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strain (Figure 7.12). Most benign strains hybridise to a 4.1 kb HindIll fragment, which
corresponds to a copy of pnpA that is adjacent to intB, (C3052, 1169, 2483, 1493, 1469).
In strain 819, the intD element is integrated adjacent to pnpA, and consequently this strain

hybridises to a HindIIl fragment of 5.9 kb.
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Figure 7.12: Southern blot analysis of pnpA integration site in seventeen strains of
D. nodosus as follows: A198 (lane A), C305 (lane B), 1311 (lane C), 1311A (lane D), AC3577
(lane E), B1006 (lane F), G1220 (lane G), H1204 (lane H), H1215 (lane I), 819 (lane J), 1169
(lane K), 2483 (lane L), 1493 (lane M), 3138 (lane N), and 1469 (lane Q). Genomic DNA was
digested with HindIIl. Lambda HindIIl standard sizes are indicated at the left of the panel in kb.
DNA fragments specific for pnpA were used as a probe (Appendix 8). On the right of the above
panel, the position of restriction fragments that result from the integration of intE (7.1 kb), intD
(5.9 kb), vap (5.0 kb), and intB,, (4.1 kb) elements next to pnpA are indicated.
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In strain 3138, the pnpA probe hybridises strongly to a 7.1 kb HindIll band. It 1s
currently unknown what is integrated adjacent to pnpA in strain 3138, but Southern blot
analyses (Appendices 4-10) show that it is not the vap, intB, intC or intD elements. Benign
strains C3052, 1169, 2483 and 1493 also hybridise faintly to this same 7.1 kb band in

addition to a strong band of 4.1 kb (Figure 7.12).

The presence of this 7.1 kb band is not attributable to partial digestion since this
same membrane was stripped and reprobed with gepA (Appendix 5), and only single
restriction fragments hybridised to the gepA probe; also it is a fragment of this exact size that
is fixed in the pnpA position in strain 3138 (Figure 7.13). In addition. the presence of this
7.1 kb fragment is not the result of the loss of intB,, since 3138 still contains intB,, which
is integrated upstream of the intD element in this strain (Section 6.2.2 and Figure 7.13). It
could also be hypothesised that site-specific inversion of intB, and downstream sequences
could generate this 7.1 kb band. However, this seems unlikely because all strains of
D. nodosus studied in this work contain a copy of intB,, and downstream sequences, thus it
seems unlikely that intB,, can only invert in four of seventeen strains analysed. The most
plausible explanation is that the 7.1 kb band may correspond to the integration of another
genetic element that has not yet been isolated from D. nodosus, that will be herein referred

to as the ntE element.

The presence of the faint 7.1 kb HindIIl bands could be explained if the intE element
were present in these strains, and able to excise at high frequency, but be maintained either
as a circular molecule or integrated in a different location. In strains C3052. 1169, 2483,
and 1493, this intE element may be present elsewhere in the D. nodosus genome and thus is
able to integrate and excise site-specifically downstream of pnpA. Since it seems that these
putative inrE element sequences are permanently integrated next to pnpA in strain 3138
(Figure 7.12), this hypothesis coulc be tested by using I-PCR to amplify sequences adjacent

to pupA in D. nodosus strain 3138, Alte natively, since this intE element would also be
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present in the C305 lambda library constructed previously (Bloomfield, 1997), pnpA could
be used as a probe to identify lambda clones that contain pnpA and hybridise to 7.1 kb
Hindlll, 7.1 kb HindIll/EcoRI and 13.8 kb EcoRI fragments, like the putative inzE element

from D. nodosus strain 3138.
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Figure 7.13: The variation in the pnpA integration site in seventeen strains of D. nodosus. In
Southern blot analyses hybridisation to the pnpA probe results in seven restriction fragment
polymorphisms, and are dependentupon the sequences integrated downstream from the pnpA gene. The
different arrangements are as follows: (A) a copy of the vap element containing vapE is adjacent to
pnpA (strains A198, 1311, 1311A, AC3577, B1006, G1220, H1204, D1172, AC390); (B) a copy of
the vap element containing a copy of vapE” instead of vapE is adjacent to pnpA (strain H1215); (C)
intB), and pnpA are adjacent (strains C305Z, 1169, 2483, 1493, 1469); (D) the intD element and pnpA
are juxtaposed (strain 819); (E) the putative intE clement and pnpA are juxtaposed (strain 3138); (F) the
putative intE element integrates between pnpA and intB, in a small population of cells (strains C3052,
1169, 2483, 1493). The features indiciated are as follows: putative aft sites (narrow red boxes),
IRNAser;;, (red triangles). Genes and clements are labelled appropriately. Numbers indicate the
distance in kb. Restriction sites shown include EcoRl (E) and Hindlll (H).
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In addition, the D element must bz different to the putative intf element because
only six strains (1311, AC3577, B1006, D1172, 819 and 3138) contain the D element
sequences, and the putative intE element appears to be present in strains (C3052. 1169. 2483
and 1493) that do not contain the irtD element sequences (Section 6.2.2). In addition, the
intD element in strain 819 is adjacent to pnpA and probes specific for intD (Shaw &
Cheetham. unpublished) and pnpA hybridise strongly to an EcoRI fragment of 6.3 kb.
However. in strain 819, the pnpA probe also hybridises faintly to a 17 kb £coRI fragment.
which suggests that the inrD element is lost in a small number of 819 cells which results in
the relocation of intB,, adjacent to pnpA (Figure 7.14). The intD element is not adjacent to
pnpA in strain 3138, and this supports the hypothesis that a different genetic element, the
intls element, is integrated adjacent to pnpA in 3138, and may be present elsewhere in the
genome of other strains of D. nodosus (Figure 7.13).  Although the excision of the intD
element may be occurring in strain 3138, it is not detectable in pnpA blots, since the putative

intl element separates pnpA and the intD element in this strain.

7.2.10 Comparison of sequences at the beginning of the vap, intB

and intC elements

Results from the analysis of the integration sites of the vap, intB and intC’ clements in
benign and virulent strains of D. nodosus suggest that, although there is no direct
correlation between the presence of the intB and intC elements and virulence (Section 7.2.8).
the site at which these elements are integrared may affect the ability of the isolate to cause
disease by affecting the production or secretion of thermostable proteases (Section 7.2.6).
In addition. Southern blot results indicate that virulent strains have either the vap element or

the inrC element next to askA and the vap element integrated next to pnpA.
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Figure 7.14: Southern blot analysis of D. nodosus benign strains 819 (lane A), 1169
(lane B), 2483 (lane C), 1493 (lane D), 3138 (lane E), 1469 (lane F). Genomic DNA was
digested with EcoRl. DNA fragments specific for pnpA were used as a probe (Appendix 8).
Lambda HindIII fragment sizes arc shown at the left of the panel in kb. Strain 1169, 2483,
1493 and 1469 all hybridise to an intense band of ~17 kb, all of which have a copy of intB,
adjacent to pnpA.
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Between askA and the tRNAser,., gene a new gene designated g/pA has been
identified (Section 1.6.8.1). GIpA (64 aa) has very high similarity (74% over the first
50 aa) to the RsmA protein from plant pathogen Erwinia carotovora (Mukherjee et al.. 1996)
that acts as a global repressor of virulence. RsmA is known to suppress the synthesis of
extracellular pectate lyase. polygalacturonase, cellulases, proteases, flagellum formation and
motility and thus pathogenicity of soft-rottirg Erwinia sp (Mukherjee et al., 1996). The very
high degree of similarity between RsmA and GIpA suggests that GIpA may have an

analogous role to RsmA in D. nodosus.

To determine whether there werc any sequence similarities or differences of
significance upstream from the intA, intB and intC genes of the vap. intB and intC elements
respectively, the DNA sequences starting from the g/pA TGA stop codon for strains C305.
A198 and 1311A were compared (Figure 7.15). The sequences between askA-intC in strain
C305 had been determined previously (Bloomfield, 1997), as was the sequence between
askA-intA in strain A198 (Cheetham et «l.. 1995). However, in order to obtain the askA-
intB 1311A sequence, a 1.1 kb askA-intB PCR product (Figure 7.5. panel II) was cloned

and sequenced (Figure 7.15).

The sequences upstream of intA, intC and intB in the vap, intA and intB clements
respectively, were scanned for putative proroter sequences which could potentially produce
an antisense molecule that could sequester the transcripts produced on the opposite strand
and hence affect transcript level of genes upstream of the integrated element. Sequences

weakly resembling the consensus sequence for the E. coli ¢

-35 and -10 promoter
sequences (Hawley & McClure, 1983) were identified in regions upstream of intA and intC.
but were not present upstream of intB (Figure 7.15). Whether these are functional promoter

sequences is uncertain, and primer extensicn or RNase protection studies would need to be

undertaken to determine whether they correspond to a functional promoter region.
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Figure 7.15: Dyad symmetry presen: in upstream region of the vap element and in/C element, but
absent from the sequences upstream of intB in the intB element.

(Top) Alignment of sequences downstrecam of gIpA in D. nodosus strains C305 (gipA-intC), A198
(glpA-intA) and 1311A (gipA-intB). Nucleotides that are identical to nucleotides in the C305 sequence
(top) are indicated by a fullstop. The TGA stop codon at the end of glpA is shown in red type. The two
regions of dyadsymmetry are indicated by inverted arrows and labelled 1 or 2. The a# site that is present
in all three sequencesis shown in blue and underlined. The sequence that replaces the dyad symmetry in
the intB element is shown in a box shaded yellow. The 3’-end of the TRNA gene in each sequence
corresponds with the end of the aff sequence, and is indicated. The five imperfect direct repeats that are
present in the intC and vap elements are irdicated in green type. Potential -35 and - 10 promoter sequences
that are present upstream of in/C and intA are shown in red type above the sense strands.

