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ARTICLE INFO ABSTRACT

Francisellosis, induced by Francisella noatunensis subsp. orientalis (Fno), is an emerging bacterial disease re-
presenting a major threat to the global tilapia industry. There are no commercialised vaccines presently available
against francisellosis for use in farmed tilapia, and the only available therapeutic practices used in the field are
either the prolonged use of antibiotics or increasing water temperature. Recently, an autogenous whole cell-
adjuvanted injectable vaccine was developed that gave 100% relative percent survival (RPS) in tilapia chal-
lenged with a homologous isolate of Fno. In this study, we evaluated the efficacy of this vaccine against challenge
with heterologous Fno isolates. Healthy Nile tilapia, Oreochromis niloticus (~15g) were injected in-
traperitoneally (i.p.) with the vaccine, adjuvant-alone or phosphate buffer saline (PBS) followed by an i.p.
challenge with three Fno isolates from geographically distinct locations. The vaccine provided significant pro-
tection in all groups of vaccinated tilapia, with a significantly higher RPS of 82.3% obtained against homologous
challenge, compared to 69.8% and 65.9% with the heterologous challenges. Protection correlated with sig-
nificantly higher specific antibody responses, and western blot analysis demonstrated cross-isolate antigenicity
with fish sera post-vaccination and post-challenge. Moreover, a significantly lower bacterial burden was detected
by qPCR in conjunction with significantly greater expression of IgM, IL-1 8, TNF-a and MHCII, 72 h post-vac-
cination (hpv) in spleen samples from vaccinated tilapia compared to fish injected with adjuvant-alone and PBS.
The Fno vaccine described in this study may provide a starting point for development a broad-spectrum highly
protective vaccine against francisellosis in tilapia.
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1. Introduction

Francisella noatunensis subsp. orientalis (Fno) is a serious emerging
bacterial pathogen affecting a wide range of ornamental and farm-
raised cichlids globally [1-7]. Due to its fastidious nature, high in-
fectivity (~23 CFU can induce clinical disease), wide host range, var-
ious routes of transmission, capacity to survive in multiple environ-
ments and co-existence with other pathogens, it has been highlighted as
one of the major threats to the tilapia aquaculture industry, with
mortalities of > 90% reported [8]. In tilapia farms, several strategies
have been adopted to control francisellosis. The conventional practice
of increasing the water temperature from 25 to 30 °C was previously

reported to inhibit the development of francisellosis in infected tilapia
and other susceptible ornamental fish [2,9]. Treating with approved
antibiotics like oxytetracycline (Terramycin®) and florfenicol (Aqua-
flor") for up to 10 days has also been reported to be effective [9-11].
Although the latter can potentially reduce fish mortality due to fran-
cisellosis [9], the use of antibiotics is not ideal as infected fish usually
suffer from anorexia and there is a risk of the bacteria developing an-
tibiotic resistance [12,13]. Currently no commercial prophylactic
treatments are available for use against Fno in farmed fish. The broad
emergence of Fno outbreaks globally has raised concerns of a potential
francisellosis pandemic, thus efforts to develop protective vaccines
against Fno have increased. Such vaccines should be safe, have a high
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level of efficacy, provide cross-protection, be cost effective and be easy
to administer [14].

In a previous study, the highest Relative Percent Survival (RPS)
obtained in a vaccination trial in tilapia was 87.5% using a live atte-
nuated immersion vaccine [15]. However, live attenuated vaccines are
not easily registered in all countries due to concerns relating to safety.
Recently, an autogenous injectable whole cell adjuvanted bacterin de-
veloped using a virulent Fno isolate obtained from diseased tilapia
farmed in Europe [16]. Following intraperitoneal (i.p.) vaccination and
challenge with the homologous vaccine isolate, this vaccine stimulated
protective antibodies and resulted in a high level of protection (RPS of
100%) [16]; however, cross protection of this vaccine against hetero-
logous isolates is unknown. Previous studies examining Fno genetic
diversity using PCR-based typing or sequencing methods did not dis-
criminate between Fno isolates from different countries, thus demon-
strating a clonal behavioral pattern among these isolates [4,17-19].
Minor antigenic differences between Fno isolates from distinct geo-
graphical regions have been highlighted in a previous proteomic study
[20]. The capacity of the vaccine for cross protection, therefore, should
be addressed. The aims of the current study were to investigate the
efficacy of the recently developed injectable vaccine [16] by i.p. chal-
lenge with multiple Fno isolates from diverse geographical origins and
evaluate the immune response to vaccination in Nile tilapia, O. niloticus

(L.
2. Materials and methods
2.1. Fish and rearing conditions

Nile tilapia, O. niloticus, of mean weight 13 = 0.8 g and an average
length 10 = 0.13 cm were obtained from a commercial tilapia farm in
central Thailand, and transported to the research aquarium of Fish Vet
Group Asia Ltd. (FVGAL), in Chonburi, Thailand. Upon arrival, the fish
were transferred to 100L tanks in a recirculation system within a
temperature-controlled room supplied with dechlorinated water, aer-
ated with air stones and acclimated to their new conditions prior to the
experiment. Water quality was maintained as follows: temperature
28°C =+ 1, dissolved oxygen (DO) 6.5-7 mg/L, pH 7-7.5, free ammonia
=<0.1 mg/L, nitrite <0.25mg/L, nitrate <0.2mg/L. The photoperiod
in the room was maintained at 12h light: 12h dark with a 30 min
transition. Fish were acclimated for 2 weeks and fed at a rate of 3%
body weight per day with a commercial tilapia feed (Charoen Pokphand
Foods Public Company Limited (CPF-PCL), Thailand). The Fno-free
status of the tilapia was determined prior to commencing the vaccina-
tion study using samples of spleen and head kidney from six fish.
Bacteriology analysis and a Francisella genus specific PCR targeting a
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partial sequence of the 16S rRNA gene using primers listed in Table 1
were performed as previously described [2,21]. Extraction of DNA from
head kidney and spleen samples was performed using DNeasy Blood
and Tissues kit (QIAGEN, Germany) following the manufacturer's in-
structions.

2.2. Bacteria and culture conditions

Bacterial isolates used in this study included three virulent isolates
of Fno collected from separate francisellosis outbreaks in tilapia from
three different geographical locations (Table 2). For challenge experi-
ment, bacteria were cultured in cysteine heart agar supplemented with
1% bovine hemoglobin (CHAH) (Becton Dickenson BBL, USA), fol-
lowing previously published protocol [19]. A single colony from the
agar plate was inoculated into Modified Muller Hinton broth (MMHB)
(Difco, USA) containing 2% IsoVitaleX and 0.1% glucose as described
by Ref. [2]. The Fno broth culture was incubated for 18 h (mid log
phase) at 160 rpm at 28 °C followed by harvesting of the cells by cen-
trifugation at 3000 X g for 5 min and pellets were resuspended in sterile
PBS to the appropriate optical density at ODgoo. The colony-forming
units (CFU) per mL was estimated using a 6 X 6 drop plate method,
following the published protocol [26] in conjugation with CHAH plates.
Plates were incubated for 72 h at 28 °C to obtain colony count.

