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Contribution of two A. salmonicida salmonicida pili to towards virulence in the Atlantic salmon (Salmo salar L.)

ABSTRACT
Aeromonas salmonicida subsp. salmonicida is a Gram negative, non-motile rod that is the
aetiological agent of a systemic septicaemia of salmonids called furunculosis. .Many steps in the
pathogenesis of furunculosis are poorly understood, including the portals and mechanisms of
entry into the host. Pili are filamentous, extracellular structures required by some pathogenic
bacteria for the adhesion, invasion and colonization of their hosts. Aeromonas salmonicida has
at least two apparently functional type IV pili, Flp and Tap. Both have significant nucleotide
homology and similar gene order to the pili operons of Actinobacillus actinomycetemcomitans
and Pseudomonas aeruginoiva respectively. Isogenic knockouts of A. salmonicida subsp.
salmonicida strain A449 were created in one or both of these operons. In vitro adherence assays
using the non-phagocytic salmonid cell-line CHSE-214 or an inert borosilicate glass substrate
revealed no significant difference in adherence of the mutants. Nor was their ability to form a
biofilm on borosilicate glass tubes. However inactivation of the S-layer protein, VapA,
significantly reduced adherence to CHSE-214 and abolished biofilm formation. When Atlantic
salmon (Salmo salar L.) were challenged by immersion with FlpA, TapA or FlpA/T apA
deficient strains, the mean time to death was extended and there was significantly reduced
morbidity when compared to the group challenged with the parental strain. There was no
significant difference in cumulative mortality or time to death between the pili mutants and the
\
parental strain upon intraperitoneal challenge. These data suggest that type IV pili contribute to

the initial adherence and invasion of the host but not to further steps of pathogenesis and that

31
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unlike the pili systems of some Gram negative bacteria they are not absolutely required for

virulence.
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INTRODUCTION
Aeromonas salmonicida subsp. salmonicida is a Gram negative, non-motile rod that causes a
spectrum of diseases in salmonids that are collectively known as furunculosis. Acute
furunculosis is characterised by rapid mortality with affected animals showing few or no clinical
signs. Chronic furunculosis is characterised by focal myodermonecrotic lesions or furuncles. In
the poorly understood clinically inapparent or covert form of this disease animals are outwardly
healthy yet still harbour the bacterium. Under conditions of acute stress, chronic stress or
immunosuppressioﬁ covertly infected animals may exhibit an overt disease. Much of the
pathogenesis of A. salmonicida subsp. salmonicida remain poorly elucidated including the portal
of entry, mechanisms of invasion and environmental reservoirs.

Many factors have been implicated as virulence determinants. These include cellular
proteins such as the surface-layer protein (VapA; Trust et al 1983), iron- or manganese-
cofactored superoxide dismutase (SodA and SodB; Barnes et al 1996, Dacanay et al 2003) and
iron sequestration systems (Ebanks et al 2004, Fernandez et al 1998, Hirst & Ellis 1996)'in
addition to extracellular proteins inéluding cholesterol acyltransferase (GCAT, Salte et al 1992)
and AspA, a serine protease (Nieto et al 1991). Despite the identification of multiple virulence
faétors, no single characteristic or phenbtype is found uniquely in virulent strains (Ellis et al
1998, Olivier 1990, Vipond et al 1998, Fernandez et al 1998) with the exception perhaps of the

recently described the type three secretion system of A. salmonicida subsp. salmonicida strain

JF2267 (Burr et al 2003).

53

54

55

N Early studies suggested that the postériof kidney was the site of residence for A.
salmonicida subsp. salmonicida during a clinically inapparent, or covert, infection (Rose et al

1989). More recent studies agree that an exterior, rather than an interior, location is the site of
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56  residence on the host. Hiney et al (1994) reported the intestine as the site of residence. Both

57 Cipriano et al (1996) and Ferguson et al (1998) reported mucous and gill as the site of reisdence
58 | and, in contrast to Hiney et al (1994) heither study recovered A. salmonicida from the intestine.
59  Covert infections are difficult to detect with conventional microbiology but can be more

60  accurately assessed by stress-tests that utilise twin stressors: heat and exogenously applied

61  corticosteriod that immunocompromise the animal and allow progression to an overt, easily

62  recognizable disease (Cipriano et al 1997, Hiney et al 1994).

