 pl per lane on SDS-10% PAGE with or without 8 M urea (28).

Nucleotide sequence accession number. The sequence of the 1,497-bp insert of
pK2B has been deposited with GenBank and given accession number AF157489.

RESULTS

Screening for a phase variation regulatory gene. A library of
secondary-phase Photorhabdus sp. strain K122 DNA was con-
structed. The bank consisted of 2- to 10-kb enriched Sau3A
fragments of phase 2 DNA inserted into the fer” gene of
pBR322 at the BamHI site. The library was transformed into
primary-phase K122, and 3 X 10* transformant colonies were
screened for loss of the yellow pigment specific to primary
colonies. The average insert size of the library was 2.5 kb, and
80% of vector molecules carried inserts. Thus, the entire ge-
nome (5.35 X 10° bp) was represented 11 times.

Four nonpigmented colonies were identified, and in each
case the recombinant plasmid was isolated and retransformed
into primary cells. In all four cases, transformation resulted in
loss of pigment, while control cells transformed with pBR322
retained the yellow pigmentation characteristic of primary
cells. In addition, the colonies had a nonmucoid consistency,
did not bioluminesce, and were lipase negative on Tween agar,
all characteristics of the secondary form. Two of the clones had
inserts of 1.5 kb and two of 1.55 kb, and restriction maps
revealed that all had the same sites for the restriction endo-
nucleases Aatll, EcoRI, and Hpal, so it was apparent that the
four clones contained separate isolates of the same gene.

DNA sequence. The insert of one of the clones, pK2B (Fig.
1A), was sequenced on both strands (Fig. 2). It was 1,497 bp in
length, and contained an open reading frame (ORF) of 210 bp
and a number of smaller ORFs, most too small to be protein-
coding sequences. The 210-bp ORF displayed homology to
genes specifying a DNA-binding protein, ner of phage Mu and
nlp (ner-like protein) of E. coli. The same result was obtained
when the DNA sequence was translated in all six possible
reading frames and compared with the nonredundant protein
sequence database. The most closely related organisms were
Mu for the DNA sequence and E. coli for the protein se-
quence.

The sequences flanking ner do not show any significant ho-
mology to any sequences in the database and do not contain
protein-coding regions. In contrast, the regions flanking ner/nip
in other species do contain other genes, and the gene organi-
zation falls into two classes, neither of which matches the
arrangement in Photorhabdus (Fig. 3). One group includes
phages Mu and D108 as well as Haemophilus influenzae and
Neisseria meningitidis, suggesting that nlp is carried on a pro-
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FIG. 3. Genes flanking ner in phages and bacteria.

phage in these bacterial genomes. A second group contains E.
coli and Salmonella enterica serovar Typhimurium, which have
different genes upstream but retain the murZ gene (coding for
the Mu transposase) downstream, though in reverse orienta-
tion.

Figure 4 shows the best alignment of the predicted Ner
protein sequence with other sequenced Ner homologues. The
closest sequence is Nlp of E. coli, which displays 68% identity
(77% conserved substitutions). A helix-turn-helix motif was
identified in Ner, spanning amino acids 23 to 42. This region
has been aligned with the helix-turn-helix in the other proteins
(Fig. 5), and based on similarity scores, the six proteins can be
divided into two groups: one includes Photorhabdus, Mu,
D108, and N. meningitidis, and the other contains E. coli and H.
influenzae. The two groups also differ somewhat in the size of
the proteins, the first having proteins of 70 to 76 amino acids
and the second having proteins of 89 to 92 amino acids.

Instability of ner-containing subclone. The insert of pK2B
with a small amount of flanking vector DNA was excised as two
fragments by cleavage of pK2B with EcoRI [cuts once each
in vector and insert (see Fig. 2 for insert site)] and Sphl (cuts
once in vector). The two fragments were subcloned into
pGEM7Zf(—) as inserts of 1,212 bp, including the 210-bp ner
ORF and an 847-bp insert, to generate pK2N101 and
pK2N102, respectively. Phase 1 cells transformed with
pK2N102 were primary-like in every test, whereas transfor-
mants with pK2N101 divided into two populations. One pop-
ulation of nonpigmented colonies were secondary-like in every
test (Table 2), while the second population of yellow colonies
remained primary-like. The ratio of nonpigmented to pig-
mented transformants was 7:1.

