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Abstract

Bacteriocins occur naturally in low quantities in both phases of Xenorhabdus spp. as
characterized by electron microscopical negative staining of culture supernatants and in
vitro antibacterial activity. In both phases of most of Xenorhabdus cultures, induction by
mitomycin C or high temperature resulted in a massive production of bacteriocins with few
entire phage particles; such treatments cause a total lysis of the culture and the death of the
producer cells. Phage DNA purified from Xenorhabdus strains hybridized to several
fragments of chromosomal DNA restricted fragments, confirming that the phage genome is
incorporated into the bacterial chromosome. Consequently Xenorhabdus strains are
lysogenic, bearing lethal genes as a prophage which is transmitted during cellular divisions
and becomes lytic only after induction. Similar induction experiments with Photorhabdus
cultures failed to show a greater production of bacteriocins than the spontaneous
production observed in supernatants of non induced cultures. At this stage phages were not
yet shown to be produced by Photorhabdus strains. Conditions of the induction of a total
lysis in Photorhabdus cultures have not been yet discovered. However, in the
spontaneously lysed cells of Photorhabdus, image processing of electron microscopic
preparations shows that protoplasmic rods in longitudinal section and hexagonal
aggregates in transversal section have a morphological homology with purified
bacteriocins from Xenorhabdus. These so-called "lattice structures”, previously interpreted
as "photosomes” for Photorhabdus cells (Boemare et al,, 1983), are in fact the early stages of
in situ production of bacteriocins for a weak proportion of the cellular population in
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symbiont cultures (Baghdiguian et al., 1993). Bacteriocins from several Xenorhabdus
strains are bactericidal for closely related bacteria such as other Xenorhabdus spp.,
Photorhabdus spp. and some Proteus spp. The synergistic effects of these bacteriocins
produced by both phases, and the previous identified water-soluble antibiotics only
produced by Xenorhabdus phases I (Akhurst, 1982), participate strongly for conditions
observed during the parasitic development of the host nematode into insect cadavers, which
favor the Xenorhabdus or Photorhabdus as the dominant culture.
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1. Introduction

The genus Xenorhabdus (Thomas and Poinar, 1979) and the genus
Photorhabdus (Boemare et al.,, 1993) share common properties probably linked
with their symbiotic status. Among these properties, phase variation and
antimicrobial activity are quite well documented this decade. Phase I colonies
produce agar-diffusible antibiotic substances (Akhurst, 1982), never secreted by
phase II except with some strains of X. poinarii (Akhurst, 1986). Those identi-
fied to date are indole derivatives (Paul et al., 1981), trans-stilbene derivati-
ves (Richardson et al., 1988), xenorhabdins (Mclnerney et al., 1991a) and xeno-
coumacins (Mclnerney et al., 1991b). But during this last decade many
controversial observations seem to indicate that other antimicrobial agents are
produced by both phases. They are difficult to evidence, either because they
are not diffusible in agar, and/or because their action accumulates concurrently
with the previous identified antimicrobial molecules hiding a cumulative
effect. Among these possible new antimicrobial agents the phages, and
particularly the bacteriocins, play an important part. The term "bacteriocin”
was coined by Jacob et al. (1953) for proteinaceous antibacterial agents which
were synthesized by bacteria and required specific receptors (Ackermann and
Dubow, 1987). Among several types, one group includes phage tail-like
particles consisting of contractile tails also called particulate bacteriocins,
lethal phages or defective phages (Kageyama, 1975).

Given this background, our laboratory has been concerned with the
possibility of lysogeny in Xenorhabdus spp. and Photorhabdus spp. in order to
find a more general cause of unexplained spontaneous lysis in cultures of Xenor-
habdus spp. In several experiments we have demonstrated the occurrence of a
lysogeny and a bacteriocinogeny in Xenorhabdus spp. (Boemare et al., 1992).
Steps of the bacteriocin synthesis in Xenorhabdus and Photorhabdus cells have
been described (Baghdiguian et al., 1993) and the possible ecological role of
these antimicrobial agents for the nematode bacterium complexes has been
discussed (Boemare et al., 1994). In this report the status of this research is
summarized and updated.
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2. Methods and Results

Induction of lysis in Xenorhabdus lysogenic strains and analysis of the produced
elements

Two major treatments were used to induce a Xenorhabdus culture lysis. The
first used mitomycin C (0.5 to 1 pg/ml, depending on strains) added to a Luria
broth (LB) culture of each Xenorhabdus phase at logarithmic growth (Aggo =
0.5). The second was an heating (45°C, 40 min) of LB broth when culture raised
the middle of logarithmic growth (Agpo = 0.5), followed by an overnight subse-
quent incubation at 28°C (Boemare et al., 1992). After heating or mitomycin C
treatment, both phase I and II cultures lysed 3-5 h later.