63 There are multiple strategies by which pathogenic bacteria can effe& entry to the host and
64  evade, suppress or even usurp host immune effectors (reviewed by Horneff et al 2002). In order
65  to understand better the strategies employed by A. salmonicida subsp. salmonicida, we have

66  focused on the initial stages of infection by examining potential adhesins of A. salmonicida

67  subsp. salmonicida strain A449, a virulent strain.  The most well studied A. salmonicida subsp.
68  salmonicida adhesin is the surface- or S-layer (Trust et al 1983). It is often implicated as an ,
69  important factor for invasion and adherence but may not be absolutely required as S-layer

70 deficient strains may also be virulent (Olivier 1990).

71 Pili allow bacteria to attach to solid surfaces, including host tissues and are thus

72 important virulence factors (Sauer et al 2000). They are filamentous, extracellular organelles
73 that are either peritrichous or polar and may be present singularly or in bundles. There are

74 currently four recognized types of pili found on Gram negative bacteria (Thanassa et al 2000).
75  Type IV pili are subdivided into types IVA and IVB on genetic and morphological grounds.

76 Type IVA (non-bundle forming) pili are important in a number of bacterial processes including
71  flagella-independent “twitching” motility, DNA uptake, biofilm formation, adherence to

78  substrates and, in pathogenic bacteria, adherence to host-cells. Type IV pili are important
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virulence factors in many pathogenic gram-negative bacteria. Aeromonas salmonicida subsp.
salmonicida also has a number of pili systems, (this study, Masada et al 2002). A type IVA
pilus, encoded in part by the tapABCD operon, has been described in several Aeromonads
including A. hydrophila (Pepe et al 1996), A. veronii (Barnett et al 1999) and A. salmonicida

subsp. salmonicida strain A450 ( Masada et al 2002). A recent study implicated this operon in

~ the virulence of A. salmonicida based on a 2.5 fold increase in LDs for a fapA mutant as

assessed by intraperitoneal injection in rainbow trout, Oncorhynchus mykiss W (Masada et al
2002). In this study we assessed the roles of two type IV pili of A. salmonicida subsp.
salmonicida strain A449 in adherence to cells in vitro, biofilm formation and infection using a

live animal model using isogenic knockout mutations.

- MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacteria and plasmids used in this study are
listed in Table I. The parental strain for all knockouts was Aeromonas salmonicida subsp.
salmonicida strain A449 (hereon abbreviated to A. salmonicida A449) originally‘ isolated from a
natural furunculosis epizootic in brown trout (Salmo trutta) at Eure, France in 1975. All |
Aeromonas strains were grown in tryptic soy broth (TSB) or agar (TSA) (Difco) for 3 days at 17
°C with shaking. Escherichia coli strains were grown in Luria-Bertani broth (LB) or agar at 37

°C. Antibiotics were used at the following concentrations: E. coli: arapicillin 100 pg mL™;

99

100

01

| kanamycifi 25 ug mL™; A. salmonicida: _arilpicilli_h 50 ug rﬁL‘l; kanamycm 200 ug mL " for

selection and 50 pg mL" for maintenance; chloramphenicol: 20 pg mL L. 2-2’-dipyridyl (120

pM) was added to reduce iron concentrations.
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DNA techniques. DNA manipulations were performed by standard genetic and
molecular techniques (Ausubel et al 1998). Genomic DNA from Aeromonas salmonicida strain
A449 was isolated using the PureGene DNA isolation kit (Gentra Systems, Minneapolis, MN)
and used for construction of all mutant strains. Oligonucleotides were prepared by Integrated
DNA Technologies Inc. (Coralville, IW). PCR was performed with either 1Taq (Amersham) or
Pfu (MBI Fermentas) following the manufacturers’ directions.