The white transformants remained stable when subcultured,
and the plasmid could be isolated (albeit at low yields) from
these cultures. On the other hand, attempts to isolate the
plasmid from pK2N101 yellow transformants failed to yield
DNA. However, it was clear that the plasmid had not been lost,
because subculturing of cells from the yellow pK2N101 trans-
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FIG. 4. Best-score alignment of predicted Ner protein sequences. Photorhabd, Photorhabdus sp. strain K122; N. meningit, N. meningitidis; H.

influenz, H. influenzae.

formants yielded white colonies, yellow colonies, and colonies
that had sections of yellow pigment as well as nonpigmented
sections. It appears that the instability is associated with the
loss of the 660 bp downstream of ner that is present in the
stable pK2B construct but absent from pK2N101.

One possible cause of the instability is unequal division of
plasmid copies between daughter cells following cell division.
Whatever the reason, it is clear that the region of secondary
DNA in pK2N101 carrying the ner ORF could induce a pri-
mary to secondary transition (Table 2).

Plasmid curing. To further demonstrate that the ner gene
was responsible for phenotypic switching when transformed
into primary cells, primary/pK2B and primary/pK2N101
(white) cells were cured of their respective plasmids, and the
phenotype was assessed with respect to pigmentation. The two
cultures were grown in LB medium without ampicillin for three
subcultures of 4 days each, until pigment was detected in the
flasks. Samples were then plated on LB agar without ampicil-
lin, and a mixture of white and yellow colonies grew. Twenty
white and 20 yellow colonies from each culture were spotted
onto LB agar with and without ampicillin, and all of the yellow
colonies were found to be luminescent and ampicillin sensitive,

(R)

Phage Mu

N. meningit
Photorhabd

Phage D108

(B)

E. coli MIIHKHL PSRy
H. influenz RLV E GIE

FIG. 5. Alignment of helix-turn-helix motifs of predicted Ner pro-
tein sequences. N. meningit, N. meningitidis; Photorhabd, Photorhab-
dus sp. strain K122; H. influenz, H. influenzae.

while all the white colonies were nonluminescent and ampicil-
lin resistant. Thus, there was 100% correlation between loss of
the plasmid and primary pigmentation and luminescence.

Insertional inactivation of ner on pK2B. The ner gene was
disrupted with an interposon on pK2B (Fig. 1A), and the
resultant plasmid, pDR100, was transformed into primary and
secondary cells. Primaries, secondaries, and transformants
were subjected to plate assays for pigmentation, biolumines-
cence, lipase protease, color on NBTA and Congo Red media,
motility on swim and swarm agars, and the production of
antibiotics. Neither the original ner* plasmid nor the ner-dis-
rupted plasmid had any effect on the phenotypes of secondary
cells. On the other hand, the ner* plasmid converted primary
cells into secondary variants, as already described, but the
disrupted plasmid failed to generate a phenotypic shift. This is
further confirmation that the phenotypic switching is caused by
the ner gene on the plasmid.

ner gene structure and expression in primary and secondary
cells. DNA from primary and secondary cells was cleaved with
HindIIl, EcoRV, Aval plus Clal, and BamHI plus EcoRI and

TABLE 2. Phenotypes of phase 1 cells transformed with
ner-containing plasmid pK2N101 (white colonies)

Phenotype Primary Secondary (wl;rlllrc?igﬁﬁzrljnlz&lm)
Pigment (on LB) Yellow White White
Colony consistency ~ Mucoid Nonmucoid Nonmucoid
Bioluminescence +++ - -

Lipase +++ - -
Protease +++ (62)" - + (2.4)*
Antibiotics +++ - -
Crystal proteins + - -
Dye uptake
NBTA Green Red Red
MCA Red Pink Pink
EBA Black Purple Purple
MCBPA Green Purple Purple
Congo Red ++ - -
Hemolysin ++ - -