Ultrastructural examination of the produced components

Lysates were examined on transmission electron microscope by negative stai-
ning with 1% phosphotungstate. For many Xenorhabdus strains, several struc-
tural components were characterized such as rigid phage tail-like particles,
empty phage heads, and few intact phage particles (Boemare et al., 1992). The
rigid phage tail-like particles presented a large variety of forms, including
headless rods with extended striated sheaths ca. 170 nm in length possessing a
baseplate to which fibers with adhesive extremities were attached (caudal
fibers), contracted sheaths revealing an inner core, segments of empty contra-
cted sheaths, and loose cores (Fig. 1). The morphological analysis of the
pictures by a mathematical approach raised three important points: (i) the
hexagonal section of the sheath, each side 4.2 nm sized giving an average
diameter ca. 8.4 nm, (ii) the helical organization of the sheath, and (iii) the
six fold symmetry forming this helical organization (Baghdiguian et al., 1993).
These morphological characteristics were basically those of rigid phage tails.
At the contrary the few phages, observed in mixture with the rigid phage tail-
like particles, had flexible tails (Fig. 1).

Purification of the Xenorhabdus nematophilus phage tail-like particles
Purification of the phage tail-like particles of X. nematophilus strain F1
was previously described in details (Thaler, 1994; Thaler et al., 1995). Lysates
obtained by the previous treatments, were first treated with DNase and
RNase, the protein contents were precipitated, and pellets were deposited on a
10-40% (wt/vol) sucrose density gradient. An opalescent band at around 15%
sucrose gradient was collected, dialyzed, and chromatographied. One exclusion
peak and one elution peak were generated. Electron microscopy of DEAE
chromatographic elution peak aliquots showed only particles with extended
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Figure 1. Supernatant ot purified lysate of X. nematophilus F1 culture in LB broth after
induction by mitomycin C. Ex = xenorhabdicin with rigid extended sheath, Cr =
xenorhabdicin with rigid contracted sheath, Em = empty sheath of
xenorhabdicin, P = Phage with flexible tail. Electron micrograph of 1%
phosphotungstate negative staining. Scale bar = 50 nm.

sheaths, while the exclusion peak aliquot revealed empty phage head
particles.

The particles with extended sheaths were composed of two major sub-units
and two minor sub-units. Molecular weights were estimated from their
apparent mobility in SDS-PAGE. The two first were 43 and 20 KDa,
corresponding to the sheath and the inner core, and of the two second were
about 67 and 54 KDa, corresponding to structural proteins of the caudal fibers.

Characterization of the phages

Three bands were identified by electrophoresis of a sample from the
previous exclusion peak: one ca. 40 corresponding to the major component of the
phage capsomers and two minor ca. 50 and 34 KDa. These elements are the
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protein subunits of the empty phage heads (Thaler et al., 1995). The DEAE
chromatography exclusion peak produced no DNA band, confirming that the
previous purification isolated only empty phage head particles.

On the contrary, DNA extraction by method of Zyskind and Bernstein (1989)
from lysates of X. nematophilus, X. bovienii and X. beddingii revealed a band
above the 23 Kb marker. This linear viral DNA band was well distinguished
from plasmid and chromosomal DNA of the producer strain. This phage DNA
was used as a probe to hybridize to restriction enzyme digested genomic DNAs
of Xenorhabdus producer strains, and of closely related species as control, and
transferred onto a nitrocellulose filter by southern blotting. Strong
hybridizations were shown with genomic restricted bands of only the producer
strain. This suggests an occurrence of a specific prophage on genomic DNA of
each Xenorhabdus (Boemare et al., 1992). On the other hand there was neither
homology to plasmid bands (Leclerc and Boemare, 1991) of producer strain, nor
to digested chromosomal DNA fragments of other closely related species used
as a control. Consequently a prophage is incorporated into the chromosome of
the bacterial host.

In vitro bactericidal activity of Xenorhabdus phage tail-like particles

Bactericidal activity of Xenorhabdus phage tail-like particles at different
steps of purification was tested by a logarithmic serial dilutions method. This
in vitro method used culture lysates, sterilized by passage through a 0.45 um
pore size Millipore™ filter, or purified suspensions, which were tested by
spotting onto lawns of the sensitive strain. Several indicator strains
(Enterobacteriaceae, Pseudomonadaceae, Vibrionaceae and Bacillaceae), from
a logarithmic-period growth (Aggo = 0.5) culture on LB, were mixed (2%
vol/vol) into 5 ml of nutrient agar 0.6% (wt/vol) and spread onto nutritive agar
Petri dishes. The ten fold serial dilutions of the phage tail-like particle
suspensions were spotted onto these plates. A clear zone on the bacterial lawn
at the drop location after incubation at 28°C for 24 h was interpreted as an
inhibition of the indicator bacterium.