Construction of mutant strains. (i) 02-10 (tapA::KO). The single cross-over knock-

out vector, pKO, was created to insert the complete plasmid within the gene of interest and so

that the 3’ fragments of the affected gene would make in-frame fusions to a tmRNA so that any

translated peptide that would be recognised by Clp proteases and degraded. The tmRNA-tag
was created using complementary oligonucleotides based on the sequence of A. salmonicida
tmRNA (Williams et al 1996) with NotI and Sst] sites at either ends (Table 2). The tmRNA-tag
was inserted into the NotI and Ss sites of the polylinker of PpCRScript-Amp (Invitrogen) .in such
a way that the lacZo, fragment was not disrupted to create pCRscript-tmRNA. The new
polylinker and lacZo region of pCRScript-tmRNA was used to Areplace the polylinker of pAH34
(Metcalf et al 1996) using Pvull sites to create pKO. pAH34 is a mobilizable, pir-dependent,
ampicillin resistant plasmid that allows blue/white selection of cloned inserts and that cannot
replicate in A. salmonicida subsp. salmonicida.

An internal fragment of the fapA gene was amplified from genomic DNA using Pfu

polymerase and the primers tapA-1 and tapA-2 in Table 2. The fragment was blunt-end ligated

1227 into the S7T site of vector pKO to make an in-frame fusion to the tmRNA-tag. The pKO-7apA

123

124

plasmid was conjugated into A. salmonicida A449 from the E. coli pir* mating strain BW20767

(18), single cross-over integrants were selected by growth on ampicillin, and passaged to fresh
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media three times. Proper integration was checked by PCR of genomic DNA using primers

flanking the insertion.

(ii) 02-02 (fIpA::km). The flpA gene was interrupted by insertion of a kanamycin

resistance gene cassette. Fragments flanking the flpA gene were amplified from genomic DNA

using the primers in Table 2. Primers flIpA-2 and fIpA-3 included Bg!II sites which Weré used
subsequently to introduce the 1.5 km BamHI fragment carrying the kanamycin resistance
cassette from pUTKm1. In a multistep process, these three fragments were cloned into the
mobilizable, ampicillin resistant, pir-dependent vector pGP704 to generate pJW 109—pir.

pIW 109-pir was conjugated into A. salmonicida A449 from BW20767 and single cross-over

integrants selected by growth on ampicillin. Double cross-over mutants were selected by

isolation of ampicillin sensitive, kanamycin resistant colonies. Proper integration was checked

by PCR of genomic DNA using primers flanking the insertion.
(iii) 03-06 (AvapA). An in-frame, unmarked deletion of the surface layer gene, vapA,

was created using crossover PCR (Link et al 1997). Two self-complementary PCR fragments

were amplified from genomic DNA using the primers shown in Table 2.  The internal ends of

each fragment included 7 identical codons, the external ends included X#hol and BamHI
restriction sites. The two PCR fragments ‘were mixed together and amplifiéd with the two
external primers (VapA-No, VapA-Co) to generate a large fragment carrying vapA flanking
sequences with 254 vapA codons replaced with the 7 introduced codons. This fragment was

cloned into the pir-dependent, sucrase expressing vector pWM91 to generate pWM91-vapA.

145
146

147

pﬁVM91-vap-A was c;)njﬁgated into A. salmonicida A449 from BW20767, siﬁglé cross-over
integrants were isolated as described above. Double cross-over mutants were isolated by

selection on TSA with 15% sucrose to select against plasmid containing colonies and 0.01%

2% March 2005



148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163
164
165
166

167

Contribution of two A. salmonicida salmonicida pili to towards virulence in the Atlantic salmon (Salmo salar L.)

Coomassie blue to screen for vapA™ colonies. Proper integration was checked by PCR of
genomic DNA using primers flanking the deletion. This strain was shown to be Surface-layer
negative by SDS-PAGE (data not shown).

(iv) Double and triple mutant strains. Double and triple mutants were constructed by
introducing mutated constructs into strains already containing one or more mutations.