(Bottom |eft) Diagrammatic representat on (not to scale) of elements integrated next to askA (panel A)
and pnpA (panel B) in D. nodosus strains The intC element (I) may integrate next to askA, but has not
been found next to pnpA. The vap element (II) and the intB element (I1I) or part thereof may integrate in
either the askA or pnpA positions. In general virulent strains have infA or intC next to askA, and intA
next to pnpA. Stem-loop structures 1 and 2 in the predicted mRNA species are shown above the genes.
(panel C) The first step in the maturation of E. coli pre-tRNAtyr involves the endonucleolytic cleavage
of the pre-tRNA transcript at a stem-loop structure at the 3’-end of the tRNA sequence.
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Further analyses of the upstream scquences led to the identification of a region of
dyad symmetry (loop 1, Figure 7.15) within the first thirty nucleotides that is present in all
three sequences. and may act as a transcriptional terminator for g¢g/pA. The alignment
between these sequences 1s almost identical up to the 3’-end of the fRNA gene in all three
strains, after which there is a 42 bp sequence that is identical in the vap element and intC
element sequences, but is not present in the intB element (Figure 7.15). Within this 42 bp
sequence there is a region of dyad symmetry (loop 2, Figure 7.15) that is present in both the

vap and intC elements, that is not present in the intB element sequence.

The presence of such a stem-loop may have the potential to alter the expression of
genes situated upstream of it (loop 2, Figure 7.15) by interfering with the processing of
transcripts from these genes or by « post-transcriptional mechanism such as retroregulation.
Thus, if genes upstream of loop 2 have a direct or indirect role in virulence, the presence of
this stem-loop structure may affect the expression of virulence determinants (Figure 7.15)
such as thermostable proteases. Between askA and the integrated element there are two
genes, glpA and a tRNAser-, gene. At the other integration site, a tRNAser, . gene

separates pnpA from the integrated c¢lement.

The stem-loop (loop 2, Figure 7.15) structure might be required for the correct
processing of the tRNAser transcripts that are adjacent to the integrated elements
(Figure 7.15) in both the askA and pnpA positions. The first step in the maturation ol the
well characterised pre-tRNAtyr starts with the endonucleolytic cleavage by Pnpasc or
RNasell (Zhongwei & Deutscher, 1994) of a stem loop structure from the 3’-end of the pre-
tRNA sequence, which is located approximately nine nucleotides from the 3’-end of the
mature tRNA molecule (Figure 7.15) (Sekiya et al., 1979; Zhongwei & Deutscher. 1994).
The stem-loop structure that is present in the sequences of the vap and inrC elements is not
present when the mtB element 1s integrated and is also exactly nine nucleotides from the 3°-

end of the tRNAser molecule (Figure 7.15). Thus, it seems likely that the stem-loop 2
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(Figure 7.15) might be required for the correct processing of the tRNAser transcripts that are
produced by the tRNAser genes that comprise the target site for integration of vap, intB and
miC elements in D. nodosus. Consequently, the absence of the appropriate stem-loop
structure when the /7B element is integrated may alter the levels of functional tRNAser and
in this way may affect the production of thermostable protease either directly. or via a
regulatory gene that requires these particular tRNAser molecules. A role for tRNA genes in
virulence has been described previously (Blum ef al., 1994; Dobrindt et «l.. 1998: Gray,
Wang & Gelvin, 1992; Hacker et «l., 1990; Hromockyj, Tucker & Maurelli, 1992:
Morschhauser et al., 1994; Ritter et al.., 1995) and, tRNAs are known to be involved in the
regulation of other prokaryotic genes includ ng antibiotic export genes (Fernandecz-Moreno er
al.. 1991) and genes involved in solvent formation (Sauer & Durre, 1992), and 1s the subject

of further discussion in Section 7.=.

Unfortunately, in the absence of a transformation system for D. nodosus, it is not
possible to do complementation studies to determine whether the tRNAser genes do affect
the expression of virulence determinants (such as thermostable proteases). as they do i

other pathogenic bacteria.

The stem-loop structure (loop 2, Figure 7.15) might also have a role in the
retroregulation of upstream genes. Retroregulation can be defined as the regulation of a
transcript by a downstream sequence, and is a novel post-transcriptional regulatory
mechanism that involves sequences locatec at the distal rather than the proximal end of a
gene (Birge, 1994: Schindler & Echols, 1981). The expression of lambda integrase is
regulated by a retroregulatory mechanism (Court, Huang & Oppenheim, 1983). The int
gene can be transcribed from the either the P, promoter or the P, promoter. P, is positively
regulated by cIl/clll proteins which are involved in the repression of the lytic cycle. whilst
the P, is positively regulated by the antitermination protein N that promotes the Iytic cycle.

Post-transcriptional control of int is elicited by a sequence within the » region of lambda that
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is able to form a stem-loop structure that is called sib (sitio inhibidor en h) (Mascarenhas ef
al.. 1983 Schindler & Echols, 1981). The ib structure formed by the P, transcript has been
demonstrated to be a signal for RNase 1 processing in vivo and in vitro. since sib-mediated
regulation is lost in an RNase IIT host (Court et al., 1983; Schindler & Echols, 1981:
Schmeissner et al., 1984). Thus during th2 lytic cycle when transcription is predominantly
from P,, sib inhibits the production of Int. Transcription from P,, on the other hand
terminates at a different position and 1s unable to form the same stem-loop structure. and
during lysogeny sib is separated from int and so does not inhibit the production of Int

(Schindler & Echols, 1981).

Thus, in bacteriophage lambda, sib is involved in a type of recombinational control
of genes required for lysogeny (Court er al.. 1983 Guarneros, 1988: Mascarenhas et «l..
1983: Schindler & Echols, 1981; Schmeissner ef al., 1984). It has been reported previously
that, in lambda, the relocation of the sib sequence downstream of other genes 1s also able to
result in retroregulation of these ‘other’ genes (Schindler & Echols, 1981: Schmeissner er

al.. 1984).

There are two models that have been proposed to explain how the RNase I
processing of the int transcript might reduce production of Int: (i) RNase I processing at the
sih site leaves the 3’-end of the message susceptible to exonuclease degradation. thus
preventing translation of the int transcript (Guarneros, 1988): or (ii) when transcription
beyond the sih region occurs a duplex is formed between the sih site and a homologous
sequence at the end of /nt. The duplex is an RNase cleavage structure. and processing at this
site removes part of the int gene, thus preventing efficient translation (Schindler & Echols.
1981). It has not yet been determined which of these two models is the correct one. If the
stem-loop structure that is present in the D. nodosus were regulating genes upstream via a
retroregulatory mechanism, this might be visible as reduced expression of upstrcam genes

due to an increase in the rate of RNA degradation or as a reduction at the level of translation
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if the mechanism followed model (i) or (ii) respectively.

In D. nodosus. the analogous stem-loop structure (loop 2. Figure 7.15) could be
involved in the recombinational control of expression of virulence determinants. That is. the
integration of the vap ol intC element results in the retroregulation of scquences external 1o
the integrated element, that does not occur when the intB element is present in the same
position, due to the absence of a stem-loop structure. It is also interesting that in both
lambda and the vap and intC elemants this stem-loop structure is adjacent to an integrase

gene.

It does seem unlikely that the rate of degradation of loop 2 by RNase Il would
decrease the half-life of transcripts generated from upstream genes, because the secondary
structure of fRNA genes are thougtt to protect tRNA molecules from degradation (Arriano.
1993). A consensus sequence for RNase III has not yet been established (Alifano, Bruni &
Carlomagno. 1994). However. short stem-loop structures with a few base pair mismatches
are thought to be good substrates for RNasc III (Stern et al., 1984), which can trigger RNA
degradation either upstream or downstrecam of cleavage sites (Portier er al.. 1987:
Schmeissner er al., 1984). The stem-loop 2 that has been identified within the vap and iniC

elements (Figure 7.15) meets the criteria for a good RNase III substrate as described above.

In addition there 1s a 61 bp sequence which 1s located downstream of the of loop 2
(Figure 7.15) that 1s conserved in both the vap and intC elements but is not present in the
intB element sequences. Within this region are five imperfect direct repeats of 10 bp  with
the consensus sequence 5" =TT (T/G) TeTTC (~/C)G-3" . The significance of this conserved
region and the directly repeated rezion is unknown. It could be speculated, that like the
directly repeated sequences which comprise the iterons at origins of replication regions. these
imperfect direct repeats may be involved n protein binding that could as a consequence

sterically hinder the processing of transcripts trom upstream genes.
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[t has been proposed that the transcription of genes upstream of vap clement and intC
elements may be differentially regulated post-transcriptionally by an antisense mechanism.
by affecting the processing of the upstream transcripts or by a retroregulatory mechanism.
Furthermore, such post-transcriptional processes may be responsible for the absence of
virulence-associated thermostable protease secretion in D. nodosus strain [311A.  This
raises the question as to whether it is possible that any of the upstream genes other than the
tRNAser genes which have already been discussed are, or could be, involved in virulence-

associated processes.