The bactericidal specific activity of X. nematophilus phage tail-like
particles (Table 1), increased gradually as its concentration during the
purification procedure described above. Morganella morganii, Proteus vulgaris,
Photorhabdus luminescens and X. beddingii were highly sensitive to the
suspensions prepared from the two phases. Non-induced cultures of
Xenorhabdus were immune to the purified suspensions of phage tail-like
particles obtained from their own strain. Sensitivity to the suspensions was
eliminated by treating with pronase E (5 U/ml) or by heating (65°C, 30 min).
This indicated that the sensitivity of P. morganii, P. vulgaris, P. luminescens
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Table 1.  Antibiotic activity of various dilutions of bacteriocin suspension purified from
induced cultures of X. nematophilus A24/1 and A24/2

Inhibition2 by
Indicator strains Controlb Bacteriocin suspension¢
100 10-1 100 10-1 10-2 10-3 104 10-5

Citrobacter freundii = = = = = - - =
Enterobacter cloacae == = - = = = _ as
Erwinia chrysanthemi = = = = s _ - =
Klebsiella pneumoniae - = = = ki =5 = -
Salmonella typhimurium - = = - s — - i
Serratia marcescens = = e - = = = -
Yersinia enterolitica - L = = - = _ -
Pseudomonas aeruginosa = = = - - _ _ _
Pseudomonas testosteroni - - - = = = _ —
Micrococcus luteus = = = = = - _ _
Micrococcus roseus = — - = = — = —
Streptococcus epidermidis - - = = = - = =
Streptococcus faecalis - - - = = = £ -
Bacillus cereus = = = = L = - AL
Bacillus megaterium = = = = - = = =
Bacillus subtilis = = = = - = - A
Bacillus thuringiensis = s = = - = _ _
Escherichia coli s = T = = - - -
Proteus mirabilis = - e = _ - - _

Morganella morganii + - + + + + - -
Proteus vulgaris + = + + + + - =
Photorhabdus luminescens
K80/1 + - + + + + + -
K80/2 + - + + + + + -
Xenorhabdus beddingii
Q58/1 + - + + + + + +
Q58/2 + = + + + + + = |
Xenorhabdus nematophilus |
F1/1 = s o = - - - - :
B2 - - - - - - - -
A24/1 - - - - - - - - 1
A24/2 - - - - - - - -
a[nhibition was scored as + or —; + = clear zone at the droplet site; — = no clear zone. 1
bNon-induced cultures of X. nematophilus A24 (Ag0o = 0.5) were centrifuged and the
filter-sterilized supernatant used as the control. The control supernatant was diluted to ’

10-1 with phosphate buffer to assess the residual bacteriocin activity. ¢The bacteriocin
suspension was diluted to 10-5 with phosphate buffer to assess the strength of bacteriocin -
activity. (Table reprinted from Boemare et al., 1992).
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and X. beddingii was due to the proteinaceous phage tail-like particles in the
purified suspensions. Bactericidal specific activity increased approximately
450-fold from the previous elution peak of chromatography while no
bactericidal activity was found in the exclusion peak (Thaler et al., 1995).

Consequently, electron microscopic evidence, biochemical properties,
antimicrobial activity against closely related bacteria, and sensitivity to
protease and heat treatments, showed that the phage tail-like particles were
bacteriocins. These bacteriocins were named xenorhabdicins (Thaler et al.,
1995).

In situ synthesis of bacteriocin elements in Xenorhabdus cells

For cytomorphological studies, bacterial cell pellets were fixed with 2.5%
glutaraldehyde, post-fixed in 1% osmium tetroxide, and sections were contras-
ted with uranyl acetate and lead citrate as described in Baghdiguian et al.
(1993). In ultrathin sections of Xenorhabdus cells from cultures induced after 2
hours, numerous cells displayed densely packed rods as longitudinal bands and
hexagonal aggregates. Hexagons were at about 10.0 nm from center to center,
similar to the hexagon size of bacteriocin sections. Morphogenesis of these
bacteriocins proceeded helically from the center, where the bacteriocins
appeared transversally as hexagons, to the periphery, where progressively
they were in length section. But they appeared also longitudinally on other
sections as a palisade forming longitudinal bands and lines. Occasionally some
altered cells were observed at this stage. Then, between 4 and 6 hours after the
induction, an elaborate extensive array of bacteriocin matrices was
progressively seen in many altered cells where the cell wall was in many
points disrupted. Finally bacteriocins were in cellular ghosts and were released
outside due to disruption of cellular membranes.