Biofilm Assay. Aeromonas salmonicida A449 and isogenic mutant strains were grown
in TSB with appropriate antibiotics until mid-exponential phase, cells were washed in Griffin’s
media and resupended in the same media to an A600 of 0.2. One mL of this culture was added
to 11 mm diameter borosilicate glass tubes and incubated at 17°C with gentle rotation (150 rpm)

for 7 days. Griffin’s media is a defined media modified from O’Leary et al (1956) by increasing

- the KPO, concentration from 32 mM to 480 mM and reducing the NaCl from 85 mM to 43 mM

to compensate for altered osmolarity. After 7 days, 200 pL of 0.1 % crystal violet was added to
the cultures. After a 15-minute incubation, the media and stain were decanted, the tubes were
washed gently with water and dried.-

Adherence Assay. The adherence assay was modified from Merino et al. (1996) using
the chinook salmon embryo (CHSE—214) cell line. Briefly, CHSE-214 cells were plated in a 96-
well tissue culture plate at 1 x 10* cells per well and incubated at 17°C in L15 (Leibovitz) media
(Sigma, St. Louis, MO) with 10% FBS and penicillin/streptomycin (both Sigma, St. Louis, MO).
Bacteria were diluted in 1XHBSS to an Agyo of 0.05. Inoculum size was later confirmed by direct

colony counts on TSA. The tissue culture media was removed from the cultured cells by

168

169

170

aspiration, the wells washed three times with L15 and filled with 200 pL of L15/5% FBS and 10
uL of the bacterial solution. Each sample was tested in triplicate. The plates were incubated for

two hours at 17°C. The wells were emptied by aspiration, washed six times with .15 and the

2™ March 2005 8
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CHSE-214 cells disrupted by hypotonic shock (0.5% Tween 20 in ddH,0). The number of
adherent bacteria was then determined by direct colony counts on TSA and expressed as a
percentage of the inoculum.

Animal Care. Both the National Research Council Halifax’s Local Animal Care
Committee and the Dalhousie University’s Committee on Laboratory Animals approved all wns
animal procedures, which were conducted under Canadian Council on Animal Care guidelines.
Juvenile St John River or Sackville River stock Atlantic salmon, ca 60 g, were obtained from
Nova Scotian hatcheries certified under Canadian Fish Health Protection Regulations. | They
were stocked in 0.1 m® fibreglass resident tanks at a stocking density of ca 2.4 kg/0.1 m’ and
maintained at 14°C +/-2°C, in flow-through in dechlorinated municipal water. They were fed a
maintenance ration daily of 1% bodyweight of a commercially available feed (Signature Salmon
Ration, Shurgain, Truro, NS). Feeding was suspended for one-day prior to and one-day post
manipulation.

Challenge. Mutant strains 02-02 and 02-10 were both tested by immersion challenge and
a subsequent stress-test for clinically inapparent (covert) infections in St John River stock
Atlantic salmon. Mutant strain 03-07 was tested by immersion challenge and subsequent stress-
test in Sackville River stock Atlantic salmon. All three pilin mutant strains were tested by i.p.
injection in Sackville River stock Atlantic salmon, the survivors of this challenge were
subsequently tested for protection from re-challenge with the parental strain.

Bacteria were cultured from single colonies in tryptic soy broth (TSB, Difco, Sparks,

191

192

“93

MD) with agitation at 17°C. Absorbance was measured at 600 nm and édjusted %o an OD of 0.5
with sterile, chilled 1 x phosphate buffer saline. For immersion challenges there were two tanks

per group with forty fish per tank. Weight was ca. 60 g each. Fish were transferred into

2°d March 2005 9
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commercially available plastic containers, sedated (15 mg L' Tricaine methanosulphonate,
TMS, Syndel Laboratories, Vancouver, BC) and exposed for 40 minutes to ca. 10° cfu mL! of
either the parental strain, 02-10 or 02-02. Post-exposure, the fish were returned to their
designated resident tanks. Control fish experienced identical handling but were only exposed to
an vqual volume of PBS. For intraperitoneal (i.p.) challenge there where two tanks per group
with ca. 25 fish per group. Weight was ca. 200 g each. They were anesthetised with 50 mg L.}
TMS prior to injection with ca 10* cfu of the parental strain, 02-10, 02-02 or 03-01 per animal in
100 uL. PBS. Control animals were injected with an equal volume of PBS.