2.3. Fish vaccination and sampling

Preparation of the inactivated-adjuvanted Fno vaccine was per-
formed using the virulent Fno isolate (Fno 1) (Table 2), as described in
Ref. [16]. Following a two-week acclimation period, fish (15 * 0.2g)
were divided into four groups: a vaccination group (n = 260), an ad-
juvant-alone group (n = 260), a PBS control group (n = 260) and a
naive group (n = 20). The fish were stocked in 100 L recirculation tanks
filled with chlorine-free water. The vaccination, adjuvant-alone and
PBS control groups consisted of duplicate tanks with 130 fish each,
whilst the naive group consisted of a single tank of 20 fish (Fig. 1). Fish
were starved for 24 h, anaesthetised with 10% benzocaine in 100%
ethanol (Sigma, UK) and i.p. injected with 0.1 mL of vaccine, adjuvant-
alone (Montanide, Seppic, France) or sterile PBS. The naive group did
not receive any treatments during the experiment. Fish were fed 3% of
their body weight/day 24h after injection and water quality was
monitored throughout the trial. Fish were maintained at 28 °C *= 1 for
30 days (840° days (dd)) and checked regularly for any abnormalities.
Prior to sampling, the fish were starved for 24 h and then euthanised
with an overdose of benzocaine at 6, 24 and 72 h post-vaccination (hpv)
and the spleen sampled from three fish/tank (n = 6) from each group.
Tissue samples were stored in 1 mL of RNA later (Sigma, UK) at 4 °C

Table 1
Primers sequences used in the study.
Target Gene Oligo sequence (5’ - 3') Genbank accession no. Product Size Annealing temperature Ref.
Francisella spp. 16S rRNA F11: TACCAGTTGGAAACGACTGT NR_074666.1 1140 pb 50°C [21]
R5: CCTTTTTGAGTTTCGCTCC
Hypothetical protein gene F: CATGGGAAACAAATTCAAAAGGA JQ780323.1 85pb 60°C [22]
R: GGAGAGATTTCTTTTTTAGAGGAGCT
B-actin F: CCACACAGTGCCCATACTACGA XM_003443127 144 bp 60°C [23]
R: CCACGCTCTGTCAGGATCTTCA
EF-1a F: GCACGCTCTGCTGGCCTTT NM_001279647 250 bp 57°C [24]
R: GCGCTCAATCTTCCATCCC
IgM F: GGGAAGATGAGGAAGGAAATGA KC708223 120 bp 57°C [24]
R: GTTTTACCCCCCTGGTCCAT
TNF-a F: CTTCCCATAGACTCTGAGTAGCG NM_001279533 161 bp 60°C [23]
R: GAGGCCAACAAAATCATCATCCC
IL-18 F: TGCACTGTCACTGACAGCCAA XM_019365844 113 bp 57°C [23]
R: ATGTTCAGGTGCACTTTGCGG
MHC-II F: ACTGACTGGGACCCGTCCAT XM_003459253 204 bp 57°C [25]

R: ACAGGAAGCAGCCGCTTTTA

F: Forward primer, R: Reverse primer, bp: Base pair, Ref: Reference.
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Table 2

Fno isolates used in the challenge trial.
Isolate ID Designation Source Isolation year Reference
Fno 1 AVU-STIR-GUS-F2{7 Red Nile tilapia (Europe) 2012 [19]
Fno 2 NVI-5409 * Nile tilapia (Central America) 2006 Unpublished
Fno 3 AVU-Fran-Cos1 Blue tilapia (North America) 2013 Unpublished

AVU: Aquatic Vaccine Unit Bacterial Culture Collection, * Isolate supplied by Dr Duncan Colquhoun, Norwegian Veterinary Institute (NVI), Oslo, Norway.

overnight, then the RNA later was removed, and tissues were stored at
—80 °C until used. Blood samples were collected by lethal caudal vein
puncture from five fish per tank at day zero (Do) and 30 days post-
vaccination (30 dpv) to measure IgM levels post-vaccination by en-
zyme-linked immunosorbent assay (ELISA). Blood was transferred to
micro-centrifuge tubes, kept at 4°C overnight then centrifuged at
3000 X g for 10 min. Serum was collected and kept at —20 °C until used.

2.4. Fish challenge and sampling

At 30 dpv (840 dd), fish in vaccinated, adjuvant-alone and PBS
control groups (18 = 0.5g) were anaesthetised with benzocaine as
described previously and each group was divided into three sub-groups.
Each group consisted of duplicate 100 L recirculation tanks with an
integral UV system (TMC, UK) and 30 fish/tank (Fig. 1). Each sub-group
was i.p. injected with 0.1 mL of one of the three Fno isolates listed in
Table 2, as shown in Fig. 1. The isolates included one homologous
isolate (the vaccine isolate; i.e. Fno 1) and two heterologous isolates
(Fno 2 and 3). The bacterial isolates were grown as described above.
Doses of Fno isolates used in the challenge experiment were
1.12 x 10° CFU/mL, 1.23 x 10° CFU/mL and 1.28 x 10° CFU/mL for
Fno isolates 1,2 and 3, respectively. These doses were determined from

a pre-challenge experiment (data not shown) and represent the bac-
terial concentration that induced 70% mortality (LD;) in the control
fish. A sample of each bacterial inoculum was removed at the time of
challenge and the dose (CFU) for each isolate was determined using the
drop plate method [25].

Fish were maintained for 15 days at 23 * 2°C, examined four
times per day and water quality was monitored. Fish received feed ad
libitum, mortalities were removed, moribund fish were sampled, and
occurrence of the disease was confirmed by bacteriology and PCR. The
surviving fish at 15 days post challenge (15 dpc) were euthanised and
blood was sampled for serum, and the relative percent survival (RPS)
was calculated according to Ref. [27].

2.5. Enzyme-linked immunosorbent assay (ELISA)

An indirect ELISA was performed to assess the specific IgM levels in
serum of vaccinated, adjuvant-alone and PBS control tilapia sera at day
zero (Do), 30 dpv and 15 dpc with the three different Fno isolates ac-
cording to Ref. [28].

OFooF Vaccinated PBS control Naive
sta,;:s £:ch tilapia tilapia tilapia
[Acclimation (1522¢) (15£2¢) =]
2wt 28°C n=260 n=260 n=20
w
[p injection |p injection |p injection Untreated DExamine fish 3 times/day
with 0.1 ml of with 0.1 ml of with 0.1 ml of through-out )
) ‘ . ; [Feed 3% of body weight
vaccine adjuvant sterile 1x PBS the trial - -
: : : ORecord abnormalities/mortalities
[OVaccination [ 1 [ 1 [ 1
) 130fish | | 130fish | | 130fish | | 130fih | | 130fish | | 1301ish
at28°C Sampling
L ) [Blood (5 fish /tank) at day 0, 30 dpv.
>> Serum IgM levels (ELISA)
¥ [Spleen (3 fish/tank) >> Gene expression
Vaccinated Adjuvant alone PBS control
i Fro 19 30 fish 30fish 30fish 30 fish 30fish 30 fish DExamine fish 4 times/day
I tp ¢ (1822g) || (1822g) | | (1822) || (18£2g) | | (182g) || (1822¢) OFeed ad lib.
Ochallenge 'gelc '°|" ? DRecord any abnormalities/ mortalities
at23:2°C i ' 'ml ': Fno 2| 30fish 30fish 30 fish 30 fish 30 fish 30fish [Remove moribund/dead fish >>
""f;’oas e (18¢2¢) || (18%2¢) | | (18+2¢) || (1822g) | | (18¢2¢) || (18£2¢) Bacteriology and PCR
a
UL | o 3ip| 30%h |[aossn | [sonn |[“sosn | | sofsn || sofe
(18+2g) || (18+2g) | | (182g) || (18+2g) | | (18+2g) || (1822g)
' ! Sampling
[Blood (survivors) >> Serum IgM level (ELISA)
P OSpleen (5 fish/tank) >> Bacterial load (PCR)

Fig. 1. Experimental design of the Francisella noatunensis subsp. orientalis (Fno) vaccination trial involving challenge with multiple Fno isolates from geographically

distinct regions (Fno 1, 2, and 3 isolates). dd: degree days, w: weeks, n: number of fish/group.
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2.6. Immunoblotting

The whole cell proteins of the three Fno isolates were resolved on 1D
SDS-PAGE and a 1D western blot was performed as described [28].
Serum samples collected from fish at 30 dpv and 15 dpc from the dif-
ferent treatments were used to perform the immunoblotting to analyse
cross-reactivity of the serum from vaccinated, adjuvant-alone and
control fish 30 dpv (prior to challenge) with the homologous (Fno 1)
and heterologous Fno isolates (Fno 2 and 3) and analyse cross reaction
of the vaccine isolate (Fno 1) antigen with serum of fish from the dif-
ferent challenge groups at 15 dpc.