“ Values represent units of protease per milliliter of supernatant from cultures
grown to an ODyg, of 3.
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FIG. 6. Expression analysis (Northern blot) of the ner gene. The gel
contained RNA from primary (lanes 1, 4, 7, and 10), secondary (lanes
2,5, 8, and 11), and primary/pK2B (lanes 3, 6, 9, and 12) cells grown
to culture ODyg, values of 0.3 (lanes 1 to 3), 0.6 (lanes 4 to 6), 1.0
(lanes 7 to 9), and 4 to 5 (lanes 10 to 12).

hybridized to a probe containing the ner gene. In all digests,
just one band (smallest, 1.4 kb in size) hybridized to the probe,
implying that there is a single copy of the ner gene in strain
K122. The same size bands hybridized in DNA from the pri-
mary and secondary. Thus, the crude arrangement of the DNA
around the ner gene appears to be the same in the two forms.
This was confirmed by sequencing primary and secondary
chromosomal DNA including the ner gene plus 500 bp up-
stream and 60 bp downstream of the coding region. The se-
quences on the two chromosomes were identical, and identical
to that of the secondary gene insert in pK2B shown in Fig. 2.

It might be expected that the ner gene would be expressed in
secondary but not in primary cells. However, a Northern blot
revealed that a 350- to 400-nucleotide RNA complementary to
the gene was present in both forms in approximately equal
amounts (Fig. 6). A larger minor band was also complementary
to the probe, suggesting that there is a second transcription
initiation site upstream of the main start point. The ner tran-
script became detectable between culture ODg, values of 0.3
and 0.6 and then doubled in amount between OD,,, = 0.6 and
ODy, = 1.0 (late exponential phase), before declining in sta-
tionary phase (ODg,, = 4). This pattern of gene expression
was confirmed with quantitative reverse transcriptase-PCR (Q-
RT-PCR) (method in reference 8), where the levels of ner
RNA were measured relative to 16S rRNA (data not shown).

Primary-form phenotypes are expressed at stationary phase
and not during the exponential phase of the growth cycle (14,
16, 29). One possible explanation of the data so far is that Ner
is responsible for this exponential-phase repression in the pri-
mary. The effects of ner-carrying plasmids on the primary form
might be to maintain a high level of Ner at stationary phase so
that the primary phenotypes remain repressed at this stage of
the growth cycle. Thus, the levels of ner mRNA were measured
in the primary strain carrying the pK2B plasmid. It was indeed
found that the levels of ner RNA as a proportion of total RNA
rose steadily from early to late exponential phase and contin-
ued to rise during stationary phase (Fig. 6). In fact, expression
levels were much higher (80-fold higher in primary/pK2B than
in the primary at late exponential phase) than expected based
on the copy number (copy number, 2 to 5) of the plasmid (data
not shown), implying that Ner may positively regulate its own
expression or that multiple copies of the gene titrate out a
negative regulator.

The data suggest that high-level expression of ner at station-
ary phase in primary/pK2B overrides stationary-phase-specific
derepression of primary phenotypes. It is clear from Fig. 6 that
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the wild-type regulation of ner gene expression (i.e., switched
off at stationary phase) does not pertain to the primary carry-
ing pK2B. Rather than expression falling to an undetectable
level, it actually increases twofold between the late exponential
(ODggo = 1.0) and stationary (ODg, = 4.0) phases. The mul-
tiple copies of the gene may titrate out a stationary-phase-
specific repressor.

The possibility remains that despite having the same RNA
levels, the primary and secondary forms have different levels of
Ner protein. Attempts were made to prepare antiserum for use
in comparing levels of Ner protein. Ner protein was purified
(results not shown) and injected into rabbits, but unfortu-
nately, the protein was insufficiently antigenic, and the anti-
serum produced failed to detect Ner on Western blots. Thus, a
tentative conclusion about Ner levels in the two forms and the
recombinant strain must be based on ner RNA levels. Since the
level of ner RNA is the same in the primary and secondary
forms, we conclude that expression of the endogenous ner gene
is probably not sufficient to generate the secondary phenotype.
This was investigated further by inactivating the ner gene in the
two forms (see next section).

ner mutants. The endogenous ner gene on the chromosome
was disrupted in the primary and secondary strains by allelic
exchange with ner::(0Km on pDR101 (Fig. 1B) to generate
strains KN1 and KN2, respectively, and Q-RT-PCR showed
that the ner gene is not expressed at a detectable level in either
strain (data not shown). The cultures were assayed for a num-
ber of phase variant characteristics (Table 3), and in both
cases, the disruption did not affect the viability of the cells.
KN2 was identical to the secondary form for all phenotypes
tested, showing that the lack of intact ner in phase 2 cells does
not cause them to revert to a primary-like phenotype. These
results are consistent with the expression results, where the
lack of ner expression in the secondary at stationary phase did
not cause the cells to express primary-form-specific character-
istics.