The very high similarity between GIpA and the E. carotovora global repressor of
virulence, RsmA, suggests that it is conceivable that if expression of the gipA genc i1s
affected by the integration of a genetic element, then virulence in D. nodosus may be

modulated accordingly.

RsmA is known to suppress the expression of virulence factors by repressing the
levels of homoserine lactone synthase (/sll) (Swift er al., 1993), and is thought to achicve
this by binding to the hs/l transcript and consequently accelerating the ratc of mRNA
degradation (Mukherjee ef al., 1996). This is interesting because the binding to the /islf
transcript is thought to be mediated by the KH RNA-binding domain. Polynucleotide
phosphorylases (pnp) also contain a KH RNA-binding domain (Liu, Yang & Romeo.
1995), and similarly affects the processing and decay of mRNA as one of the two principal
enzymes involved in the degradation of bacterial mRNA (Alifano ef al.. 1994: Li &
Deutscher, 1994). Thus if the expression of ¢g/pA or pnpA are up- or down-regulated by the
integration of the different genetic elements this could potentially alter stability of the

transcripts that GlpA and PnpA are involved in degrading.

In addition, it has previously been reported that the integration of genetic elements

alone can alter gene expression (Dorman, 1995; Ott, 1993). The need to respond rapidly to
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changes in the environment requires the presence of global regulators of transcription that as
their name suggests, have very widespread effects on gene expression (Dorman. 1994:
Dorman. 1995). Many global regulators aie proteins, however their effects are confined to
those genes which have specific sequences to which they are able to bind. On the other
hand, regulatory factors which contribute to the organisation of DNA topology also represent
a form of global control which can potentially influence any gene in a given cell (Dorman.
1995).  These topological effects include supercoiling, the formation of nuclecoprotein
complexes and duplex underwinding, which are influenced by numerous environmental
factors including growth under anazrobic conditions (Balke & Gralla, 1987. Yamamoto &
Droffner. 1985), osmolarity (Dorman & Ni Bhrian, 1993), growth temperature (Goldstein &
Drlica, 1984), nutrient limitations (Higgins er a/., 1988), and the integration of genetic

elements (Zagaglia et al., 1991).

The Shigella flexneri virulence plasmid, pINV, integrates site specifically into the
metB locus of the S. flexneri chromosome, and leads to methionine auxotrophy and a
decrease in the expression of plasmid-encoded invasin genes. Both of these alterations in
gene expression were explained by the differential supercoiling in plasmid and chromosomal
genes as a result of the integration event. In addition, the integration of the rsk clement of

Salmonella typhivmurium results in a differential state of supercoiling which is also

responsible for phenotypic changes (Vandeibosch et al.. 1989).

It is therefore possible that thermostable protease expression or secretion may require
an element of critical size, such as the intC or vap elements, to be integrated adjacent to both
askA and pnpA, in order to provide the appropriate topology. The loss of either the intC or
vap elements could alter the local topology and consequently may switch oft thermostable
protease expression or secretion. This possibility 1s supported by the observation that
benign strains contain a truncated copy of the intB element or a truncated intC clement in one

of the two aforementioned positions. Depending on what environmental factors influence
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the movement of these genetic elerrents may globally regulate virulence in D. nodosus. 1In
the absence of a transformation system for D. nodosus, one could continue to try to select

D. nodosus colonies that have randomly lost the intC element as described in Section 7.2.7.

7.2.11 Northern blot analysis of gipA and pnpA in D. nodosus

In an effort to determine if the genes upstream from the integrated genetic elements
may be differentially expressed at the RNA evel dependent upon which genetic element was
integrated downstream of the elerent, northern blot analyses were undertaken. DNA
fragments from pnpA and glpA genes weie used to probe (Figure 7.16) total RNA from
D. nodosus strains A198, C305, 1311 and 1311A. These strains were sclected primarily
because the elements integrated downstream of askA and pnpA in these strains are different

(Figure 7.16), and strains 1311 and I311A are almost isogenic.

In an initial northern blot experiment, glpA was used as a probe (Figure 7.17). In
D. nodosus strains A198 and C305, the probe hybridised to a transcript of 234 nt. in strain
1311 asecond transcript of 434 nt in addition to the 234 nt transcript was detected. whilst
no hybridisation to total RNA was observed for strain 1311TA.  The experimentally-
determined mRNA sizes correlate well with the mRNA sizes that were predicted from DNA
sequence (Figure 7.18). If transcription 'were terminated at a near loop I or loop 2 the

transcript size would be expected to be approximately 260 nt or 420 nt respectively.
p p pp y p Y

However. it 1s unclear why the expresston of transcripts should be different in strains
C305 and 1311, since in both the mtC element is adjacent to glpA. Similarly. it is unclear
why the expression of the g/pA transcript should be different for strains A198 and (311
since both of these contain the same stem-loop structure that may potentially affect the
expression of askA. glpA and tRNAser,..,, genes (Figure 7.16). Thus. it was in doubt

whether the results accurately reflected genuine differences between the strains of
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D. nodosus analysed or not, and consequently, the experiment was repeated using a fresh

RNA sample from each strain.
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Figure 7.16: Schematic diagram of genetic elements integrated downstream of askA
and pnpA in D. nodosus strains A198, C305, 1311 and 1311A. The integrated elements
are only shown in part and are distinguished by differentcolours as follows: the vap element
(blue), the intB element or part thereof (green) and the intC element (yellow). Stem-loop
structures 1 and 2 are shown (not to scale). The genes are drawnto scale and the position of
the gipA (probe 1) and pnpA (probe 2) probes are indicated.
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Figure 7.17: Northern blot analysis of glpA in D. nodosus. Total RNA was prepared from
D. nodosus strain A198 (lanes A), C305 (lanes B), 1311 (lanes C) and 1311A (lanes D), and separated
on a denaturing gel by electrophoresis in duplicate. One set of RNA samples was stained with EtBr as a
control (panel I) whilst the other set was used for northern transfer. Results of the northern blot
experiment are in kb shown (panel II). RNA marker sizes are indicated at the left of panel II.

Numerous attempts to reproduce this experiment were unsuccessful since they gave
variable results. Often no message at all was detected for a strain, whilst at other times
hybridisation was visible. The lack of reproducibility might be attributed to numerous
factors. At least three of the strains analysed are not isogenic with respect to each other, and
the growth characteristics of all four strains analysed are quite different (Section 3.2.9).
Consequently, if glpA gene is expressed within a very narrow window, the expression of
this gene might not be detected. Since the genes that are similar to glpA, including rsmA
(Mukherjee ef al., 1996) and csrA (Liu et al., 1995) are involved in repression of quorum-

sensing molecules and starvation response respectively (Section 7.3) their expression may be
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v v v v v v v v
askA stop

TGGTTCAATTAATTTTAGTTTTATTGTGCCTCATCAAGAAAAAGATCGGGTGATTGGATTTATTGTGGAACAGTTTTCCC 650

ACCAAGTTAATTAAAATCAAAATAACACGGAGTAGTTCTTTTTCTAGCCCACTAACCTAAATAACACCTTGTCAAAAGGG

ATATTGCTGCGCTTTCGGTTTTACAAACGGAAAT [GCTAAAATTTCTTTGGTGGGTTTGGGATTGCGTTCGCATACGGGA 730
TATAACGACGCGAAAGCCAAAATGTTTGCCTTTAACGATTTTAAAGAAACCACCCARACCCTAACGCAAGCGTATGCCCT

ATTATTGGGCGGATTTTGCAGGCGTTAATGCAGGAAAATATTCCGGTGCATTGTTTTGCAACCAGTGAGACTCGCGTTTC 810
TAATAACCCGCCTAAAACGTCCGCAATTACGTCC "TTTATAAGGCCACGTAACAAAACGTTGGTCACTCTGAGCGCAAAG

GTTAGTAACCGATTTGCTTTATTTGGAGCGAGCTGTGCATTGTTTGCATGATGCTTTTCAATTAGAAAAAGCAGATGAGT 890
CAATCATTGGCTAAACGAAATAAACCTCGCTCGACACGTAACAAACGTACTACGAAAAGTTAATCTTTTTCGTCTACTCA
-35 -10
GTCGCGAATCCTTTTAAAAAAGTAGATATTAATGGCGCACGCTTAAAAATGA TTTATC TAATTTTTAAAGGAATGTATAA 990
CAGCGCTTAGGAAAATTTTTTCATCTATAATTACCGCGTGCGAATTTTTACTAAATAGATTAAAAATTTCCTTACATATT
glpA start
TCGCTCATTTGATTTTATGTGCTTCGGAAGGACG( CGAGCAGGAGCTGTTATGTTAATTCTAACGCGTCGTGTGGGTGAG 1050
AGCGAGTAAACTAAAATACACGAAGCCTTCCTGCGGCTCGTCCTCGACAATACAATTAAGATTGCGCAGCACACCCACTC

ACAATTATCATCGATGATCAGATCAAGGTGACTGT TCTCGCTGTAAAAGGAAATCAGGTGCGGTTGGGCGTGCAAGCCCC 1130
TGTTAATAGTAGCTACTAGTCTAGTTCCACTGACEAGAGCGACATTTTCCTTTAGTCCACGCCAACCCGCACGTTCGGGG