Occurrence of bacteriocins in Photorhabdus

When cultures in stationary growth of Photorhabdus were stained by 1%
phosphotungstate, electron microscopy examinations showed few bacteriocin
particles neighbouring many healthy cells. At the present time, no suitable
procedure of lysis induction for these species has been developed. However, a
low level of bacteriocins was commonly observed between normal bacterial
cells. In ultrathin sections of the few altered cells observed among an apparent
healthy population, bacteriocin particles were recognized such as niles of
superimposed layers of sheaths similar in length to the previous X.
nematophilus bacteriocins (150-200 nm). Bacteriocins were also observed
agglomerated in packages as the result of the residual contents of a cell
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disruption. All these elements were recognized for several strains of P.
luminescens strongly indicating natural occurrence of a synthesis of bacteriocins
in Photorhabdus spp- (Baghdiguian et al., 1993).

3. Discussion and Conclusion

The occurrence of temperate bacteriophage in both phases of Xenorhabdus
indicates that phase variation is not a mechanism for escaping the lytic
activity of the phage as previously suggested (Poinar et al., 1989).
Hybridization of DNA phage on the chromosome of its bacterial host and
inducible bacteriolysis by mutagenic agents, are arguments to assume that a
lysogeny occurs in Xenorhabdus spp. The lysogeny in Xenorhabdus spp. is a
general phenomenon but, for each strain and species, conditions of the lysis
induction need to be defined.

Xenorhabdicins of Xenorhabdus belong to the group of so-called phage tail
like particles or defective phages which are bactericidal (Ackermann and
Dubow, 1987). They are very similar to the R-type pyocins of P. aeruginosa
with a contractile sheath surrounding a core, a baseplate and six fibers
considered to be the apparatus for adsorption to the receptors on sensitive cells
(Bradley, 1967; Kageyama et al, 1979). Most of these phage tails like
numerous other phage tails (Ackermann and Dubow, 1987) are helical with six
fold symmetry. Image processing allows us to demonstrate this six-fold
symmetry and an hexagonal section of the xenorhabdicin tail (Baghdiguian et
al, 1993). They have a high molecular weight, sediment easily and appear as
phage tail like particles in the electron microscope as do numbers of other
described contractile tails (Echandi and Moyer, 1979). While bacteriocins have
been described in a widespread distribution of bacterial genera, in Xenorhabdus
they seem to be very similar to those associated with lysogenic strains of
Enterobacteriaceae and Pseudomonadaceae (Echandi et al., 1979; Ito et al.,
1970; Kageyama, 1975).

Lysogeny and bacteriocinogeny are often common characters, and the
production of these agents is inducible by UV irradiation, mitomycin C, H,O,,
or temperature treatments (Bradley, 1967; Ito et al., 1970; Kageyama, 1975).
Our studies have shown that bacteriocins are widespread in Xenorhabdus.
Occurrence of this phenomenon may explain frequent disruptions in maintenance
of Xenorhabdus samples (e.g. when temperature conditions are not well contr-
olled). The studies presented here reveal a class of agents with an activity
against a limited range of bacteria, including closely related species. Bacterio-
cins have a much narrower spectrum of antimicrobial activity than most
chemical antimicrobials (Bradley 1967; Kageyama 1975; Mayr-Harting et al.,
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1972). So in addition to antimicrobial chemicals production by Xenorhabdus spp
phases I, effective against a large scale of microorganisms, there is an antimi-
crobial proteinic production by both phases of Xenorhabdus which are the
bacteriocins. These bacteriocins also prevent contamination of foreign micro-
organisms, but mainly the contamination of closely related microorganisms such
as all the other Xenorhabdus spp.

When one Steinernema sp. and one Heterorhabditis sp. co-infected simulta-
neously an insect the dominance of the Steinernema is observed (Alatorre-Rosas
and Kaya, 1991). It is supposed that the Heterorhabditis may take longer to
release its bacterial symbiont, giving a competitive advantage to the co-
infective Steinernema. Once a development is initiated toxins or other bypro-
ducts from the Xenorhabdus may have prevented the development of H.
bacteriophora. The dominance of one Xenorhabdus species in an insect host that
determines which of any co-infecting nematode species can survive and repro-
duce (Alatorre-Rosas and Kaya, 1991) is very likely mediated by the
xenorhabdicins. The first released bacteria may initiate the spontaneous
production of bacteriocins reported here which should be able to kill other
related bacteria. Then the nematode species devoid of its symbiont is not able
to reproduce in the insect cadaver. Bacteriocins probably participate strongly
to prevent any foreign candidate to combine with the normal host nematode of
their producer bacteria (Boemare et al., 1994).
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