In the previous section, it was hypothesized that ner regu-
lates growth phase-specific expression of the primary pheno-
types. If this hypothesis is correct, then the primary form with
a nonfunctional ner gene might be expected to display expo-
nential-phase expression of primary-form-specific phenotypes.
This was tested by sampling strain KN1 and the primary form
at various stages of the growth cycle (culture ODg, of 0.2, 0.4,
0.6, 1.2, and 1.8) and assaying for protease activity, biolumi-
nescence, and pigment concentration. The two strains showed

TABLE 3. Phenotypes of K122 with ner gene disrupted

Prima Seconda KN1 KN2
Phenotype (nery oy (nermOKm) (e OKm)

Pigment (on LB) Yellow  White Yellow White
Colony consistency Mucoid  Nonmucoid Mucoid Nonmucoid
Bioluminescence +++ - +++ -
Lipase +++ - +++ -
Protease +++ - +++ -
Antibiotics +4++ - +++ -
Crystal proteins + - + —
Dye uptake

NBTA Green Red Green Red

Congo Red ++ - ++ —
Hemolysin ++ - ++ -
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identical patterns of undetectable levels of these activities until
stationary phase (culture OD,, = 1.8). Thus, the ner gene in
single copy does not appear to play a role in growth phase
regulation of phenotypic variation. Its repression of primary
characteristics at stationary phase requires a higher than nor-
mal level of expression of the gene, as observed in the primary
carrying pK2B.

In order to find a possible role for the endogenous ner gene,
the primary and secondary forms were compared to their re-
spective ner knockout strains, KN1 and KN2, for a range of
phenotypes. No difference was found between the secondary
and KN2, while the primary was identical to KN1 for all char-
acteristics tested (Table 3) except for some differences in outer
membrane proteins.

Outer membrane protein conformation. Outer membrane
proteins were prepared from cultures grown to stationary
phase. It is clear that both the protein conformation, as deter-
mined on urea gels (Fig. 7A), and the protein composition, as
shown on SDS-PAGE (Fig. 7B), are quite different in the
primary (lanes 1) and secondary (lanes 3) forms. In particular,
the primary has major bands of 77, 58, and 56 kDa as well as
some less intense bands which are missing from the secondary,
while the secondary has proteins of 69, 59, and 46 kDa which
are absent from the primary. The outer membrane protein
difference is the only positive secondary-form-specific pheno-
type found that is not simply an absence of a primary gene
product. While pK2B apparently transformed the primary into
a secondary with respect to all other phenotypes tested, it did
not have this effect on the outer membrane protein pattern;
this suggests that the effect of pK2B is to eliminate primary-
form-specific gene expression rather than to convert the pri-
maries into secondaries. The primary/pK2B (Fig. 7A and B,
lanes 5) transformant had a depleted outer membrane protein
profile. It lacked the 77- and 56-kDa primary-form-specific
bands as well as the 69-, 59-, and 46-kDa bands specific to the
secondary.

With regard to the effect of ner deletion on outer membrane
proteins, there were no reproducible differences between the
wild-type secondary (Fig. 7B, lane 3) and the secondary with
the ner gene disrupted (KN2) (Fig. 7B, lane 4). However, there
were significant and reproducible differences between the wild-
type primary (Fig. 7B, lane 1) and the primary with the ner
gene disrupted (KN1) (Fig. 7B, lane 2). The 58- and 56-kDa
primary-form-specific bands were absent, and the secondary-
form-specific 59-kDa protein was present in KN1 (Fig. 7B).
Other than these differences, KN1 looked identical to the
primary. One possible explanation is that Ner is required for
production of a protease that removes fragments from the
59-kDa protein to generate the 58- and/or 56-kDa proteins. On
the urea gel (Fig. 7A), one primary band was missing from
KN1, while a cluster of bands above the major porin protein
migrated to different positions in the two strains. Thus, the
small difference in protein composition (Fig. 7B) generated a
somewhat larger effect on protein conformation (Fig. 7A).