Animals were closely monitored post-challenge. Morbid animals were euthanised with a
TMS overdose, visually surveyed for gross clinical signs and the posterior kidney was sampled
onto TSA as recommended by the American Fisheries Society (Schotts 1994). If bacteria were
cultivable from the posterior kidney they were subsequently cultured on TSA supplemented with
either 20 pg mL™ chloramphenicol, 50 ug mLkanamycin or 50 ug mL™ amplicillin.
Aeromonas salmonicida subsp. salmonicida was considered the cause of death if it was
cultivable from the posterior kidney and the animal displayed gross clinical signs consistent with
A. salmonicida subsp. salmonicida infection such as ecchymosis of the swim bladder, punctate
hemorrhaging of the perivisceral fat and focal, raised, red skin lesions (furuncules).

Clinically inapparent (covert) infection detection. Sixty days after exposure by
immersion half of the surviving animals, typically between twenty and forty, from each

immersion challenge group were assessed for levels of covert infection by a modified stress test

“based on Specker et al (1994). Briefly: following an i.p. injection of 100 mg kg " hydrocortisone

(Sigma-Aldrich, Oakville, ON) in pasteurized vegetable oil/vegetable oil, the water temperature

was raised to 18°C over ninety minutes and maintained at that level for ten days. The remaining .

2°4 March 2005 10
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*7  half-group was unstressed. An additional tank of twenty control fish were also subjected to a
218  stress-test. Five animals from this group were euthanised with an overdose of TMS every second
219  day for assessment of plasma cortisol and glucose using commercially available immunoassays.
220  Morbid animals were processed as for the immersion and intraperitoneal challenges. After ten
221  days, the unstressed half-group was euthanised with a TMS overdose; mucus and sttefior
222  kidney were sampled onto TSA.
223 Re-challenge: Forty days after i.p. challenge, the surviving animals were re-challenged
224 ip. with 10° cfu of the parental strain i.p. All other procedures were as for the other challenges
225 Statistics: Cumulative mortality between groups were assessed by G-test. Mortality
226  rates wefe assessed by Kaplan Meier survival analysis (GraphPad Prism version 3.0, GraphPad
227  software, San Diego, CA) to determine median survival in days and to determine if statistical

‘ “”{,8 differences existed between mortality curves. Adherence data were compared using ANOVA
229  with Tukeys’ post-test (GraphPad Prism version 3.00 for Windows, GraphPad Software, San

230 Diego CA)

231
232 | RESULTS
233 _ Knock-outs. To investigate the role of pili in A. salmonicida subsp. salmonicida

234 infection, isogenic mutant strains were created in strain A449. Strain A449 was orginially
235  isolated from a furunculosis epizootic in brown trout (Salmo trutta) at Eure, France. 02-0203-06

236  Genes were inactivated using one of three different methods; introduction of the plasmid pKO

237  into the mﬁA gené in a single cross-ovef even:c to make strain "02-170; altéfnativély the double

238  cross-over technique was used to make an unmarked, non-polar deletion in the surface-layer of

2™ March 2005 11
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strain 03-06, and to introduce the kanamycin resistance cassette into the fIpA gene of strain 02-

02.

All three methods produced stable mutants. Reversion, the appearance of bacteria with
inappropriate antibiotic sensitivities indicting a loss of either pKO or the kanamycin cassette was
not seen during this study. In vitro 02-10, 02-02 and 03-01 grew normally in TSB and TSA at
17°C, 03-06 grew slightly more rapidly than wild type (data not shown). This is likely due to the
increased metabolic resources available to 03-06as it does not have to produce numerous copies
of VapA rather than an artefact of the knock-out procedure.

In vitro assays. The parental strain and isogenic mutant strains were assessed for their
ability to adhere to a solid substrate or host cells. There was no difference between the parental
strain and any of the single or double pili mutant strains in their ability to grow as a biofilm on .
borosilicate glass tubes (Figure 1). Biqfilm growth was abolished in single knockout S-layer
mutant strains as well as double or triple S-layer and pili mutant strains. Similarly, there were no
significant differences in the adherence of either the single or double pili mutant strains to the
CHSE-214 salmonid epithelial cell line when compared to the parental strain (Figure 2). In
contrast, there was no significant adherence to CHSE 214 by 03-06. There was no further
significant difference in the adherence of 03-07 (A vapA/flpA::km).