TGATGAGATTGCGATTCATCGCGAAGAAATTTAT(ATCGTTTGATGAACGGGGTCGGCGATGACGCCGAAATGGAGAAAA 1210
ACTACTCTAACGCTAAGTAGCGCTTCTTTAAATACTAGCAAACTACTTGCCCCAGCCGCTACTGCGGCTTTACCTCTTTT
glpA stop ]
AATGAACAACCTCCTTTACGGAGGTTTTTT T TTCCGTATAATGTCGCCCTTGTTGCGAGAGGTGGCCAGAGTGGCTGARG 1290
TTACTTGTTGGAGGAAATGCCTCCAAAAAAAAAGCCATATTACAGCGGGAACAACGCTCTCCACCGGTCTCACCGACTTC
attlL
GCACTCCCCTGCTAAGGAGCATAGGGTTTATAGCT CTATCGAGAGTTCGAATCTCTTCCTCTCCGCCACTGATGCTTAAA 1370
CGTGAGGGGACGATTCCTCGTATCCCAAATATCGE GATAGCTCTCAAGCTTAGAGAAGGAGAGGCGGTGACTACGAATTT
2 2 .
AGCAGCTTTTATAAGCTGCTTTTTTTATTG 1400
TCGTCGAAAATATTCGACGAAAAAAATAAC

Figure 7.18: Sequence from position 571 to 1400 from AGB321, a C305 lambda clone that
includes part of askA, and glpA and tRIVAser;.,, gene. Features highlighted above include: the askA
and glpA stop codons (red type) are distinguished; the g/pA start codon (green); the putative -35 and
-10 promoter sequences for g/pA; inverted repeats that form stem-loop structures 1 and 2 are (inverted
red arrows); the aftL in the 3’-end of the ZRNA gene (green box).
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influenced by the stage of growth. Furtherrore, it would be expected that genes like rsmA.
¢srA and putatively glpA, which are involved in modulation of gene expression in response

to environmental changes would be tightly regulated.

Although secondary structurzs inherent in the sequences being analysed in this work
may have reduced the efficiency of transfer from gel to membrane. this possibility was
addressed by using an alkaline transfer me:hod (Reed, 1987). Unfortunately, this did not

clarify results.

[t is also possible that the RNA samples analysed may have been partially degraded.
However, since bacterial mRNA is <nown to have a very short half-life. RNA was extracted
from D. nodosus cells and then used immediately in northern blot experiments in order to
minimise the extent of any degradazion. In addition, problems with detection of transcripts
were not experienced when the vap genes were analysed in numerous strains of D. nodosus
(Chapter 4). It 1s known, however, that foreign messages from bacteriophages T7, T4.
pX174. M 13 and R17 have greater chemica stability than host mRNA due to a reduction in
the number of sequences sensitive to nuclease action and unique sequences that are present at
the 5’-end of certain messages (Alifano et .. 1994). Perhaps since the vap regions have
been acquired horizontally, the vap zene transcripts are more stable than transcripts from the
genes of the D. nodosus host. pnpA sequences were also used as a probe in Northern blot
analyses numerous times. No hvbridisation to any of the four strains analysed was

observed.

In an attempt to address the possibility that northern analysis is not sensitive cnough
to observe expression of glpA and pnpA in D. nodosus strains A198, C305. 1311 and
[311A. one could design a more sensitive RT-PCR experiment to test the hypothesis that
these genes may be differentially expressed dependent upon which clement is integrated

immediately downstream.
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7.3 Discussion

7.3.1 Arrangement and variation of infC element sequences

in different strains of D. nodosus

In this work. seventeen strains of D. nodosus were analysed for the presence of the
intC gene, and genes 0rf242 and orf171, 11 an effort to determine whether these genes are
clustered together as they are in the strain of origin (Figure 7.1). D. nodosus benign strain
C3052, and therefore constitute part of a new genetic element. The results indicate that the
genes mtC, orf242 and orfl71 comprise part of a new genetic element, called the intC
element. This conclusion is supported by the observation that where in/C is absent (Group |
strains), both orf242 and orf171 are also absent (Section 7.2.1). In addition, in strain 1311
genes intC, orf242 and orfl71 were lost concomitantly (Sections 7.2.2). which 1s also
consistent with the idea that these sequences are collectively part of a mobile genetic element.
Concomitant excision of the infC element sequences was also observed in D. nodosus strain

AC3577 (Section 7.2.3).

Whether vapG"H and the [S/253 clement are also associated with the inrC clement
was also investigated. Results suggested that vapG"H” and the IS7/253 element are often
associated with the intC element, though not always (Figure 7.2). It 1s also notable that in
strain 1311, a copy of both vapG 'H" and 1S/253 sequences were lost together with the
intC, orf242 and orfl71 genes (Section 7.2.2 & 7.2.4), and suggest that these genes do
comprise part of the intC element, even if not immediately adjacent to orf/71 as in some

strains.

Similarities between the vap clement and the intC element have been reported
previously (Bloomfield, 1997). The intC zene has a high degree of amino acid identity to
the intA gene (Table 7.1) from vap region | of D. nodosus strain A198; vapG ™ has similarity

to vapG’ from vap region 3 in strain A198 (Table 7.1); and vapH " shares identity with vapf
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from vap region | of strain A198. In addition, the vap plasmid (Billington et al.. 1996) also
contains a copy of the IS/253 element. Dzspite these similarities between the vap element
and the intC element, genes orf242 and orfl71 are also part of the mntC ¢lement, and
therefore. intC element sequences «re not remnants of a vap element. but instecad comprise

part a different but related genetic element.

All strains analysed contain a single copy of the infC element sequences except strain
H1215. which contains two incomplete copies of the infC element at an unknown site in the
genome. Whether the integration of duplcate copies of the intC element is inhibited by
vapG "H " which, like homologues vapGH from the vap region 1. may confer superinfection

immunity (Section 4.2.3), is as yet unknown.

At this stage, the precise location of the alternative integration site/s for the
incomplete copies of intC elemen: have not been identified. The identification ol the
alternative sites for infC element integration could be useful because their identification.
could potentially lead to the identification cf the right-hand ends of other genetic clements,
that are mntegrated in the D. nodosus chromosome. For example, the right-hand end of the
int3 element, of the intC clement and both ends of the putative intl element (Section 7.2.9)
have not yet been 1dentified. All of these D. nodosus elements appear to recognisc the same
chromosomal target sites, which are found next to askA and pnpA respectively
(Section 7.2.8) and are often found to be integrated in tandem. Therefore, the left-hand end

of one element may be adjacent to the right-hand end of another element.

In addition, the integrase genes from native D. nodosus bacteriophage DinoHI (intP).
and from the intD element (intD) have recently been identified and partially sequenced
(B. Shaw & B. Cheetham, unpublished). Both of these integrase genes have a high degree

of similarity to the intA, intB and ntC tamily of D. nodosus CP4-like integrases, and so

may recognise a similar or identical att site as these other D. nodosus elements. Thus, the
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identification of these alternative sites of integration for the intC gene might also assist in the

identification of other possible integration sites for these other genetic elements.

7.3.2 Loss of the intC element was observed in D. nodosus strains 1311,

AC3577, 819 and 3138

The loss of intC element sequences from D. nodosus parent strain 1311 was
observed to result in the juxtaposition of the /B element and askA in daughter strain 1311A
(Section 7.2.2). This genomic rearrangemeant was also associated with the loss of the intD
element sequences (Section 7.2.4), the loss of pDNI1 (Section 3.2.6) and the rearrangement
of a copy of the IS/253 element (Section 7.2.4). Furthermore, these rearrangements are
occurring in strain 1311 at a frequericy high enough to be detected in both Southern blot and

PCR experiments.

These rearrangements of intC and mtD element sequences are also observed
D. nodosus mtermediate strain AC3577. However, unlike strain 1311, in strain AC3577
the excision of the inrC and element sequences does not seem to result in loss. Instead the
intC elements sequences appear to be maintained elsewhere in the AC3577 genome. since
faint bands corresponding to intC, orf242 and orf171 are detected in Southern hybridisations
(Section 7.2.3). Furthermore, preliminary evidence suggests that the excised inrC clement
sequences may be associated either intra- or extrachromosomally with D clement

sequences in strain AC3577 (Section 7.2.4 .

Rearrangement of intC element sequences appears to occur in D. nodosus strains
819 and 3138. This was unexpected since analysis of the intC elements in these strains
suggests that the element is interrupted by a truncated copy of the intB element. containing
the intB3,, gene. However, since the attR of the intB element may be intact in these two

strains, the attL of the intC element and the «#1R of the intB element may together result in the
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excision of intervening sequences. It is interesting that in strain 819 excision of the intD
element is also detectable in a small population of cells (Section 7.2.9).  Since the putative
itk element (Section 7.2.9) separates pnpA and the infD element in strain 3138, it is
unknown whether the infD element is also excising in this strain.  There 1s evidence to
suggest that the inrll element 1s also present in benign strains 1169, 2483, 1493 and C305
(Section 7.2.9). No rearrangements of the intC or intD element sequences were detected in

any other strains of D. nodosus thar were analysed.

7.3.3 Loss of the intC and intD elements may be concomitant

It 1s interesting that the straias (1311, AC3577, 819, 3138) in which the intC clement
sequences undergo rearrangement are those strains that also contain the intD element
sequences (Section 6.2.2).  The iniC and intD elements are integrated in different positions
of the D. nodosus chromosome in strains in which they are present and although both
clements contain integrase genes that are related, they are not the same. In addition. the intD
element can move independently of the intC element, although the two elements appear to
also move in concert (Sections 7.2.2 and 7.2.4). These results therefore indicate that the
mntC and intD elements are different genetic elements. Since the ntC and mtD elements can
potentially recognise the same integration sites in the D. nodosus genome, adjacent to askA
and pnpA respectively. the frans action of zxcisionary proteins or the rrans action ol other

regulatory proteins might mediate apparently concomitant excision.