The samples analyzed in Fig. 7A and 7B were extracted from
cells grown to stationary phase. To determine which of the
differentially expressed proteins were growth phase specific,
outer membrane proteins were prepared from cells grown to
exponential phase (ODg, = 0.8) and separated by SDS-PAGE
(Fig. 7C). It can be seen that the outer membrane protein
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FIG. 7. Gels of outer membrane proteins from primary (lanes 1),
KNI (lanes 2), secondary (lanes 3), KN2 (lanes 4), and primary/pK2B
(lanes 5) strains. (A) Urea gel of stationary-phase outer membrane
proteins. (B) SDS-PAGE of stationary-phase outer membrane pro-
teins. Bands marked with arrows have molecular masses of 77, 58, 56,
and 42 kDa (lane 1), 59 kDa (lane 2), and 69 and 46 kDa (lane 3).
(C) SDS-PAGE of exponential-phase outer membrane proteins.
Bands marked with arrows have molecular masses of 77, 58, and 42
kDa (lane 1) and 69 and 44 kDa (lane 3). The arrow in lane 5 indicates
a band that is unique to primary/pK2B. Lanes marked M contained
molecular size markers.

profile is similar in the primary, secondary, KN1, and KN2
strains at exponential phase, though with some minor bands
displaying differential accumulation (see arrows in lane 3 and
middle arrow in lane 1). Interestingly, the 77-kDa protein,
which is primary-form specific at stationary phase, was present
in all strains at a low level during exponential phase. There was
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one major difference between the primary carrying pK2B and
the other strains at exponential phase in that the former con-
tained an additional low-molecular-weight outer membrane
protein (Fig. 7C).

With the exception of the major 42-kDa protein, the outer
membrane protein profiles were quite different during expo-
nential and stationary phases, and none of the proteins which
were differentially expressed between strains at stationary
phase (Fig. 7B) were major bands during exponential phase
(Fig. 7C). The fact that all of these primary- and secondary-
form-specific outer membrane proteins are induced at station-
ary phase is another indication of the link between growth
phase and phenotypic variation.

DISCUSSION

Primary-form cells of Photorhabdus produce a large number
of activities that are absent or present in greatly reduced
amounts in the secondary form. Thus, a working hypothesis
was made that secondary cells might contain an active repres-
sor gene that is inactivated or not expressed in the primary
form. The lack of a transposon mutagenesis system for this
species at the time led to attempts to identify the proposed
repressor by screening primary cells transformed with second-
ary DNA for colonies that had undergone a shift in pigmen-
tation. Screening of primary colonies transformed with second-
ary DNA on a low-copy-number plasmid yielded four colonies
out of 30,000 that exhibited phenotypic switching. All four
contained the ner gene, which is therefore likely to be the only
gene with the capacity to repress primary-form-specific pheno-
types.

The ner gene codes for a DNA-binding protein which was
first identified in phage Mu, where it regulates Mu transposi-
tion and repressor synthesis (21). Ner functions as a repressor
in phages Mu and D108; it inhibits expression from the Pc
promoter, and in conjunction with the E. coli integration host
factor, it regulates expression from the Pe promoter (25). The
Ner protein has a helix-turn-helix DNA recognition motif (35),
and the structure of the operator to which it binds has been
elucidated (26). A ner homologue has also been found in E.
coli (7) and in the genomes of other gram-negative bacteria
such as Neisseria spp. (37). The ner homologue is nonessential
for E. coli viability (3), and its function in bacterial cells is
unknown. When overexpressed, it stimulates expression of
maltose- and lactose-utilizing enzymes in a mutant strain that
lacks adenylyl cyclase but has partial cyclic AMP receptor
protein activity in the absence of cyclic AMP (7). It appears
likely that Ner functions as a DNA-binding regulatory protein,
probably a repressor, in Photorhabdus spp., but the sequences
to which it binds have not yet been identified. Thus, the effects
reported in this paper may be exerted directly or indirectly.