2.7. RNA isolation and cDNA synthesis

RNA was extracted from ~40 to 50 mg of the spleen samples col-
lected from the vaccinated, adjuvant-alone and PBS control groups at 6,
24, 72 hpv using TRI Reagent (Sigma, UK) following the manufacturer's
protocol. RNA samples were stored at —70 °C until further use. RNA
quantity and quality were determined using the Nanodrop ND-1000
Spectrophotometer (ThermoFisher Scientific, UK). RNA integrity was
checked by gel electrophoresis on 1.0% agarose gel. Potential DNA
residues in RNA samples were removed using a DNA-free kit (Ambion,
ThermoFisher Scientific, UK) according to the manufacturer's instruc-
tions. The cDNA was synthesised using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystem, USA) following the manufac-
turer's protocol.

2.8. Quantitative real-time reverse transcription polymerase chain reaction
(qRT-PCR)

Spleen samples taken at 6h, 24h and 72h post-vaccination were
analysed by qRT-PCR to quantify the expression of immune related
genes: IgM, TNF-a, IL-13 and MHC-III. All RT-qPCR assays were per-
formed in white 96-well plates using an Eppendorf Realplex2
Mastercycler gradient S instrument (Eppendorf, UK) with SYBR® Green I
master mix (Thermo Scientific, UK) and primers (MWG Eurofins
genomics, UK) as listed in Table 1. The RT-qPCR was performed in a
20 L reaction mix consisting of 1x SYBR® Green I buffer, 0.3 uM from
forward and reverse primers and 5 pL of the ten-fold diluted cDNA. The
cycling conditions were 94 °C for 15 s, 40 cycles of denaturation at 95 °C
for 30s, annealing at the optimal temperature of each primer as in-
dicated in Table 1 for 30s and a final extension at 72°C for 1 min.
Melting curve analysis included amplification at 60 °C to 90 °C with
0.1 °C increments per second to evaluate the qPCR products specificity.
Samples were run in duplicates and each qPCR run included RT nega-
tive (RT ) and non-template controls (NTC) (Milli-Q water only). Serial
dilutions of a pool of all cDNA samples were prepared in nuclease free
water including seven dilutions at 1:10, 1:20, 1:50, 1:100, 1:500,
1:1000 and 1:10000. The threshold cycle (Ct) values of these dilutions
were plotted versus log concentration to generate a standard curve in
the Realplex software V2.2 (Eppendorf, UK). The quality of the gener-
ated standard curve was evaluated using the slope curve and the cor-
relation co-efficient (R%). The efficiency of the amplification of the
qPCR targets was judged by the line slope following the equation, E=
(107 1/1°P®) 1, The expression of the target genes in this study was
normalised to the expression of S-actin and EF-1a. The fold change in
the expression of the target genes in spleen samples of vaccinated and
adjuvant-alone injected fish compared to the unvaccinated-control
samples was calculated following the 27 “4¢ method [29] using the
Relative Expression (REST©) Software [30]. All the primers used in this
study were analysed for self-annealing using NCBI Blast sequence
analyser [31].

220

Fish and Shellfish Immunology 89 (2019) 217-227

2.9. Quantification of bacterial load in survivor fish by quantitative real-
time PCR (qPCR)

Ten spleen samples were randomly collected from surviving fish in
the different treatments 15 dpc and preserved in 95% ethanol
(Sinopharm, China) for quantification of Fno load using real-time qPCR.
DNA from 20 mg sub-samples of the spleen tissue were extracted using
a DNeasy Blood and Tissue kit (Qiagen, UK), following the manufac-
turer's protocol. Real-time qPCR was performed to quantify the Fno
genomic load in copy numbers using a dilution range of 107 to 10*
copies/ pL of DNA plasmid standard containing the unique gene (Fno
FSC 771-hypothetical protein gene) previously described [32], using
primers listed in Table 1, following the published qPCR protocol [22].
All samples were run in triplicate. After the run, analysis was performed
using the default calculation of the threshold fluorescence (Ct value).

2.10. Statistical analysis

Data processing was performed using Microsoft Excel 2013, while
GraphPad prism version 7 (GraphPad software Inc., San Diego, CA,
USA) was used to conduct pairwise Kaplan-Meier survival analyses [33]
with subsequent Mantel-Cox log-rank tests applied to the mortality data
to calculate the survival probabilities and to compare the survival dis-
tributions of fish in each experimental group. One-way ANOVA with a
Tukey post hoc test was performed to analyse the differences in optical
density (ODy4s0) values representing antibody responses in serum sam-
ples and Fno load between the different treatments (vaccinated, ad-
juvant-alone and PBS control groups). In all cases a p-value of < 0.05
was considered significant. The expression of the target genes in both
vaccinated and adjuvant-alone injected fish samples was considered
significantly different from that of the control samples when a p-value
of < 0.05 was obtained.

3. Results
3.1. Screening of tilapia for vaccination

Tilapia tissues sampled prior to the experiment were negative for
Fno when screened by bacteriology and PCR (Figure S1).

3.2. Vaccine efficacy

Mortalities started between 6 and 8 days post-challenge (dpc) in the
vaccinated groups and between 3 and 4 dpc in the adjuvant-alone and
PBS groups (Fig. 2). The non-vaccinated fish had the lowest level of
survival at 15 dpc with the three different Fno isolates. Fish injected
with the adjuvant-alone had higher survival rates compared to fish
injected with PBS, however these differences were not significant
(p > 0.05). The vaccinated fish demonstrated significantly higher le-
vels of survival (p < 0.001) than both the adjuvant-alone and the PBS
injected groups post-challenge with the different Fno isolates (Table 3).
The RPS values obtained in the vaccinated fish were 82.3%, 69.8% and
65.9%, while the adjuvant-alone group had RPS values of 15.6%, 20.9%
and 18.2% post-challenge with Fno 1, Fno 2 and Fno 3 isolates, re-
spectively. No significant differences (p < 0.05) were observed in level
of survival obtained with the homologous isolate (Fno 1) compared to
the heterologous isolates (Fno 2 and 3 isolates) in the adjuvant-alone or
PBS-injected groups. In the vaccinated group, however, fish challenged
with the homologous isolate displayed significantly higher survival
(p < 0.05) than fish challenged with the heterologous isolates, which
were not significantly different to each other (p > 0.05) (Fig. 3).

Signs of Fno infection were clearly evident upon necropsy of recent
mortalities and moribund fish, including ascites, enlargement of the
spleen and head kidney with the presence of creamy nodules on these
tissues (Fig. 3). In all cases, signs of Fno infection were more extensive
in the survivor fish from the non-vaccinated challenged groups (i.e.
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Fig. 2. Kaplan-Meier (Log-rank Mantel Cox) representation of cumulative survival of tilapia fingerlings 15 dpc with 10° CFU/mL of Fno 1, Fno 2 and Fno 3. Each curve
represents the average results of two parallel tanks holding 30 fish/tank/challenge group. The non-vaccinated, non-challenged curve represents data from 1 tank with

20 fish. Groups that do not letters are significantly different (p < 0.05).

adjuvant-alone or PBS control challenged fish) compared to their re-
spective vaccinated one, where fish in the former groups showed higher
number of nodules on both head and trunk kidneys and spleens in
addition to several adhesions in visceral organs. Moreover, the different
Fno isolates used for the challenge experiment induced a constant
clinical picture of the disease in all challenged fish in the different
treatments. Detection of Fno in spleen of moribund fish from the dif-
ferent challenge groups was confirmed by bacteriology (Figure S2) and
conventional PCR (Figure S3).

3.3. Specific antibody (IgM) response post-vaccination and challenge

Vaccinated fish had significantly higher levels of specific antibody
(IgM) (ODg4sp at 1:500 dilution) in their serum at 840 dd than the ad-
juvant or PBS injected fish as measured by ELISA. No specific antibody
response was detected in fish prior to vaccination. Analysis of serum
IgM levels post-challenge with the three different Fno isolates (15 dpc)
indicate that the vaccinated fish had significantly higher levels of

Table 3

antibody against Fno (p < 0.05) compared to the adjuvant and PBS
injected fish (Fig. 4). In addition, the serum IgM level in the Fno 1
challenged fish was significantly higher (p < 0.05) than that of fish
challenged with Fno 2 or Fno 3 isolates.