Since the intC and the intD elemen:s are integrated in different positions in strains
819 and 3138, and are not in tandem in other strains (1311, AC3577, B1006. DI[172) in
which they are both present, it is most likely that excision from the chromosome is mediated
by site-specific recombination, catalysed bv element-encoded proteins. such as integrase or
excisionase, rather than mediated by general (homologous) recombination. The probability

that two separate integrated intC and intD elements should be lost from different integration

Characterisation of the intC element of D. nodosus



-319 - Chapter 7

sites, by homologous recombination, in the same D. nodosus cell seems remote. It seems
more likely that the excision of these two c¢lements is stimulated by the same factors in the
host cell. Furthermore. if excision were mediated by homologous recombination. then the
loss of the intC element and perhaps even the vap element should also be apparent in cells
that do not contain the intD element. and there is no evidence in this regard. The apparent
stability of the vap and intB elemerts even in strains that contain the intD element might be
due to the of the divergence in sequences at the attachment sites that flank them, because of
the lack of the excisionary machinery, or due to maintenance systems such as the vapA/toxA

system carried by the vap element.

Interactions between genetic elements have been observed previously. For exampie
Bucteroides conjugative transposons are known to stimulate the excision of unlinked
integrated elements in frans due to the trans-action of regulatory proteins (Salyers,
Shoemaker & Li, 1995a). One group of these unlinked integrated elements are designated
nonreplicating Bacteroides units (NBUs), which share similarities to the oD and vap
elements. These similarities include the following: (i) they are elements of approximately 10-
12 kb: (ii) they contain mob genes and an oriT region: (iii) they excise and form covalently
closed circular intermediates; and (iv) they integrate into the 3’-end of tRNAleu gene using a

mechanism similar to that used by lambdoid phages (Salyers ez al., 1995b).

These NBUs are not onlv mobilised by conjugative transposons but also by
conjugative plasmids belonging to the E. coli incompatibility group P (Salyers er al.. 1995a.
Shoemaker et al., 1986: Shoemaker et al., 1993), and have been described as being at least
as promiscuous as broad-host-range: plasmids belonging to incompatibility groups Q and P.
This 1s interesting because D. nodosus strain 1311 contains the small, IncQ-related plasmid
pDNI (Chapter 3). Plasmids belonging to IncQ group are non-self transmissible and may
also be mobilised by conjugative plasmids belonging to the IncP group amongst others

(Willetts & Crowther, 1981). It is unknown how pDN1 was acquired by the host cell. and it

Characterisation of the mtC clement of D. nodosus



- 320 - Chapter 7

1s likely that a conjugative mechanism may have been involved. Other than the intD element,
no conjugative element has been identified in D. nodosus. Perhaps the D. nodosus
elements are mobilised by the same conjugative element that was involved in the horizontal

transfer of pDNI1 into D. nodosus.

In addition Tn9/6-type conjugative transposons stimulate the transposition of cach
other (Flannagan & Clewell, 1991), and evidence also indicates that Bacteroides conjugative

transposons may also stimulate each others transposition (Li. Shoemaker & Salyers, 1995).

In Staphlococcus aureus, a pathogenicity island of 15.2 kb designated the zsf element
was identified. This element shares similaiity with the vap element and has been described
previously (Section 1.6.4.4). This element carries the st gene which encodes toxic shock
syndrome toxin | (TSST-1). integrates site-specifically into the S. aurews genome, and is
excised and circularised by the staphylococcal phages ¢13 and 80a (Lindsay ef al.. 1998).
and thus is induced to excise by the same stimuli. No xis-encoded cxcisionase has been
identified in the tst element, and it has been proposed that the phage encoded Xis protein
catalyses the excision of the zst element. Similarly, no putative cxcisionase has been
identified within well characterised D. nod»sus elements including the vap. intB and intC
clements. Excisionase functions may be encoded by the intD element ol D. nodosus since 1t
is only in the presence of this element that the /nfC element excises. Such functions may also

be present in the putative intE element.

It is unlikely that in D. nodosus the intC or intD elements are induced in a similar
way by bacteriophage DinoHI (Section 1.6.9) since the elements excise in strains that do not
contain the integrase region of DinoHI. However, since the integrases of these D. nodosits
elements are most closely related to the intzgrase genes of mtegrated prophages rather than

those carried by other elements such as integrons (Hall et «l., 1995) and conjugative
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transposons. it would be interesting to see if these D. nodosus elements are also induced by

ultraviolet hight.

Staphylococcal transducing phages ¢11 and 80a have been demonstrated to
encapsidate plasmids as tandem multimers, comprising of as many copies ot the plasmid as
would be required to fill a phage headful (Novick, Edelman & Lofdahl. 1986). and thereby
transduce them at high trequency. After transfer, the plasmid multimers are resolved nto
monomers in the recipient cell. The authors aiso propose that the aforementioned zst element
may also be packaged as part of a 45 kb fst element-phage recombinant (Lindsay er al..

1998).

D. nodosus elements could potentially be transferred in a similar manner, though
their transfer could be mediated by conjugation rather than by transduction. If these elements
excise cooperatively, and one of these elements carries determinants necessary for
conjugative transfer a heterogenous multimer of different elements could be transferred
collectively. Since the vap, intB, intC, intD and intE elements recognise the same target site
for integration into the D. nodosus chromosome they also have the potential to integrate into
cach other. In this work evidence suggests that at least the intC and intD elements arc able (o
excise concomitantly, and in at least one strain may form a multimer. Furthermore. a
cooperative mechanism for horizontal transfer might explain why so many related genetic

clements appear to integrate in askA and pr.pA positions of the D. nodosus chromosome.

A cooperative transfer mechanism would enable the recipient cells to acquire
numerous traits in one step. Dependent upon the requirements of the host cell. certain traits
encoded by one element could be lost, wh'lst others favourable traits encoded by different
elements or cassettes are maintained. Furthermore, the site-specific integration into two sites
in the D. nodosus genome reduces the probability of any deleterious effects that might occur

if integrations were more dispersed in the host chromosome.
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7.3.4 Concomitant loss of pDN1 with the intC and intD elements

in D. nodosus strain 1311

[t is unclear why the loss of pDN1 should be associated with the loss of the intC or
intD elements. Although all three events occurred at the same time in D. nodosus strain
1311 to generate D. nodosus strain 1311A. results from selection studies (Section 7.2.5)
suggest that pDNT loss can and coes occur independently of loss of the intC element.
Whether pDN1 can be lost without loss of the intD element is currently unknown. and may
be revealed by Southern blot or PCR analyses of pDNI1  colonics selected in these

experiments.

In strain 1311 the loss of pDNI was associated with the loss of the D and iniC
elements (Sections 7.2.2 and 7.2.4), and may be related to a reduction in the efficiency of
multimer resolution of native plasinid pDNI1. Multiple-copy plasmids such as pDNI are
distributed randomly to daughter cells upon cell division. In order to maintain a large
number of independently segregating units at cell division, a system is required for the
efficient resolution of plasmid multimers. These systems usually operate via a site-specific

recombination mechanism.

Recombination at a cis-acting plasmid-encoded sequence is catalysed by site-specific
recombinases that all belong to the integrase family of recombinases (Dorman. 1994). In
plasmid ColEl, recombination at the cer sie is mediated by host-encoded XerC. XerD and
other accessory proteins (Summers & Sherratt, 1984). If multimer resolution of plasmid
pDN 1T was similarly dependent upcn proteins encoded on the D. nodosius chromosome the
loss of the intC and/or intD element encoded integrase genes may have subsequently resulted
in a reduced plasmid-multimer resolution efficiency, consequently reducing segregation
efficiency. eventually leading to loss of pDNI1. It 1s therefore very interesting that the
similarity between XerC and IntB "s not just confined to the five key amino acid residues

(Arg™, His™, Arg™’, Tyr'®) that define the lambda family of site-specific recombinases
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(Abremski & Hoess, 1992; Argos et al., 1936). but is much more extensive (Table 5.1).

Alternatively, the loss of pDNI may subsequently destabilise other genetic elements
such as the ntC element. Such an interaction has been observed in the case of RSFI010
dertvative, pMMB67. pMMBG67 stebilised a derivative of rolling circle plasmid pVT736. in
which an open reading frame responsible fcr stabilisation (orf2, which has 80.6% identity 1n
93aa to vapD) of the plasmid was mutated. The mechanism by which pMMB67 stabilised
the mutant derivative of pVT736 is unknown and no explanation was offered (Galli &
LeBlanc, 1997). However, since plasmid RSF1010 is closely related to native D. nodosuts
plasmid pDN1 (Section 3.2.4), pDN1 may confer a stability on the intC element or the intD

element in a similar manner.

7.3.5 Loss of the intC and intD elements from strain 1311 generated

a putative benign strain, 1311A

Following the loss of the mrC elerent and D elements from D. nodosis strain
I311A. the colonies appeared smaller and exhibited reduced exoenzyme activity when
compared to parent virulent strain 1311 (Sections 7.2.6 and 7.2.7). These phenotypic
differences are characteristic of benign strains (Depiazzi & Richards, 1985: Stewart. 1989)
of D. nodosus. Protease thermostability assays revealed that D. nodosus strain 1311A did
not produce thermostable proteases and consequently 1s likely to be avirulent. It is notable
that there was no change in the site of integration of the vr/ regions of 1311 compared to
strain 131 1A, which appear to be integratec. in the same position as virulent reference strain

A198, adjacent to the ssrA gene (Haring et al.. 1995).