Immersion Challenge. All three pili mutant strains caused a clinical disease visually

| indistinguishable from the disease caused by the parental strain when administered by -

~immersion. Cumulative mortality Tevel in St. John River stock Aflantic salmon was significantly

lower for 02-10 (25.3%) than that for the parental strain (39.2%; G-test, p = 0.024) whereas there

was no significant difference for the 02-02 (28.7% G-test, p = 0.64, Table 3). In an immersion

2" March 2005 _ 12
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challenge using Sackville River stock strain of Atlantic salmon and 03-01, the mortality ievel for
03-01 (76.3%) was significantly lower when compared to the parental strain (90.0%; G-test, p =
0.0062). There was also a delay in the median survival for all the mutants when compared to
the parental strain; one day for 02-10 and five days for 02-02 and 03-01.

Intraperitoneal (i.p.) Challenge. When delivered by i.p. injection in Sackville River
stock Atlantic salmon all three pili mutants again caused a clinical disease that was visually
indistinguishable from the disease caused by the parental strain. There was no significant
difference in cumulative mortality (G-test, p> 0.05) between the parental strain (45.0%), 02-02
(50.0 %), 02-10 (39.0%) and 03-01 (37.5%, Table 3). Median survival ranged between 6.5 days
(A449) to 8 days (03-01). There was no Aeromonas-related mortality in any of the control
groups for ény immersion or i.p. challenge.

Clinically inapparent (covert) infections. After the conclusion of the
immersion challenge, half the surviving animals were assessed for the presence of clinically
inapparent infections (Table 4) by a modified stress test. Serum cortisol and glucose were
significantly elevated in control fish by the stress-test procedure as assayed by standard
immunoassays (data not shown). Ten days after administering the stress test to St. John River
stock Atlantic salmon previously exposed to 02-10 or 02-02, there were no significant
differences between the levels of mortality in either 02-02 (55.2%) or 02-10 (52.2%). The
mortalities in both mutants were significantly higher that the parental strain (28.6%, G-test, p =

0.03). In Sackville River stock Atlantic salmon previously challenged with 03-01 there was no

282

283

"84

difference in the level of clinically inapparent infections between the parental strain (85.7%) and
03-01 (84.2%). At the conclusion of the stress-test on St John Atlantic salmon the unstressed

half-group was assessed for A. salmonicida subsp. salmonicida by routine microbiology. At the
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time of sampling, all the animals were outwardly healthy and showed no gross signs of disease.
A. salmonicida subsp. salmonicida was not isolated from the posterior kidney of any animal from
any group. It was isolated from the skin mucous of the animals exposed to A449 (8.1%, 3/37) -
and 02-10 (10.5%, 4/38) but not from the animals exposed to 02-02 (0%, 0/38).

Re-challenge: There were no significant differences in survival when Sackville Rover
stock Atlantic salmon previously challenged. by i.p. injection with wild-type or any of the three

pili mutants were re-challenged i.p. with ca 10° cfu/animal A. salmonicida A449 (Table 5).

DISCUSSION

Given their roles in adherence to host cells or inert surfaces in Pseudomonas aeruginosa,
Neisseria gonorrhoeae, Vibrio cholerae and entropathogenic Escherichia coli, type IV pili are
clearly considered virulence factors. This study investigated the role of pili, whose genes were
identified during in silico during screening of a draft A. salmonicida subsp. salmonicida strain
A449 genome (Singh et al unpublished data). The contribution of pili to adherence in in vitro
using biofilm and cellular adhesion assays was assessed in addition to their contribution
virulence by live bacterial challenge of Atlantic salmon..

The Tap pilus mutant was made by interrupting the tapA gene, this gene was chosen
because it encodes the pilin subunit and is the first gene in the tapABCD operon. Mutations in
the pilin subunit of similar pilus systems have been shown to eliminate pilus production. The

Flp pilus mutant was made by interrupting the fIpA, or prepilin peptidase gene, the second gene

in that Jocus. Many Flp pilus system homologlies have more than one pilin subunit gene. At the
time the mutation was created the number of pilus subunits was uncertain, the prepilin peptidase

gene, fIpA, was interrupted to ensure inactivation of that system. It is of note that attempts to
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knock out the tapD pre-pilin peptidase were unsuccessful, suggesting that this gene is essential.
Since the insertion in the fapA knock-out should disrupt expression of downstream genes
including fapD, we conclude that tapD has its own promoter.