3.4. Immunoblotting

The Fno isolates from the three geographical regions showed a si-
milar profile when subjected to 1D SDS-PAGE (Fig. 5A). Coomassie Blue
and Silver staining revealed a conserved abundant protein band be-
tween 20 and 37 kDa. This band was strongly antigenic in different Fno
isolates when serum sampled from the vaccinated fish 30 dpv was used
(Fig. 5A). The intensity of the immunoreactive region varied between
the different antigen used, where the UK antigen (homologous or vac-
cine isolate) showed higher intensity than the other heterologous an-
tigens. No immunoreactivity was observed with serum sampled at day
zero (Dg) or with serum from the adjuvant or PBS injected fish sampled
at 30 dpv. The same immunoreactive band (i.e. 20-37 kDa) was also

Accumulated mortality in the different groups of fish after challenge (Average mortality % = SD of 2 parallel tanks holding 30 fish/tank/challenge group).

Fno isolate Cumulative mortality in vaccinated fish (n = 60)

Cumulative mortality in adjuvant-alone fish (n = 60)

Cumulative mortality in PBS control fish (n = 60)

Fno 1 13.3% ( = 0.49) 63.3% ( + 1.33)
Fno 2 25% (= 0.82) 60% ( + 1.68)
Fno 3 21.7% ( + 0.56) 56.7% ( = 1.5)

75% (= 1.8)
73.3% (= 1.26)
71.7% (= 1.74)

n: number of fish per challenge group.
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Fig. 3. Clinical signs of francisellosis in moribund (A) and recently dead (B) tilapia after heterologous i.p. challenge with three Fno isolates. (A) Ascites (dashed
arrow); (B) enlargement of spleen (SP) and head kidney (HK) with appearance of white nodules on their surfaces.
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Fig. 4. Specific antibody response of tilapia fol-
lowing i.p. injection of vaccine, adjuvant-alone or
PBS at 30 dpv (840 dd) and 15 dpc with multiple Fno
isolates. Each bar represents the average serum IgM
at ODyso of 10 fish/ treatment. [I] sera from fish
before vaccination, [II] sera from fish 30 dpv, [III]
sera from fish 15 dpc. The dashed line represents the
cut-off (3X the average absorbance of the negative
control (PBS)). Groups that do not share letters are
significantly different (P < 0.05). dpv: days-post
vaccination, dpc: days-post challenge.

observed with the vaccine isolate antigen (i.e. Fno 1) when blotted with
serum from fish surviving the challenge with the different Fno isolates
(Fig. 5B).

3.5. Analysis of immune gene expression by RT-qPCR

The relative expression of IgM, IL-1f, TNF-a and MHCII in tilapia
RNA samples was first normalised against S-actin and EF-1a. The re-
lative fold change in expression of these genes in RNA samples ex-
tracted from spleen of vaccinated and adjuvant-alone tilapia compared
to the PBS injected fish is summarised in Table 4. At 6 hpv, there was a
significant up-regulation of IL-1f in both vaccinated and adjuvant-alone
groups with significantly higher expression in the vaccinated group
(p < 0.001) than in the adjuvant-alone group (p < 0.01). A significant
up-regulation of TNF-a (p < 0.001) and MHCII (p < 0.01) was ob-
served in the vaccinated group only at 6 hpv. At 24 hpv, a significantly
higher expression of TNF-a and MHCII was observed in vaccinated fish
(p < 0.001) compared to the adjuvant-alone and PBS-control fish
(p < 0.01 and p < 0.05, respectively). Furthermore, MHCII was sig-
nificantly down-regulated in the adjuvant-alone group (p < 0.01). At
72 hpv, a significant up-regulation of IgM, IL-1B, TNF-a and MHCII
(p < 0.01) was observed in vaccinated tilapia spleen samples
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accompanied with significant down-regulation of MHCII (p < 0.01) in
the adjuvant-alone group.

3.6. Fno load in surviving fish post-challenge

Quantification of the bacterial burden (copies/ pL) in the spleen
samples from the different fish treatments showed significantly higher
Fno loads (p < 0.05) in the PBS control and adjuvant-alone groups
compared to the vaccinated group after challenge with the different Fno
isolates, respectively (Fig. 6).

4. Discussion

Following the emergence of piscine francisellosis outbreaks world-
wide, high mortality and serious economic losses have been reported in
farm-raised tilapia due Fno infections. Efforts to develop potent, safe,
cost-effective vaccines against Fno have therefore become a priority for
the tilapia industry. The vaccine tested in this study conferred sig-
nificant protection to tilapia (~15g) challenged with either homo-
logous, or heterologous Fno isolates, compared to fish injected with
adjuvant-alone or mock vaccinated with PBS. The results obtained are
in agreement with a previous study using the same vaccine [16], which
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Fig. 5. SDS-PAGE and Western blot analysis
of whole cell lysates of  Fno.
Immunoreactivity of serum of vaccinated,
adjuvant-alone and control tilapia 30 dpv
against homologous and heterologous Fno
isolates (A) and immunoreactivity of serum
of survivor tilapia 15 dpc with the different
Fno isolates in vaccinated, adjuvant-alone
and control groups against Fno 1 (vaccine
isolate) (B). Immunoreactive band on the
blots is marked by black arrows and its
corresponding protein band on the re-
ference gels is marked by brackets. Al: 1D
reference SDS PAGE gel stained with silver
stain; M: marker; 1: Fno 1 isolate; 2: Fno 2
isolate; 3: Fno 3 isolate. A2: 1D reference
SDS PAGE stained with Coomassie blue
stain; 1: Fno 1 isolate; 2: Fno 2 isolate; 3: Fno
3 isolate. A3: 1D western blot showing the
antigenic band observed using sera from
PBS control (a); adjuvant-alone (b) and
vaccinated tilapia (c) against whole cells
lysate of Fno 1 (Lanes 1,4,7); Fno 2 (Lanes
2,5,8); Fno 3 (Lanes 3,6,9). d: western blot
control sera; 10: positive control serum; 11:
negative control serum; 12: TBS (Tris-buffer
saline) (internal control). B1: 1D reference
SDS PAGE stained with silver stain. M:
marker; 1: Fno 1 isolate. B2: 1D reference
SDS PAGE stained with Coomassie blue
stain; 1: Fno 1 isolate. B3: 1D western blot
showing the immunoreactive band of the
vaccine isolate (Fno 1) following blotting
with sera from different challenge groups
15 dpc. e: sera from fish challenged with
Fno 1 isolate in vaccinated group (Lane 1);
adjuvant-only group (Lane 2); PBS control
group (Lane 3); f: sera from fish challenged
with Fno 2 isolate in vaccinated group (Lane
4); adjuvant-alone group (Lane 5); PBS
control group (Lane 6); g: sera from fish
challenged with Fno 3 isolate in vaccinated
group (Lane 7); adjuvant-alone group (Lane
8); PBS control group (Lane 9). d: western
blot control sera. 10: positive control serum;
11: negative control serum; 12: day zero
serum; 13: TBS. (For interpretation of the
references to colour in this figure legend,
the reader is referred to the Web version of
this article.)

Relative expression of pro-inflammatory and immune related genes in spleen samples of vaccinated and adjuvant injected tilapia at 6 h, 24 h and 72 h post vacci-
nation (hpv) compared to the non-vaccinated control group.