The deletion of regions alte -ing or abolishing the expression of virulence-associated
factors have been reported n numerous bacterial pathogens (Ott, 1993). It has been

proposed previously (Groisman & Ochman. 1996; Mecsas & Strauss, 1996). that the
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instability of regions containing virulence determinants might provide an adaptive advantage
at certain stages of infection. For exampie. E. coli pathogenicity islands (Pai). Pail and
Paill, are spontaneously deleted from the host chromosome at a frequency of 107 (Blum er
al.. 1994). It has been proposed that the deletion of pathogenicity islands may represent a
regulatory mechanism by which the microorganism can either circumvent the host immune
response or allow rapid microbicl replication by reducing genome size (Groisman &
Ochman, 1996: Hacker, 1996: Mecsas & Strauss, 1996) in the absence of factors that favour
the expression virulence determinants. However, it has also been reported that both
pathogenic and non-pathogenic E. coli strains carry immunogenic surface antigens. and,
furthermore, that under laboratory conditions £. coli growth rates are not related to genome
size (Groisman & Ochman, 1996). It is unknown what environmental stimuli might

promote the excision of the intC and intD elements in D. nodosits.

Although it has been noted that the proteases secreted by benign strains exhibit
different electrophoretic mobilities, are more thermolabile and have decreased elastase
activity (Green, 1985: Kortt er al., 1982; Stewart, 1979; Thomas, 1964). the scquencing of
the protease genes from both benign and virulent isolates of D. nodosus showed that the
protease genes were almost identical in benign and virulent isolates (Section [.2.2.i1).
Which of the proteases are thermos:able, and which of the proteases are responsible for the
virulence-associated thermostabilitv, has rot been described in the literature. It would
therefore be useful to clarify these points by separating the exoenzymes trom virulent strain
1311 and putatively avirulent daughter strain [311A on a non-denaturing protein gel before
and after heat treatment. Protease activity of specific bands could be determined by
providing a substrate (such as elastin) as a gel overlay. After incubation at 37°C protease
activity could be visualised as clearing in the gel overlay. This would then allow a certain
protein band size to be associated with virulence. The molecular weight of these bands could
then be compared to those predictzd for the protease genes, and consequently the gene/s

associated with virulence determined. This may be useful for both diagnosis and further
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understanding of the mechanisms by which virulence determinants such as protease are

regulated in D. nodosus.

Bacterial pathogenesis 1s tvpically multifactorial, and consequently one or more
virulence factors are required to work together to result in disease. The absence of any one
of these virulence factors may or may not render a strain benign. Hence. in bacterial
pathogens a small number of strains within a species cause discase (Falkow, 1981). The
loss of thermostable protease expression in strain 1311A, suggests that both benign and
virulent strains of D. nodosus have the potential to produce these virulence-associated
proteases. and that regulation of expressicn altered when the infC element was lost from

parent strain 1311 generating daughter strain 1311A.

Although many benign strains also contain the intC element, in cight of these benign
strains (strains C305, 3138, 819, 1469, 2483, 1169, H1204, AC390) the inrC clement is
truncated and thus incomplete. The integrity of the infC element in the only other benign

strain studied 1n this work (strain 1493) is unknown (Figure 7.2).

The loss of a system required for the export of extracellular thermostable proteases if
encoded by either the infC or intD elemens could account for such a phenotypic change.
Hence. the similarity between intD element encoded fra proteins to the Vir proteins which

function in the export of T-DNA from A. tumefaciens to plant cells is of interest.

It has been suggested that the plant pathogen A. tfumefaciens has adapted an ancestral
conjugative transfer system for the transfer of its oncogenic T-DNA to plant cells.  This
hypothesis 1s supported by: (i) similarities in DNA processing; (ii) the ability of the vir
encoded T-DNA transfer proteins to mobilise plasmids to plant and bacterial cells: and
(iii) the presence of genes found in the vir cperon of Agrobacterium numefaciens Ti plasmids
that are homologous and collinear with genes required for the conjugative transfer (7a) from

the IncN conjugative plasmid pKM 101 (Pohlman, Genetti & Winnans, 1994). It has also
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been proposed that the animal pathogen, Bordetella pertussis has also adapted a homologous
conjugal transfer system to mediate the export of pertussis toxin (Weiss, Johnson & Burns.

1993).

Thus, the intD element encoded conjugative region may also have the potential 1o be
involved in the export of virulence factors such as proteases in D. nodosus. However. the
virulent reference strain A198. does not contain a copy of at least the right hand end of the
mrD element, and thus probably not the left end of the intD element, but still secretes
thermostable protease. Thus, it is unlikely that the loss of the intD element is responsible for
the observed loss of protease thermostability in strain 1311A. However, it is not impossible
that strain A198 and other virulen: strains (G1220, H1215) that do not contain the inrD
element, have some alternative expcrt systein that is utilised for the secretion of extracellular
proteases: and similarly it is also possible that benign strains 819 and 3138 that do contain
the intD element sequences contain some other mutation that affects the expression of

virulence-associated proteases.

7.3.6 The site-specific integration of' mobile genetic elements

may modulate virulence in D. nodosus

It 1s interesting that based upon the similarity to genes of known function. the vap
genes A-D, vapG, vapH and roxA are likely to be involved with plasmid maintenance and
the control of cell division or both (Section 1.6.4). The only gene from within the vap
element to which no putative function has yet been assigned 1s vapE. The genes from within
the vap regions do not show similarity tc known virulence factors of D. nodosus or to
virulence factors from other organisms. Though it has been speculated that since the vap
genes have similarity to genes that interact with the cell division machinery, this interaction
may affect virulence (Cheetham, Whittle & Katz, 1998), there is no evidence for a direct role

of the vap gene products in virulence. Sirilarly, from genes so far identified in both the
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intC (Table 7.1) and intD elements (Section 6.2.1, Table 6.1), and from analysis of strains
in which these elements are present, there is no evidence that gencs encoded by these
elements have a direct role in virulence. Although, if the intD element it is able to catalyse
the excision and mobilisation (Section 6.3 of elements like the vap and intC elements in
D. nodosus it may be involved in dissemination of virulence-associated elements in

D. nodosus.

However, in this work, the loss of protease thermostability (Section 7.2.6). a
virulence factor in D. nodosus, was clearly assoctated with the spontancous loss of the infCC
and mrD element sequences in strairt 1311A. Since the elements themselves do not seem to
be involved directly in virulence, it is possible that the excision of these genetic elements may
have altered the expression of genes located adjacent to their integration sites, and these

alterations affected the expression of virulerce determinants.

The comparison of the sequences upstream of the vap. intC and intB elements led o
the 1dentification of a putative antisense promoter and stem-loop structure (loop 2.
Figure 7.15) that is present when tae vap and intC elements are integrated, but 1s absent in
the corresponding region of the intl3 element (Section 7.2.10). These observations support
the hypothesis that virulence in D. nodosus might be modulated by the site-specific

integration of genetic elements.

The mechanisms by which the integration of genetic elements might reversibly
modulate virulence in D. nodosus were discussed in Section 7.2.10. involved the
posttranscriptional regulation of genes adjacent to the integrase genes of the integrated
clements by an antisense binding mechanism, by interfering with the processing of
transcripts from upstream genes or by a retroregulation mechanism, or steric hindrance by
certain regulatory proteins. The genes that would be posttranscriptionally affected included

the tRNAser genes, glpA and pnpA.
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7.3.6.1 tRNAser genes and virulence

tRNA genes have been demonstrated to play a role in virulence previously.
Mutations in genes involved in post-transcriptional modification of tRNA genes (Crowley et
al.. 1997: Durand et al., 1997: Grey et al.. 1992: Hromockyj er al.. 1992). or mutation of
IRNA genes (Fernandez-Moreno et af., 1991) and the disruption of tRNA genes by the
excision of pathogenicity islands (Blum ef «l.. 1994: Ritter et al., 1995: Ritter ¢t al., 1997),
have been demonstrated to alter the expression of virulence-associated genes.  The later
provides a good example of how the mtegration or excision of genetic elements might

inactivate or alter the expression of chromosomal loci.

In uropathogenic E. coli 536. the disruption of the s¢/C gene encoding
selenocysteine-specific tRNAsec impairs anaerobic growth (Blum et «/.. 1994: Ritter er al..
1995). Similarly, the /leuX gene encoding tRNAS-leu is necessary for type | fimbriae
production, flagellation and motility, enterobactin production, and serum resistance. and 1s
necessary for full in vivo virulence (Blum er al., 1994; Ritter et al., 1995). The failure to
modify position 37 of a subset of tFNA genes results 1n the reduced expression of virulence-
related genes ipaB, ipaC. ipaD. virG and virF in S. flexneri 2a (Durand et al.. 1997.
Hromockyj et al., 1992). Similarly, lack of modification of A-37 in UNN tRNA species
reduces the translation efficiency of the vir regulon in A. tumefaciens, conscquently
reducing virulence (Gray et al.. 1992). tRNAs have also been shown to regulate other
prokarvotic genes. In Streptomyces coelico’or A3, a mutation in tRNAleuZ encoded by hlaA
results in a mutant which cannot produce «erial hyphae, sporulate or secrete four different
antibiotics (Fernandez-Moreno et at.. 1991, Similarly. a defective tRNAthr in Clostridium
acetobutvlicum detrimentally affects genes tnvolved in formation of the solvents acetone and

butanol (Sauer & Durre, 1992).