In vitro assays. All VapA+ strains were equally capable of forming a biofilm, regardless
of the number of inactivated pili operons. Conversely VapA deficient strains were incapable of
biofilm formatation, again however, regardless of the number of inactivated pili operons.
Masada et al (2002) also reported that adherence to CHSE-214 of A. salmonicida subsp.
salmonicida strain A450 tapA::ko- was not attenuated. However in this study all three pili
mutants behaved equally, showing n(; significant difference in-adherence to the parental strain.
Both the vapA deficient strains tested in our study; 03-06 and 03-07 behaved equally; showing
significantly reduced or absent adherence in both assays when compared to the parental strain.
As the three pili mutants behaved as the parental strain in both adherence assays, in accordance
with the observations of others (Trust et al 1983), the major A. salmonicida adhesin in vitro
appeared to be the S-layer protein, VapA. Any contribution to adherence made by either Tap or
Flp in these assays was apparently negligible when compared to the contribution of VapA.

In vivo challenges. Due to marked differences in the susceptibility to A. salmonicida
strain A449 of the two stocks of Atlantic salmon used during this study (St John River and
Sackville River) no direct comparisons could be made between the behaviors of the single and
double mutants in the immersion challenges. The varying susceptibility of individual river

stocks of Atlantic salmon to bacterial pathogens has only recently been described (Lawlor et al
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2004).
By immersion, the viralence of 02-10 and 03-01 as assessed by cumulative mortality was

significantly reduced when compared to wild-type, whereas that of flpA::km was reduced but not
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significantly. Mutant strains 02-10, 02-02 and 03-01 behaved no differently to the parental strain
when they were administered by intraperitoneal injection. The uniform virulence of the three pili
mutants when administered by injection shows that they are not required absolutely for

pathogenesis. As the decrease in virulence was dependent on the route of administration, pili

-were apparently important for either adhesion to or invasion of the host but not for any

subsequent step(s) in pathogenesis. Masada et al (2002) also showed that the A. salmonicida
subsp. salmonicida strain A450 Tap pilus contributed to virulence in rainbow trout by
determining L.D50. However unlike P. aeruginosa, where pili are the major adhesion, the pili of
A. salmonicida subsp. salmonicida do not appear to be absolutely required for adherence; all
three pili mutants created in this study were capable of binding host cells in vitro and a
significant disease could still be induced experimentally by injection or immersion of susceptible
hosts.

Another indication that pili contributed to adherence or invasion were lower mortality
rates leading to a slower epizootic caused by the pili deficient strains when administered by
immersion but not by i.p. injection. This was evident as both lengthened MTTD and an
decreased mortality rate when compared to the parental strain (the hazard ratio) in addition to
significant differences between the curves as determined by the Mantel-Haenszel test. There
were significant differences between the survival curves of both 02-10 and 03-01 compared to

the parental strain. For strain 02-10, MTTD was slightly extended by one day from twelve to

thirteen days for 02-10 and the hazard ratio was 1.43. However for 02-2 MTTD the hazard ratio

331
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mncreased t0 1.7 and the MTTD was incréased by 40% o seventeen days. In a separate challenge
mortality rates were lower for 03-01 as indicated by a doubling of MTTD from five days to ten

and a hazard ratio of 1.45. There were no significant differences between survival curves in any
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group by i.p. injection (p > 0.05), the hazard ratio was between 1.01 (02-2) and 1.33 (03-1) and
MTTD was between one and two days longer for the mutants when compared to the parental
strain.

The restoration of full virulence to all mutants when administered by injection showed
that both Tap and Flp pili are evidently important for some aspect of A. salmonicida subép.
salmonicida strain A449 adherence to or invasion of Atlantic salmon. The TapA deficient strain
(02-10) displayed reduced mortality, the FlpA deficient strain (02-02) a delayed epizooﬁc whilst
the double TapA/FIpA deficient strain (03-01) displayed both a reduced mortality and a delayed
epizootic. It is likely that these two type IV pili are not redundant as the pili deficient strains
have different effects on the outcome of challenge. This is supported by the failure to recové'r
02-02 from the mucus of animals that were evidently covertly infected, suggestive that perhaps
FlpA is more important for adherence to the skin or mucous than TapA. They may, however act
synergistically as the effect on MTTD was greater for 03-1 than for either 02-10 or 02-02.