Gene Treatment 6 hpv 24 hpv 72 hpv
Expression SE Expression SE Expression SE
IgM Vaccinated 2.306 0.261-22.013 3.077 1.248-7.406 4.956 11 2.384-11.362
Adjuvant-alone 1.443 0.403-4.624 2.800 0.694-14.70 0.777 0.274-3.188
IL-18 Vaccinated 7.884 111 3.685-12.028 5.811 111 1.911-11.435 4.977 11 3.319-9.852
Adjuvant-alone 5.761 11 1.728-37.970 4.404 11 1.713-11.199 4.269 1 0.951-28.387
TNF-a Vaccinated 2.467 M1 1.949-3.108 2.991 111 2.164-3.998 4.539 11 2.543-12.118
Adjuvant-alone 1.188 0.876-1.659 1.473 1 1.112-2.199 1.692 0.895-4.483
MHCI Vaccinated 3.409 11 1.854-4.927 4.190 11 2.048-7.672 4.506 11 2.815-6.063
Adjuvant-alone 0.770 0.414-1.428 0.627 || 0.435-0.861 0.395 || 0.267-0.587

(tor|), (11 or ||) and (111 or |||) indicates significant up or down regulation relative to controls at (p < 0.05), (p < 0.01) and (p < 0.001), respectively.
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Fig. 6. Fno load (Log;o of mean copies/uL + SD) quantified by qPCR in spleen of survivors after i.p. challenge with Fno 1, 2 and 3 isolates in the different treatment
groups. Each bar represents average of Fno load of 10 spleen samples/treatment. Groups that do not share letters are significantly different (p < 0.05).

induced significant protection in tilapia, demonstrated by a RPS value
of 100% compared to 46.6% in the adjuvant-alone group post-challenge
with the homologous Fno isolate. Furthermore, the RPS values obtained
for vaccinated tilapia in this study were similar to those reported in
tilapia vaccinated with a live-attenuated Fno vaccine after immersion
challenge using a self-genotype Fno isolate that resulted in RPS of
68.8%-87.5% [15]. Interestingly, the survival rates in the current study
were higher than those obtained in zebrafish, Danio rerio, i.p. im-
munised with an Fno-outer membrane vesicle (OMVs)-derived vaccine
and i.p. challenged with the same Fno vaccine isolate [34]. This sug-
gests a weaker stimulation of the zebrafish immune system by OMVs
compared to the adjuvanted whole cell vaccine used in the current
study, although differences in susceptibility between tilapia and zeb-
rafish to Fno may account for this variation.

The difference in the level of protection against the homologous
isolate (i.e. Fno 1 isolate) obtained in the current study (RPS 82.3%)
and the previous study [16] (RPS 100%) may be attributed to differ-
ences in the genetic make-up and susceptibility of the fish used. Wild
type Nile tilapia obtained from a commercial farm were used in the
present study and therefore would have been exposed to stressors
commonly associated with the farm environment, while hybrid red ti-
lapia raised in an in-house aquatic research facility were used for the
previous vaccine study [16]. Differences in bacterial inoculum were
also used in the experimental challenge between the two experiments.
A bacterial dose of 10° CFU/fish induced ~70% mortality in control
fish in the current study, while 10® CFU/fish and 10° CFU/fish resulted
in the same level of mortality in Nile tilapia and zebrafish, respectively
[16,34], which may have influenced the RPS values obtained in the
different studies. A higher level of protection is frequently obtained
with live attenuated vaccines due to the induction of both a strong cell
mediated immunity and humoral immunity [14]. The inactivated Fno
bacterin used in our study not only appears to confer comparable
protection to a live attenuated vaccine [15], but also it removes con-
cerns relating to potential reversion to virulence and release of the live
genetically modified organisms into the environment, a potential
complication associated with live attenuated vaccines [35].

It is of note that, the vaccine studied here stimulated a strong

224

humoral immune response in the vaccinated fish, however, more stu-
dies are required to investigate the effect of this vaccine on cellular-
mediated immunity. Generally, bacterial vaccines in fish aim to trigger
a specific antibody response that provide protection against subsequent
infections [36]. The antibody response post-vaccination is a widely
used parameter to examine vaccine efficacy in fish and other higher
vertebrates when correlating with protection [35,37,38]. In the current
study, a strong correlation between specific antibody production and
the level of protection was observed. At 30 dpv, a relatively weak an-
tibody response was observed in vaccinates, although it was sig-
nificantly higher (p < 0.05) than in both adjuvant-alone and PBS
control group fish. This corroborates previous results with this vaccine
[16], this was, however, in contrast to weak mucosal or serum antibody
responses obtained with the live attenuated Fno vaccine administered to
tilapia by immersion or the OMVs-derived Fno injectable vaccine trialed
in zebrafish [15,34]. In the present study, elevated levels of specific
serum IgM were measured in all treatment groups at 15 dpc, when fish
were challenged with the different Fno isolates, with significantly
higher IgM values in the vaccinated fish. Furthermore, significantly
higher Fno specific IgM levels were detected in the fish challenged with
a homologous isolate (Fno 1), which correlated with significantly higher
survival in this group compared to the fish challenged with the het-
erologous Fno isolates (Fno 2 and 3). It is not surprising to get a higher
level of protection in fish challenged with a homologous isolate as they
are likely to elicit a stronger immune response than fish challenged with
heterologous isolates.

The protective mechanism of immunity against piscine francisellosis
is yet to be determined. The correlation found between the survival of
vaccinated fish and antibody levels in serum or mucus post-challenge in
tilapia [15], zebrafish [34] and Atlantic cod [39] highlights the im-
portance of antibody-mediated immunity in protection against Franci-
sella infection in fish. This was also observed here in response to the
current vaccine. Moreover, the specific antibody produced in response
to vaccination/or infection with the majority of Gram-negative bacteria
act synergistically with the complement system leading to a direct
bactericidal effect on the invading bacteria or can assist phagocytic cells
activity, mainly facilitated via Fc receptor bearing macrophage-like



K. Shahin, et al.

cells and NK cells to destroy the engulfed bacterial cells including in-
tracellular bacteria [15]. This was previously demonstrated by the
ability of antibodies in the serum of tilapia immunised with a live at-
tenuated Fno vaccine to co-stimulate phagocytosis of Fno by head
kidney derived macrophages (HKDM), which was hampered by either
heat inactivated or naive serum [15].

The antigenicity of the vaccine master seed may be a major factor in
the efficacy of the vaccine against heterologous bacterial isolates [40].
Immunoblotting in the present study showed cross reaction between
Fno isolates with sera obtained from vaccinated tilapia and also be-
tween the vaccine isolate (i.e. Fno 1) and tilapia serum post-challenge
with either the homologous or heterologous Fno isolates. Taken to-
gether with the induced high survival rates (i.e. RPS), the cross-pro-
tection ability of the developed vaccine against challenge with multiple
Fno isolates was highlighted. Further studies using other geographically
distinct Fno isolates will give us more insights into the efficacy, and in
particular, establishment of the cross-protective nature of the devel-
oped vaccine. Future work may also include development and efficacy
testing of bivalent or polyvalent Fno vaccines.

A significant up-regulation of IgM transcription was noted in the
spleen of immunised tilapia at 72 hpv. This indicates that activation of
B cells in response to vaccination is correlated with the increased serum
IgM detected 30 dpv. Our results are consistent with the findings of an
earlier study [34], where the authors reported an up-regulation of IgM
at 7 dpv that was maintained to 21 dpv following i.p. immunisation of
zebrafish with Fno-derived OMVs. There is lack of information re-
garding the role of cellular immunity against piscine francisellosis and
most of our understanding is based on results from vaccine experiments
with Francisella tularensis. It was reported that F. tularensis has the
ability to trigger T-cell mediated immune responses, mainly antigen-
specific IFN-y responses [41,42] and a strong cell-mediated immune
response has also been suggested to prevent Francisella spp. infection in
other vertebrates [43,44]. In a recent study [34], a significant up-reg-
ulation of IFN-y-1 transcription in zebrafish 24 h post-immunisation
with Fno-derived OMVs was reported that remained up-regulated until
21 dpv. These authors suggested that IFN-y prevents Fno from escaping
from the zebrafish phagosomes containing Fno cells post-infection.
Also, IL-12 and IL-17 appears to drive a strong T-cell proliferation in
Atlantic cod challenged with F. noatunensis subsp. noatunensis (Fnmn)
[45]. In the current study, the transcription of MHCII was significantly
up-regulated in the spleen of vaccinated fish 6 hpv and at 24-72 hpv,
where a 4.5-fold change was detected, while a significant down-reg-
ulation was observed in the adjuvant alone group. This suggests suc-
cessful recognition of Fno cells in the vaccinated fish and presentation
of the antigen by antigen presenting cells (APCs), which is a key event
in triggering of a subsequent adaptive immune response [14].