In E. coli. there are five IRNA serine genes designated serW (tIRNAser;,). serT

(tRNAser ;). serX (IRNAserg;, ), serU (tRNAser ., ), and serV (tRNAser,.) (Blattner e
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al., 1997) and six serine codons (Grosjean et al., 1985) (Table 7.6). The tRNAser . 1s not
an essential tRNA, since tRNAser ;, can recognise the same codon. The major serine
codons in highly expressed genes of E. coli are UCU and CCU (Grosjean et al., 1985;
Grosjean & Fiers, 1982). If the codon usage in D. nodosus were similar, possible reduced
efficiency of transcription of tRNAser,;, could effect the levels of both major and minor
tRNAs species and thus could sigrificantly affect the translation of certain proteins. The
disruption of two of the three key tRNA molecules (tRNAser;;, and tRNAser,) would be

presumed to have an even greater effect on gene expression than one alone.

Table 7.6: Codon and anticodon usage in of serine tRNA in E. coli

Relative Anticodon Expected Freq. Freq. Gene
abundance (%) + 3’-planning base recc(())g(r:]i]ssed High Low
40 GGA - A ucc 16 9 | serX
5) GGA - A UcCu 18 7 serW
19 VGA - ms’1°A ucu 1 7 serT
UCA
UucG
5 CGA - ms’1°A UCG 2 13 serU
113 GCU -t°A AGC 9 12 serV.
E 19 GCU- A AGU 2 ] :

Heavy letters correspond to ‘wobble’ base of the anticodon or the corresponding third position of the
codon. The frequency of each codon is expressed per thousand codons for highly expressed genes
(high) and lowly expressed genes (low) in E. coli. V is uridine-5-oxyacetic acid; ms>1°A is N-6-(2-
isopentenyl)2-methylthioadenosine; t'A is  N-[9-(B-D-ribofuranosyl)purine-6-carbamoyl]threonine.
Table modified from previous citation (Grosjean et al., 1985) using the sequence of complete genome
(Blattner et al., 1997).

Consequently, if tRNAser molecules are involved in virulence gene expression or
regulation, the absence of correct processing when the stem-loop structure is absent, or if

processing was sterically hindered by DNA binding proteins, could result in the attenuation
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of virulence in D. nodosus. Similarly, the coupled expression of the tRNA gene and the
putative antisense promoter would also reduce the amount of functional tRNAser molecules.
which could affect the translation efficiency of virulence-associated transcripts. especially if
the levels of a mimnor tRNA species was affected. In the absence of a transformation system

for D. nodosus, it difficult to test these possibilities directly.

7.3.6.2 glpA and virulence

There is the potential that alterations in the levels of g/pA expression might also affect
virulence. GIpA (64 aa) has very aigh sinularity (74% over the first 50 aa) to the RsmA
(61 aa) protein from phytopathogen E. carctovora (Cut et al., 1995; Mukherjee ¢t al.. 1996)
which acts as a global repressor of virulence. RsmA has 98% aa identity to CsrA which is a
negative regulator of carbon storage and acts a global repressor of the starvation response mn
E. coli B (Liu et al., 1995). When E. ¢oli cells enter stationary phase due to nutrient
limitation. cell division is inhibited, cell size increases and glycogen biosynthesis is
inactivated (Romeo, Gonog & Brun-Zinkernagel, 1993). Since complementation studies
have shown that RsmA is able to suppress glycogen synthesis in . coli, RsmA and CsrA

are also functionally similar (Cui er al., 1995).

The high degree of similarity between g/pA from D. nodosus and RsmA-like gencs.
suggests that GIpA and RsmA may have similar functions in both organisms. Thus. the
mechanism by which RsmA globally regulates the production of secondary metabolites such
as extracellular enzymes, polysaccharides «nd antibiotics in Erwinia sp. is also interesting.

since this may give some insight into how virulence might be regulated in D. nodosus.

In E. carotovora, genes producing secondary metabolites are activated during late
exponential phase or early-stationary phase when the bacterta are at high cell density.

Production of such secondary metabolites is triggered by nutrient limitation or starvation. or
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both. that is experienced by bacteria at hign cell density. It has been demonstrated that in
E. carotovora, production of such szcondary metabolites involves a common regulator. The
common regulator is the quorum-sensiag molecule N-(3-Oxohexanoyl)-L-homoserine
lactone (HSL), which has been shown to be required for the production of extracellular
enzymes (Jones et al., 1993). an aatibiotic (Bainton ef al., 1992), flagellum formation and
motility, and pathogenicity in general (Mukherjee er al., 1996; Pirhonen er a/.. 1993) in soft
rotting Erwinia species. HSL procuction in Erwinia sp. is repressed by RsmA. which 15
thought to bind the lux! homologue, hs/l (encoding homoserine lactone synthase) mRNA
accelerating its decay (Mukherjec er ai., 1996), thereby repressing virulence gene

expression.

[t is interesting that an increasing range of target genes. frequently of medical.
economic and of scientific importance. appear to be similarly regulated by quorum-sensing
systems. These quorum-sensing molecules N-acylhomoserine lactones (AHL) accumulate at
high cell density (Robson er al., 1997), and interact with a receptor protein belonging to the
LuxR family of positive transcriptional activators, and so are able to regulate diverse
physiological activities fundamental to the interaction of bacteria with each other and their
environment. Sometimes these interactions are symbiotic (Meighen, 1994: Schripsema et
al.. 19906) but they are often pathogenic (Bainton et al., 1992: Beck von Bodman & Farrand.
1995: Jones et al.. 1993: Latifi et al., 1995. Mukherjee et al., 1996; Pcarson. Pesci &
lglewski, 1997). Examples of such activities include bioluminescence (Meighen. 1994).
swarming (Eberl et al., 1996), plasmid conjugal transfer (Fuqua, Winans & Greenberg.
1996: Stevens. Dolan & Greenberg, 1994: Zhang et al., 1993), and the production of
exoenzyme virulence determinants in human and plant pathogens (Cui et al.. 1995: Cui et
al., 1996; Jones et al., 1993; Passador et al., 1996) (Table 7.7). For pathogens, quorum-
sensing systems are thought to provide them with a means of coordinating the expression of

virulence factors at high cell density when they are best able to overcome the attack ol the
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host immune system and thereby establish stable infection (Manefield, 1998; Robson ¢r al..

1997).

Recent investigations  have identified a group of natural compounds called
halogenated turanones (Givskov et al., 1996) that act as autoinducer antagonists by
competing with AHLs for the AHL recep:or proteins. Consequently, the possibility that
these antagonists might be utilised to block intercellular communications and thus pathogenic
interactions, is the subject of current quorum-sensing autoinducer research.  The
alloinhibition of swarming motility in Serratia liquifaciens (Eberl et al.. 1996) and of
broluminescence in Vibrio fischert and Vibrio harveyi (Fuqua. Winnans & Greenberg.

1994) by halogenated furanones has recently been demonstrated.

Even if quorum-sensing molecules are involved in virulence-gene expression in
D. nodosus it is uncertain whether HSLs antagonists, such as halogenated furanones.
would be useful for treatment, since such compounds would not kill or cradicate the
pathogen. but simply temporarily block communication. Even if trreversible inhibitors were
developed. these inhibitors would need to se applied regularly, in the same way footbaths
are used currently (Section 1.4). It is unknown whether these halogenated furanones would
be less toxic and thus more user and environmentally friendly than chemicals currently used

for footbathing such as formaldehyde, but may be worthy of further investigation.

Although it is currently unknown whether HSLs are mvolved in virulence gene
regulation in D. nodosus, it is probable that they are, given the high degree of similarity
between RsmA and GIpA. and givea that such quorum-sensing systems arc being identified
increasingly in Eubacteria generally (Fuqua er «l., 1996). Recent database searches revealed
that numerous other bacteria have RsmA/CsrA  homologues including  Haemophilus
influenzae (Fleischmann et al., 1995), Helicobacter pylori (Tomb, 1997), Bacillus subtilis

(Soldo et al.. 1996). Borrelia burgdorfert (Fraser et al., 1997), Treponema pallidium (Fraser
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et al.. 1998), Serratia marcescens (Ang et a'.. 1998) and Pseudomonas aeruginosa (Hindle er
al.. 1998). The observation that hemologues are so widespread in Eubacteria suggests that
these global regulatory genes are likely to play a very important role in prokaryotic gene
regulation in general, and perhaps a so in virulence gene regulation. Thus, investigations to
determine whether quorum-sensing molecules are involved in virulence gene expression in

D. nodosus is an area worthy of further research.

In order to determine whether AHILs are involved in virulence-gene regulation in
D. nodosus, AHL assays should be performed on stationary phase culture supernatants
from benign and virulent strains of D. nodosus using the AHL reporter systems described
elsewhere (McClean et al., 1997; Milton et al.. 1997). Alternatively AHL derivatives or
AHL antagonists such as halogenated furanones could be added to benign or virulent

D. nodosus cultures and the effect on protease thermostability subsequently determined.

The idea that AHLs may be involved in virulence-gene regulation is also supported
by studies of opportunistic pathogen, P. ae.uginosa. P. aeruginosa produces clastases that
have arole in virulence. and in this organisri elastase production is controlled by the quorum
sensing molecule, N-(3-oxodecanoy)homoserine lactone (Pearson et «l., 1997). The recent
identification of an RsmA homologue (Hincle ef al., 1998), suggests that in P. aeruginosa,
as in E. carotovora, HSL production and therefore virulence gene expression may also be

regulated by an RsmA-like gene.