All animals that had survived challenge with the parental strain or any of the pili-
deficient mutant strains displayed a modest degree of protection from a subsequent re-challenge
with the parental strain. There were, however, no significant differences between groups in this
protection. The inability of the pili to confer provide protection is in contrast to previous studies
of both terrestrial and aquatic vertebrates. Pili were reported as effective immunogens in cattle
against Moraxella bovis (Lepper 1988) and in sheep against Bacteriodes nodosus (Stewart et al

1982, Stweart et al 1995) whilst Masada et al (2002) showed that TapA induced a degree of

374
375
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protection from subsequent A. salmonicida subsp. salmonicida strain A450 challenge in rainbow
trout. Whereas changes in plasma profiles between naive and exposed Atlantic salmon in:

response to A. salmonicida A449 challenge have recently been documented (Solanky et al 2005)
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the type of immunity induced by exposure to A. salmonicida subsp. salmonicida is unknown.
The action of immune mechanisms other than acquired immune responses directed against TapA
or FIpA in surviving animals may have obscured or confounded the effect of the presence or
absence of either géne upon re-challenge.

In addition to a clinically overt disease, stress-testing and routine microbiology -S'ﬁowed
that the mutants were also able to establish clinically inapparent (covert) infections in St John
River stock Atlantic salmon. Despite appearing outwardly healthy, many fish were found to
harbor A. salmonicida subsp. salmonicida with no clinical signs of disease. This phenomenon

was reviewed by Hiney et al (1997). In accordance with others (Cipriano et al 1997), isolation of

“A. salmonicida subsp. salmonicida by routine microbiological techniques revealed a lower

incidence of clinically inapparent infection than the stress-test: for 02-10 10.5% of the animals
by microbiology were positive for a covert infection whilst 52.2% of the stress-tested animals
were positive; for the parental strain it was 8.1% vs.28.6% and finally for 02-02 0% vs. -55.2%
Aeromonas salmonicida subsp. salmonicida was not recovered from the posterior kidney of these
outwardly healthy animals despite this organ being reported as a site for clinically inapparent
infections by Rose et al (1990). The gastrointestinal tract, suggested as %1 site of colonization by
Hiney et al (1997), was not tested. These data support an exterior localization for A. salmonicida
A449 during a covert infection. It is of note that Cipriano et 'al (1997) have reported increased A.
salmonicida subsp. salmonicida titres in the mucous of furunculosis-susceptible salmonids (such

as S. trutta) when compared to furunculosis-insensitive salmonids (such as O. mykiss). This

397
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399

implies that should mucous present a significant host barrier to infection, then the influence of
adhesins such as pili upon virulence might be different than if it were not. The data presented

here show that in the furunculosis susceptible Atlantic salmon, pili do play a role in virulence.
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Unfortunately the challenge data for a TapA deficient strain in the furunculosis insensitive
rainbow trout were obtained by Masada et al (2002) by intraperitoneal injection and cannot be
directly compared with the immersion data presented here.

In summary, knockout mutants were preparéd in two type IV pili systems of A.
salmonicida subsp. salmonicida strain A449. When tested in vitro for adherence to host cells or
an inert substrate the effect of the S-layer obscured any contribution to adherence made by pili.
All three pili mutants caused a clinical disease indistinguishable from that of the parental étrain
in Atlantic salmon. When administered to Atlantic salmon by immersion there were differences
between the parental strain and pili mutant strains in either cumulative mortélity, meéan time to
death or both. Full virulence was restored when the mutants were administered by
intraperitoneal injection. As the mutant strains were equally as virulence as the parental strain -
when the requirements for adherence to and invasion of .the host were removed, these data
demonstrate that whereas both Tap and Flp pili are‘involved in the early_ stages of the
pathogénesis of furunculosis. Unlike other piliated Gram-negative pathogens they are not solely
required for adherence, invasion or colonization of Atlantic salmon by A. salmonicida subsp.

salmonicida.
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