The rapid activation of pro-inflammatory cytokines in response to
the vaccine in the current study was evidenced by an early (6 hpv)
significant up-regulation of IL-1f and TNF-a, which are produced pri-
marily by activated macrophages in the spleen of the fish [46]. IL-1f is
mainly involved in lymphocyte activation, leukocyte migration, pha-
gocytosis and diverse bactericidal activities [47]. These findings agree
with a previous study, where a significantly higher IL-1f expression was
detected in kidney cells of adult zebra fish vaccinated with Fno-derived
OMVs at 1 dpv compared to control fish [34]. Moreover, IL-1f ex-
pression was up-regulated in the splenic cells of Nile tilapia 24-96 hpc
with Fno [48]. TNF-a is a well-known pro-inflammatory cytokine, as-
sociated with the killing of infected cells, inhibiting intracellular pa-
thogen replication, apoptosis, up-regulating the transcription of various
immune-related genes and recruiting leukocytes to the site of in-
flammation [48]. In contrast to the significant up-regulation of TNF-a
transcription 6 hpv observed in the current study, down-regulation of
this cytokine was noted in the head kidney of zebrafish vaccinated with
Fno-derived OMVs 1-21 dpv [34]. While challenge with Fno success-
fully induced up-regulation of TNF-a 6-96 hpc in tilapia and 24 hpc and
48 hpc in adults and larval zebrafish, respectively [34,48,49]. This

Fish and Shellfish Immunology 89 (2019) 217-227

suggests that whole cell Fno antigens, not found in the OMVs, may in-
duced TNF-a stimulation by splenic leukocytes. Despite up-regulation of
these cytokines in the adjuvant injected group, the fold change of their
transcription was lower and of shorter duration than that obtained with
the vaccine at 6, 24 and 72 hpv. Notably, up-regulation of TNF-a started
earlier at 6 hpv in the spleen of vaccinated fish rather than in those
receiving the adjuvant alone (24 hpv), implying that the response was
induced by antigen and not a non-specific induction by the adjuvant.
This result is supported by antibody responses detected by ELISA and
western blot analyses in this study, and other studies [39], where the
anti-Fno IgM in the sera of adjuvant-alone treated fish pre-challenge was
significantly lower in the ELISA and showed no recognition of specific
protein bands in western blotting.

Analysis of the bacterial burden in the vaccinated fish showed they
did become infected, albeit with significantly lower bacterial loads than
the adjuvant-alone and PBS control fish 15 dpc. Thus, the protection
provided by the developed vaccine may be associated with the ability to
enhance clearance and limit dissemination of the infection. This sup-
ports the application of using bacterial load quantification as a measure
of vaccine efficacy against Fno. Future histological studies investigating
the inflammatory and tissue-associated damage post-challenge between
vaccinated and control tilapia would allow greater insights into the
protection mechanisms of the developed vaccine at the tissue level.

5. Conclusions

The current study represents the first report of a protective oil-based
adjuvanted inactivated injectable vaccine against multiple isolates of
Fno from diverse geographical origins for Nile tilapia following injec-
tion immunisation and injection challenge. The significantly higher RPS
in the vaccinated fish was correlated with significantly higher specific
antibody responses, lower bacterial burden and greater expression of
IgM, IL-1B, TNF-a and MHCII transcripts 72 hpv in comparison to the
adjuvant alone or PBS control fish. This highlights the importance of
antibody-mediated immune responses in the control of Fno infection in
tilapia. In addition, the potential of the current vaccine to cross protect
against different isolates of Fno was highlighted by immunoblotting.
Taking into account the relatively short production cycle of tilapia in
most of the tropical countries (6-9 months), a desirable vaccine must
induce a significant long-term protection against Fno. Thus, future work
will investigate the duration of protection induced by the developed
vaccine, and efficacy testing against more Fno isolates under field
conditions. In conclusion, the whole-cell inactivated vaccine described
in the present study may provide a starting point for developing a
broad-spectrum highly protective vaccine against Fno outbreaks in ti-
lapia.

Authors contributions

Conceptualization, K.S., A.S., K.T., R.H., M.M., J.R.P., S.M. and A.A,;
methodology, K.S.; software, K.S.; validation, K.S., S.M.; formal ana-
lysis, K.S.; investigation, K.S.; resources, K.S., K.T. and J.R.P.; data
curation, K.S.; writing—original draft preparation, K.S.; writing—re-
view and editing, K.S., R.H., S.M., J.R.P.,, M.M,, A.S., K.T., A A.; vi-
sualization, K.S.; supervision, K.T., R.H., S.M. and A.A.; project ad-
ministration, M.M., A.S., A.A.; funding acquisition, A.A.

Conflicts of interest
The authors declare no conflict of interest.
Research ethics
All experimental procedures with live fish were carried out in ac-

cordance with the UK animals (Scientific Procedures) Act 1986 and
associated guidelines (EU Directive 2010/63/EU for animal



K. Shahin, et al.

experiments) and were approved by the Animal Welfare and Ethical
Review Body (AWERB) of the Institute of Aquaculture, University of
Stirling, UK and the NRCT regulations in Thailand.

Acknowledgments

We gratefully acknowledge Dr Duncan Colquhoun (Norwegian
Veterinary Institute, Oslo, Norway) for supplying Fno-isolate (NVI-
5409) used in the challenge experiment. We thank Dr Wanna
Sirimanapong (Faculty of Veterinary Sciences, Mahidol University,
Thailand) for her help in supplying the fish used for the experiments.
We also thank Dr Atisara Rangsichol, Ms Nitrada Yameun, Mr Nathan
Atkinson, Mrs Nattawadee Wattanapongchart (Diagnostic Lab., FVGAL,
Chonburi, Thailand), Mr Anuttara Pokharatsiri, Mr Phushit Burana, Ms
Chanoknan Tongmee and Ms Titirat Sumon (Wet lab, FVGAL, Chonburi,
Thailand) for their technical assistance during fish vaccination and
sampling in Thailand. This research was funded by the PhD scholarship
from the Egyptian Ministry of Higher Education and Scientific Research
(MHESR) (Grant Number 1582014) and Benchmark Animal Health
Ltd., UK (Grant Number 0306-064-2325290).

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.fsi.2019.03.071.

References

[1] E. Lewisch, A. Dressler, S. Menanteau-Ledouble, M. Saleh, M. El-Matbouli,
Francisellosis in ornamental African cichlids in Austria, Bull. Eur. Assoc. Fish
Pathol. 34 (2014) 63-70.

[2] E. Soto, J.P. Hawke, Francisella sp., an emergent pathogen of tilapia, Oreochromis

niloticus in Costa Rica, J. Fish Dis. 32 (2009) 713-722 https://doi.org/10.1111/j.

1365-2761.2009.01070.

K.R. Jeffery, D. Stone, S.W. Feist, D.W. Verner-Jeffreys, An outbreak of disease

caused by Francisella sp. in Nile tilapia, Oreochromis niloticus at a recirculation fish

farm in U.K, Dis. Aquat. Org. 91 (2010) 161-165 https://doi.org/10.3354/
dao02260.

C.A.G. Leal, G.C. Tavares, H.C.P. Figueiredo, Outbreaks and genetic diversity of

Francisella noatt is subsp. orientalis isolated from farm-raised Nile tilapia

(Oreochromis niloticus) in Brazil, Genet. Mol. Res. 13 (2014) 5704-5712 https://doi.

org/10.4238/2014.July.25.26.

Q. Lin, N. Li, X. Fu, Q. Hu, O. Chang, L. Liu, D. Zhang, G. Wang, G. San, S. Wu, An

outbreak or granulomatous inflammation associated with Francisella noatunensis

subsp. orientalis in farmed tilapia (Oreochromis niloticus x O. aureus) in China, Chin.

J. Oceanol. Limnol. 34 (2016) 460-466 https://doi.org/10.1007/s00343-016-

4311-2.

V.V. Nguyen, H.T. Dong, S. Senapin, N. Pirarat, C. Rodkhum, Francisella noatunensis

subsp. orientalis, an emerging bacterial pathogen affecting cultured red tilapia

(Oreochromis sp.) in Thailand, Aquacult. Res. 47 (2015) 1-6 https://doi.org/10.

1111/are.12802.

C. Ortega, G. Mancera, R. Enriquez, A. Vargas, S. Martinez, R. Fajardo,

R. Avendano-Herrera, M.J. Navarrete, A. Romero, First identification of Francisella

noatunensis subsp. orientalis causing mortality in Mexican tilapia Oreochromis spp,

Dis. Aquat. Org. 120 (2016) 205-215 https://doi.org/10.3354/dao02999.