It is unlikely that phenotypic shifting is mediated by ner in
the normal situation because (i) the gene has the same se-
quence in the two variants; (ii) insertional inactivation of the
gene in secondary cells did not cause them to switch into the
primary form; and (iii) the gene is expressed in primary as well
as secondary cells. This implies that ner only represses primary-
form-specific phenotypes when present in additional copies.
The copy number of pK2N101 in K122 was estimated at 2 to 5
(data not shown), setting an upper limit on the number of
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additional copies. It is probable that more than one copy of
plasmid-encoded ner in addition to the endogenous copy is
needed to effect the phase shift, since the yellow pK2N101
transformants were unstable, revealing that they contained at
least one copy of the plasmid, which nevertheless failed to
induce phase shifting. Expression of the ner gene was found to
be deregulated in the strain containing the plasmid, so that the
concentration of ner mRNA was much higher than expected
based on copy number (e.g., 80-fold higher in primary/pK2B
than in the primary at late exponential phase and an even
greater difference at stationary phase).

The very high levels of ner mRNA in primary/pK2B at sta-
tionary phase suggests that overexpression of ner may repress
stationary-phase-specific expression of the primary pheno-
types. Nevertheless, ner in single copy does not regulate the
growth phase effect, since the ner-disrupted strain KN1 was
found not to display exponential phase expression of primary-
form-specific phenotypes. Nor does single-copy ner play a role
in differential expression between primary and secondary
forms. This suggests that the effect of ner on primary cells
depends on its overexpression at stationary phase leading to
repression of stationary-phase-, primary-form-specific gene ex-
pression.

The finding that ner causes stationary-phase repression of
primary-form-specific phenotypes only when overexpressed
suggests that the gene or gene product is titrating a protein
which exerts global regulation of primary characteristics or that
Ner protein in excess is affecting expression of a global regu-
lator gene or the genes coding for the primary-form-specific
products, e.g., by competing for an operator. One protein
known to destabilize repression by Ner is the histone-like pro-
tein integration host factor (25), so it could conceivably play a
role in phenotypic variation. However, no genes other than ner
were found to repress primary-form-specific phenotypes, so it
must be asked why this proposed global regulator was not
picked up in the screen. It is possible that the hypothesized
regulator is a repressor that is lethal in multiple copies. Alter-
natively, it may be an activator that would only be identified by
a reverse screen, i.e., transformation of a primary bank into
secondary cells and screening for activation of pigment pro-
duction. UV mutagenesis of a secondary culture yielded one
primary form, but only after screening 150,000 colonies (29),
suggesting the possibility that the mutant strain might contain
multiple mutations. Thus, the secondary repressor model for
phase switching may not be valid, or inactivation of the puta-
tive repressor gene may render the cells nonviable. Work is
currently under way in the laboratory to identify such regula-
tors of phase variation by transposon mutagenesis of primary
and secondary cells.

Outer membrane proteins have not been analyzed before
now in Photorhabdus spp. but have been studied extensively by
Forst and colleagues in the related nematode symbiont Xe-
norhabdus nematophilus. In this species, the predominant outer
membrane protein is the 30-kDa OmpF-like porin OpnP (17).
By analogy, the major 42-kDa protein observed in K122 may
also be a porin protein related to OmpF; this was the major
protein present in all strains examined during both the expo-
nential and stationary phases of the growth cycle.

The outer membrane protein profiles of the primary, sec-
ondary, KN1, and KN2 strains showed only minor differences
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during exponential phase, and primary/pK2B had the same
pattern except for major accumulation of an additional low-
molecular-weight protein. At stationary phase, no differences
were detected between wild-type and ner-disrupted secondary
cells (KN2), but there were differences between the wild-type
and ner mutant primary cells (KN1). This is the first indication
of a function for Ner in Photorhabdus in single copy. The outer
membrane protein profile of the primary with ner insertionally
inactivated differed from the wild-type primary in the replace-
ment of the 58- and 56-kDa bands in the primary with a 59-kDa
band in KN1 (the same band substitution is also found in the
secondary). One possible explanation for this replacement is
that Ner directly or indirectly controls expression of a specific
protease which processes the 59-kDa outer membrane protein.
Work is currently under way in the laboratory to screen a bank
of promoter-lacZ transcriptional fusions for expression in the
presence of an inducible ner gene. It is expected that this
approach will reveal the genes directly controlled by ner.