This is interesting because ). nodosus is also known to produce elastases, and this
clastase activity is greater in virulent strains than in benign strains of D. nodosus(Stewart,
1979), and 1s associated with virulence. The recent identification of g/pA. and the high
similarity between GIpA and other RsmA- or CsrA-like genes suggests that g/pA may act as

a global regulator of virulence, and the recent loss of an integrated genctic element that may

affect g/pA expression resulted in loss of protease thermostability, a virulence factor in
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D. nodosus. These observations support thz hypothesis that GlpA and therefore AHLs may

be involved in virulence gene expression and regulation in D. nodosts.

The parallels between the phenowvpe observed in L. carotovora with RsmA
expression and the morphological differences observed in the putatively avirulent strain
1311A is also of interest. In L. carotovora, RsmA represses protease production. and
reduces motility which consequently reduces colony size (Mukherjee et al., 1996).
Similarly, loss of the intC element from the position adjacent to askA and g¢/pA in strain
131TA. resulted in colonies that were significantly smaller in size and exhibited reduced
exoenzyme secretion compared to parent strain 1311. D. nodosus benign strains do not
secrete thermostable proteases and virulent strains have greater twitching motility than benign
strains. and so typically have larger colonies than benign strains (Depiazzi et al.. 1990;

Depiazzi & Richards. 1979; Stewart. 1989; Stewart & Egerton, 1979).

Furthermore, this regulation may involve quorum sensing molecules like HSL and its
dertvatives, which in turn may -egulate the expression of virulence determinants in
D. nodosus. Consequently, if the irtegration of a genetic element reduced the production of
the putative global repressor of virulence. GIpA, one might expect to observe an increase in

the expression of virulence-associated genes.

Also. in D. nodosus, gIpA is located between an aspartokinase gene (askA) and a
IRNA-serine gene with the anticodon GCU, and is similar to the E. coli t(RNA serV gene
(Cheetham ef al., 1995). It is therzfore inieresting that in P. aeruginosa, csrA is similarly
located between an aspartokinase gene (/vsC) and a disrupted copy of a rRNA serine gene
(serV-GCU). In E. coli, ¢srA is also immeadiately adjacent to the serV gene (Romeo ef al..
1993). In both E. carotovora and S. marcescens the sequences flanking the rsmA genes
have not yet been determined. It is unknown whether the tRNA sccondary structurce is

important for the expression or processing of glpA.
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[t is also interesting that the intD clement contains putative rra genes (Shaw and
Cheetham, unpublished) that share amino acid identity to those of the A. tumfaciens Ti
plasmid which are activated by a AHL quorum-sensing system via the transcriptional
activator TraR and the autoinducer synthase Tral (Winans et al., 1994). Since it is also
likely that in D. nodosus that the expressior. of virulence-associated extracellular enzymes in
D. nodosus 1s likely to be control.ed by acyl homoserine lactone (AHL) quorum-sensing
molecules (Cheetham er al., 1998). In add:tion, results discussed in Chapter 8 suggest that
the movement of integrated genetic elements may modulate virulence in D. nodosus.
Consequently, if AHLs interact with genes present in the intD element. as they do with the
related vir genes in the Ti plasmid of A. ‘umefaciens (Winans et al., 1994), then AHLs
could also modulate virulence by influencing the movement of genetic elements in

D. nodosus.

[t 1s interesting that both G:pA and PnpA contain a KH domain (Section 7.2.10).
PnpA 1s one of the two principal enzymes involved in RNA degradation by and attaching to
the 3’-end of an RNA molecule and progressively degrading it to mononucleotides (Gibson.
Thompson & Heringa, 1993). GlpA like its homologues may also control gene expression
by causing rapid decay of mRNA. The vap and intC elements are integrated next to two
genes whose products may be involved in gene regulation by accelerating the decay of target
mRNAs. It the integration of these D. nodosus elements up or down regulates the
expression of these genes at the transcriptional or translational level, this could up or down

regulate the expression ot genes tha: they regulate.

7.3.7 Implications and future investigations of virulence mechanisms

in D. nodosus

Many of the experiments done to test the pleiotropic effects of RsmA m

E. carotovora involved the transformation of a soft-rotting strain of £. carotovora with an

Characterisation of the intC element of D. nodosus



- 337 - Chapter 7

rsmA” plasmid. However. it is not possible to perform similar experiments in D. nodosits
in the absence of a transformation system. However, one could transform a g/pA™ plasmid
into a soft rotting strain of E. carotovora and so determine whether GIpA can act as a
repressor of virulence like RsmA. Alternatively, a glpA™ plasmid could be transformed into
a csrA” strain of . coli in an effort to determine whether GIpA can repress glycogen

synthesis like CsrA.

In order to test the hypothesis that the integration of certain D. nodosus elements
downstream from the askA and pnpA integration sites would affect the expression ol genes
upstream, northern blot analyses were peiformed in which both g¢/pA and pnpA specific
DNA fragments were utilised as DNA prooes (Section 7.2.11).  Although no meaningtul
data was obtained, the parallels berween the expression of rsmA in L. carotovora and of

¢IpA in D. nodosus were of interest.

In Soft-rotting stramns of E carotovora the rsmA probe hybridises to two rsmA-
specific transcripts in northern hybridisation experiments of 1100 bp and 310 bp
respectively. In contrast, non soft-rotting strains, the rsmA probe hybridises to a 310 bp
transcript only (Mukherjee er «l., 1996). In D. nodosus, the northern blot results do
suggest that at least in virulent D. nodosus strain 1311, glpA also hybridises to two
transcripts. [t 1s unclear from these results however, whether that as for E. carotovora there
1s a general trend that virulent strains of D. nodosus transcribe two g/pA messages. whilst
benign strains transcribe only onc. and this requires further investigation. as discussed
previously (Section 7.2.11). Patnogenic isolates might appear to transcribe more of a

virulence-repressor if the transcript was controlled by an antisense mechanism.

In D. nodosus, we need to determine if expression of g/pA at the RNA level or the

protein level is different in benign compared to virulent strains of D. nodosus. Northern blot
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analyses of D. nodosus proteases should also be done in order to determine whether gipA

does increase the rate of degradation of transcripts of thermostable proteases.

Further mvestigation of a large number of strains of D. nodosus should be done in
order to investigate the hypothesis that in virulent strains the vap element is integrated next to
pnpA and the vap element or intC clement is integrated next to askA. Such a study may
allow the development of a more efficacious multiplex PCR test to differentiate between

benign and virulent strains of D. ncdosus more rapidly.

This work also has significant implications for footrot eradication programs that arc
currently in place i Australia (Secton 1.4.1). The authorities are in general not concerned
about footrot caused by benign strains of D. nodosus, since the discase caused by these
strains is less severe and self-heals upon the resumption of dry conditions (Stewart, 1989)
(Section I.1.1). In contrast, more serious irtermediate and virulent infections result in more
severe production costs. are much more contagious and consequently authorities quarantine
these properties. However, if D. rodosus genetic elements are able to modulate virulence
by site-specific integiation into the D. nodosus chromosome. and have the potential 1o be
transferred horizontally between benign and virulent isolates of D. nodosus the authorities
cannot afford to be complacent about benign strains of D. nodosus. A benign strain could
be reversibly converted to a virulent strain and vice versa thereby evading cradication
measures. There have been reports of sheep that were thought to be infected with a benign

footrot strain, later expressing virulent disease.

It is also possible that these D. nodosus elements do have an even broader host
range if they are transferred via con:ugation, rather than by a transduction mechanism. Both
the vap element and the intD element are likely to be transferred by a conjugative mechanism,
given that they both contain a putative oriT region, and the latter contains both mobilisation

genes (Section 6.2.1) and putative tra genes (B. Shaw & B. F. Cheetham. unpublished). To
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assess the host range of the D. nodosus elements, other bacteria that are often associated
with footrot infections should also be invest:gated in order to determine whether they contain

copies of these D. nodosus elemen:s.

There 1s also the need for epidemiological studies of D. nodosus infections. since it
is currently unknown whether the recurring infections from one season to the next. on a
given property 1s due to the incomplete eradication of a strain from a previous infection or
whether it 1s due to a new infection from outside the property being introduced to the
property. The development of DNA fingerprinting techniques have been proposed for this
purpose (Cheetham & Katz, unpublished). Such studies would also indicate whether a
benign strain or a virulent strain of D. nodosus could be converted to a more or less virulent

strain respectively in the tield.

A significant inference from the study of the vap regions and other mobile
genetic clements in D. nodosus is that to have an effect on virulence. genes carried by
pathogenicity islands or genes affected viu the integration of pathogenicity islands would not
necessarily have to encode classical virulence determinants. It is possible that pathogenicity
islands may either encode genes or integrate at a position in the pathogenic host. that
ultimately results in the modulation of genes involved in regulation of either housckeeping or
virulence functions or both. Though such complex mechanisms would be less easily
identified, they may still result in tne modulation of virulence. In the future, many other

such examples of this may be foundl.
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