E. Soto, S.B. Abrams, F. Revan, Effects of temperature and salt concentration on

Francisella noatunensis subsp. orientalis infections in Nile tilapia Oreochromis nilo-

ticus, Dis. Aquat. Org. 101 (2012) 217-223 https://doi.org/10.3354/dao02533.

E. Soto, A.E. Primus, D.B. Pouder, B.S. George, T.J. Gerlach, S.E. Cassle, T. Johnson,

S. Boyd, T. Handsel, R.P.E. Yanong, Identification of Francisella noatunensis in novel

host species French grunt (Haemulon Flavolineatum) and Caesar grunt (Haemulon

carbonarium), J. Zoo Wildl. Med. 45 (2014) 727-731 https://doi.org/10.1638/
2014-0059R.1.

E. Soto, S. Kidd, P.S. Gaunt, R. Endris, Efficacy of florofenicol for control of mor-

tality associated with Francisella noatunensis subsp. orientalis in Nile tilapia,

Oreochromis niloticus (L.), J. Fish Dis. 4 (2012) 411-418 https://doi.org/10.1111/j.

1365-2761.2012.01425.x.

M.J. Mauel, D.L. Miller, K. Frazier, A.D. Ligget, L. Styer, D.M. Brock, J. Brock,

Characterization of a piscirickettsiosis-like disease in Hawaiian tilapia, Dis. Aquat.

Org. 53 (2003) 249-255 https://doi.org/10.3354/dao053249.

D.J. Colquhoun, S. Duodu, Francisella infection in farmed and wild aquatic organ-

isms, Vet. Res. 42 (2011) 47 https://doi.org/10.1186,/1297-9716-42-47.

M.S. Bruun, A.S. Scmidt, L. Madsen, 1. Dalsgaard, Antimicrobial resistance patterns

in Danish isolates of Flavobacterium psychrophilum, Aquaculture 187 (2000)

201-212 https://doi.org/10.1016/50044-8486(00)00310-0.

A. Barnes, Prevention of disease by vaccination, in: J. Lucas, P. Southgate (Eds.),

Aquaculture: Farming Aquatic Animals and Plants, third ed., Wiley-Blackwell, UK,

[3]

[4]

[5

[}

[6]

[7

—

[8

—

[9

[}

[10]

[11]

[12]

[13]

[14]

226

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Fish and Shellfish Immunology 89 (2019) 217-227

2017, pp. 4-34 ISBN 10: 1119230861.

E. Soto, J. Wiles, P. Elzer, K. Macaluso, J.P. Hawke, Attenuated Francisella asiatica
iglC mutant induces protective immunity to francisellosis in tilapia, Vaccine 29
(2011) 593-598 https://doi.org/10.1016/j.vaccine.2010.06.040.

J. Ramirez-Paredes, The Fish Pathogen Francisella Orientalis: Charactersation and
Vaccine Development, PhD thesis Stirling University, Stirling, UK, 2015https://
dspace.stir.ac.uk/handle/1893/21822# Wk2QbBEiHIU Wk2QbBEiHIU.

H.C.P. Figueiredo, C.A.G. Leal, F.L. Pereira, S.C. Soares, L.A. Gongalves,

F.A. Dorella, A.F. Carvalhoa, V.A.C. Azevedo, Whole-genome sequence of Francisella
noatunensis subsp. orientalis strain FNOO1 isolated from diseased Nile tilapia in
Brazil, Genome 4 (2016) e01603-e01615 https://doi.org/10.1128/genomeA.
01603-15.

L.A. Gongalves, S.D.C. Soares, F.L. Pereira, F.A. Dorella, A.F. Carvalho, G. De,
Magno, C.A.G. Leal, V. Azvedeo, H.C.P. Figueiredo, Complete genome sequences of
Francisella noatunensis subsp. orientalis strains FNO12, FNO24 and FNO 190: a fish
pathogen with genomic clonal behaviour, Stand. Genom. Sci. 11 (2016) 30 https://
doi.org/10.1186/540793-016-0151-0.

J.G. Ramirez-Paredes, K.D. Thompson, M. Metselaar, K. Shahin, E. Soto,

R.H. Richards, D.J. Penman, D.J. Colquhoun, A. Adams, A polyphasic approach for
phenotypic and genetic characterization of the fastidious aquatic pathogen
Francisella noatunensis subsp. orientalis, Front. Microbiol. 8 (2017) 2324 https://doi.
org/10.3389/fmicb.2017.02324.

Shahin K; Watson, E.; Inglis, N.F.; Mclean, K.; Thompson, K.D.; Ramirez-Paredes, J.
G.; Monaghan, S.J.; Metselaar, M.; Hoare, R.; Shinn, A.; Adams, A. Proteomic
analysis and identification of the immunogenic proteins of Francisella noatunensis
subsp. orientalis. Proceedings of the 18" International Conference on Diseases of
Fish and Shellfish, Belfast, Northen Ireland, UK, 4-8 September 2017, Abstract no.
096-0, pp.102.

M. Forsman, G. Sandstrom, A. Sjostedt, Analysis of 16S ribosomal DNA sequences of
Francisella strains and utilization for determination of the phylogeny of the genus
and for identification of strains by PCR, Int. J. Syst. Bacteriol. 44 (1994) 38-46
https://doi.org/10.1099/00207713-44-1-38.

S. Duodu, P. Larsson, A. Sjodin, E. Soto, M. Forsman, D.J. Colquhoun, Real-time
PCR assays targeting unique DNA sequences of fish-pathogenic Francisella noatu-
nensis subspecies noatunensis and orientalis, Dis. Aquat. Org. 101 (2012) 225-234
https://doi.org/10.3354/dao02514.

M. Liu, J.L. Pan, H.F. Ji, B.S. Zhao, S.C. Zhang, Vitellogenin mediates phagocytosis
through interaction with FcyR, Mol. Immunol. 49 (2011) 211-218 https://doi.org/
10.1016/j.molimm.2011.08.011.

E. Wang, K. Wang, D. Chen, J. Wang, Y. He, B. Long, L. Yang, Q. Yang, Y. Geng,
X. Huang, P. Ouyang, W. Lai, Evaluation and selection of appropriate reference
genes for real-time quantitative PCR analysis of gene expression in Nile Tilapia
(Oreochromis niloticus) during vaccination and infection, Int. J. Mol. Sci. 16 (2015)
9998-10015 https://doi.org/10.3390/ijms16059998.

C.J. Pang, F.Y. Gao, M.X. Lu, Y. Xing, H.P. Zhu, X.L. Ke, Major-histocompatibility
complex class IIA and IIB genes of Nile tilapia Oreochromis niloticus: genomic
structure, molecular polymorphism and expression patterns, Fish Shellfish
Immunol. 34 (2013) 486-496 https://doi.org/10.1016/.fs1.2012.11.048.

C.Y. Chen, G.W. Nace, P.L. Irwin, A 6 x 6 drop plate method for simultaneous
colony counting and MPN enumeration of Campylobacter jejuni, Listeria mono-
cytogenes, and Escherichia coli, J. Microbiol. Methods (2003), https://doi.org/10.
1016/5S0167-7012(03)00194-5.

D.F. Amend, Potency testing of fish vaccines, Dev. Biol. Stand. 49 (1981) 447-454.
K. Shahin, K.D. Thompson, N.F. Inglis, K. Mclean, J.G. Ramirez-Paredes,

S.J. Monaghan, R. Hoare, M. Fontaine, M. Metselaar, S. Adams, Characterisation of
the outer membrane proteome of Francisella noatunensis subsp. orientalis, J. Appl.
Microbiol. 125 (2018) 686-699 http://doi.org/10.1111/jam.13918.

K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real-
time qualitative PCR and the 2 —AACT method, Methods 25 (2001) 402-408
https://doi.org/10.1006/meth.2001.1262.

M.W. Pfaffl, G.W. Horgan, L. Dempfle, Relative expression software tool (REST©)
for group-wise comparison and statistical analysis of relative expression results in
real-time PCR, Nucleic Acids Res. 30 (2002) e.36. PMID: 11972351.

NCBI Blast sequence analyser, https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_
TYPE =BlastSearch (Accessed on 28™ January 2018).