The stationary-phase outer membrane proteins that differ
between the primary and KN1 are a subset of the differences
between primary and secondary cells. Therefore, outer mem-
brane proteins are controlled independently by ner and an-
other regulator of phenotypic variation. This was confirmed by
finding that the primary containing multiple copies of ner (on
pK2B) lacked some of the primary-form-specific and some of
the secondary-form-specific proteins. The absence of the 77-
and 56-kDa primary-form-specific bands from the primary/
pK2B as well as the secondary strain and the induction of both
of these proteins at stationary phase suggest a possible role for
them in regulation of phenotypic variation. Alternatively, the
secondary-form-specific outer membrane proteins of 69, 59,
and 46 kDa may block induction of primary-form-specific phe-
notypes at stationary phase. Such regulation by outer mem-
brane proteins is hypothesized to constitute control, not of
gene expression, but of uptake into or release from the cell.

The outer membrane is a selective diffusion barrier whose
constituent proteins alter in response to environmental
change, such as temperature, osmolarity, oxygen availability,
and growth phase in the case of X. nematophilus (16, 17). A
large proportion of primary-form-specific characteristics are
surface associated (e.g., pili, glycocalyx, flagella, the dye up-
take) or secreted (e.g., lipase, protease, lecithinase, DNase,
hemolysin, and antibiotics) and might conceivably be affected
by the porin properties of the outer membrane. A more likely
possibility is that the effect of multiple copies of ner on outer
membrane protein production affects phenotypic variation in-
directly by affecting environmental sensing of a signal which
induces expression of these phenotypes at stationary phase in
the primary. The signal pathway might be a quorum-sensing
pathway or a two-component regulatory system.

Few genes involved in regulating phase variation have been
identified from Photorhabdus, but two interesting candidates
have been found. These are the cip4 and cipB genes, which
code for the crystal proteins produced by P. luminescens in the
primary form only. The crystal proteins have no significant
similarity to other known proteins, and their function is not
known, though some possibilities, such as insecticidal toxin
activity, have been ruled out. Insertional inactivation of both of
these genes rendered the cells nonviable. However, inactiva-
tion of either gene alone in primary cells generated mutants
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that exhibited a partial phenotypic switch (4), including loss of
the primary-form-specific ability to support nematode growth
and reproduction. The mechanism—direct or indirect—where-
by cipA and cipB regulate phase variant phenotypes is not known.

Xenorhabdus spp. undergo a similar range of phenotypic
switching whose mechanism is equally poorly understood. Re-
cently, a gene was inactivated in primary cells of X. nemato-
philus which generated a strain that was secondary-like for
most phenotypes tested (39). In addition, the mutant was de-
fective in its packaging or survival in or release from the nem-
atode. The disrupted gene was sequenced and found to code
for a novel protein 121 amino acids long. Other independent
transposon insertions which led to phase shifting have not yet
been characterized. However, the existence of a large number
of transposon mutants all exhibiting a phase shift (39; unpub-
lished observations) implies that a complex regulatory cascade
controls expression of these genes. Genes which have been
shown not to play a role in controlling phase variation in
Photorhabdus or Xenorhabdus include ompR (B. Boylan and S.
Forst, unpublished observationsl cited in reference 14), recA
(30), hin (R. J. Akhurst and A. Smigielski, Abstracts of the
V1th International Colloquium on Invertebrate Pathology,
Montpellier, France, 1994, p. 1), and rpoS (38).

The coordinate control of the phase variant genes by a single
or multiple regulatory networks in the primary form does not
preclude the secondary variant’s deriving from an accumula-
tion of mutations, similar to the GASP mutants. The first
GASP mutant identified had attenuated RpoS function, but a
mutation in this gene in X. nematophilus has revealed that it is
not involved in regulation of the primary-form-specific traits
(38). Another GASP mutation identified recently was a null
allele of the Irp gene, which codes for a DNA-binding protein
that can act as an activator or a repressor (42). If the secondary
variant of K122 is a spontaneous mutant arising in a primary
culture, the mutation is not located in the ner gene, since the
sequence for this gene was identical in the primary and sec-
ondary variants.
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