K. Shahin, J.G. Ramirez-Paredes, G. Harold, B. Lopez-Jimena, A. Adams,

M. Weidmann, Development of a recombinase polymerase amplification assay for
rapid detection of Francisella noatunensis subsp. orientalis, PLoS One 13 (2018)
€0192979https://doi.org/10.1371/journal.pone.0192979.

E.L. Kaplan, P. Meier, Nonparametric-estimation from incomplete observations, J.
Am. Stat. Assoc. 53 (1958) 457-481 https://doi.org/10.2307/2281868.

L. Lagos, J.I. Tandberg, U. Repnik, P. Boysen, E. Ropstad, D. Varkey, I. Paulsen,
H.C. Winther-Larsena, Characterization and vaccine potential of membrane vesicles
produced by Francisella noatunensis subsp. orientalis in an adult zebrafish model,
Clin. Vaccine Immunol. 24 (2017) e00557-16https://doi.org/10.1128/CVI.
00557-16.

H.M. Munang’andu, J. Paul, @. Evensen, An overview of vaccination strategies and
antigen delivery systems for Streptococcus agalactiae vaccines in Nile tilapia
(Oreochromis niloticus), Vaccines 4 (2016) 48 https://doi.org/10.3390/
vaccines4040048.

B.R. LaFrentz, S.E. LaPatra, G.R. Jones, J.L. Congleton, B. Sun, K.D. Cain,
Characterisation of serum and mucosal antibody responses and relative percent
survival in rainbow trout (Oncorhynchus mykiss) following immunization and
challenge with Flavobacterium psychrophilum, J. Fish Dis. 25 (2002) 703-713
https://doi.org/10.1046/j.1365-2761.2002.00424.x.

S.A. Plotkin, Correlates of vaccine-induced immunity, Clin. Infect. Dis. 47 (2008)


https://doi.org/10.1016/j.fsi.2019.03.071
https://doi.org/10.1016/j.fsi.2019.03.071
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref1
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref1
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref1
https://doi.org/10.1111/j.1365-2761.2009.01070
https://doi.org/10.1111/j.1365-2761.2009.01070
https://doi.org/10.3354/dao02260
https://doi.org/10.3354/dao02260
https://doi.org/10.4238/2014.July.25.26
https://doi.org/10.4238/2014.July.25.26
https://doi.org/10.1007/s00343-016-4311-2
https://doi.org/10.1007/s00343-016-4311-2
https://doi.org/10.1111/are.12802
https://doi.org/10.1111/are.12802
https://doi.org/10.3354/dao02999
https://doi.org/10.3354/dao02533
https://doi.org/10.1638/2014-0059R.1
https://doi.org/10.1638/2014-0059R.1
https://doi.org/10.1111/j.1365-2761.2012.01425.x
https://doi.org/10.1111/j.1365-2761.2012.01425.x
https://doi.org/10.3354/dao053249
https://doi.org/10.1186/1297-9716-42-47
https://doi.org/10.1016/S0044-8486(00)00310-0
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref14
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref14
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref14
https://doi.org/10.1016/j.vaccine.2010.06.040
https://dspace.stir.ac.uk/handle/1893/21822#.Wk2QbBEiHIU
https://dspace.stir.ac.uk/handle/1893/21822#.Wk2QbBEiHIU
https://doi.org/10.1128/genomeA.01603-15
https://doi.org/10.1128/genomeA.01603-15
https://doi.org/10.1186/s40793-016-0151-0
https://doi.org/10.1186/s40793-016-0151-0
https://doi.org/10.3389/fmicb.2017.02324
https://doi.org/10.3389/fmicb.2017.02324
https://doi.org/10.1099/00207713-44-1-38
https://doi.org/10.3354/dao02514
https://doi.org/10.1016/j.molimm.2011.08.011
https://doi.org/10.1016/j.molimm.2011.08.011
https://doi.org/10.3390/ijms16059998
https://doi.org/10.1016/j.fsi.2012.11.048
https://doi.org/10.1016/S0167-7012(03)00194-5
https://doi.org/10.1016/S0167-7012(03)00194-5
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref27
http://doi.org/10.1111/jam.13918
https://doi.org/10.1006/meth.2001.1262
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref30
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref30
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref30
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch
https://doi.org/10.1371/journal.pone.0192979
https://doi.org/10.2307/2281868
https://doi.org/10.1128/CVI.00557-16
https://doi.org/10.1128/CVI.00557-16
https://doi.org/10.3390/vaccines4040048
https://doi.org/10.3390/vaccines4040048
https://doi.org/10.1046/j.1365-2761.2002.00424.x

K. Shahin, et al.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

401-409 https://doi.org/10.1086/589862.

S.A. Plotkin, Correlates of protection induced by vaccination, Clin. Vaccine
Immunol. 17 (2010) 1055-1065 https://doi.org/10.1128/CV1.00131-10.

M.B. Schrgder, T. Ellingsen, H. Mikkelsen, E.A. Norderhus, V. Lund, Comparison of
antibody responses in Atlantic cod (Gadus morhua L.) to Vibrio anguillarum,
Aeromonas salmonicida and Francisella sp, Fish Shellfish Immunol. 27 (2009)
112-119 https://doi.org/10.1016/j.fsi.2008.11.016.

L.G. Pretto-Giordano, E.E. Miiller, P. Klesius, V. Gomes da Silva, Efficacy of an
experimental inactivated Streptococcus agalactiae vaccine in Nile tilapia
(Oreochromis niloticus) reared in Brazil, Aquacult. Res. 41 (2010) 1539-1544
https://doi.org/10.1111/§.1365-2109.2009.02449.x.

J.F. Huntely, P.G. Conley, D.A. Rasko, K.E. Hagman, M.A. Apicella, M.V. Norgard,
Native outer membrane proteins protect mice against pulmonary challenge with
virulent type A Francisella tularensis, Infect. Immun. 76 (2008) 3664-3671 https://
doi.org/10.1128/IA1.00374-08.

Y. Cong, J.J. Yu, M.N. Guentzel, M.T. Berton, J. Seshu, K.E. Klose,

P.B. Arulanandam, Vaccination with a defined Francisella tularensis subsp. novicida
pathogenicity island mutant (Delta iglB) induces protective immunity against
homotypic and heterotypic challenge, Vaccine 27 (2009) 5554-5561 https://doi.
org/10.1016/j.vaccine.2009.07.034.

G.S. Kirimanjeswara, S. Olmos, C.S. Bakshi, D.W. Metzger, Humoral and cell-
mediated immunity to the intracellular pathogen Francisella tularensis, Immunol.
Rev. 225 (2008) 244-255 https://doi.org/10.1111/j.1600-065X.2008.00689.x.
A.Y. Chou, N.J. Kennett, E.B. Nix, C.L. Schmerk, F.E. Nano, K.L. Elkins, Generation

[45]

[46]

[47]

[48]

[49]

Fish and Shellfish Immunology 89 (2019) 217-227

of protection against Francisella novicida in mice depends on the pathogenicity
protein PdpA, but not PdpC or PdpD, Microb. Infect. 15 (2013) 816-827 https://
doi.org/10.1016/j.micinf.2013.07.005.

K.R. Bakkemo, H. Mikkelsen, M. Bordevik, J. Torgersen, H.C. Winther-Larsen,

C. Vanberg, R. Olsen, L.H. Johansen, M. Seppola, Intracellular localisation and in-
nate immune responses following Francisella noatunensis infection of Atlantic cod
(Gadus morhua) macrophages, Fish Shellfish Immunol. 31 (2011) 993-1004 https://
doi.org/10.1016/j.si.2011.08.020.

L. Zhu, L. Nie, G. Zhu, L. Xiang, J. Shao, Advances in research of fish immune-
relevant genes: a comparative overview of innate and adaptive immunity in tele-
osts, Dev. Comp. Immunol. 39 (2013) 39-62 https://doi.org/10.1016/j.dci.2012.
04.001.

S. Reyes-Cerpa, K. Maisey, F. Reyes-Lopez, F. Toro-Ascuy, A.M. Sandino, M. Imarai,
Fish cytokines and immune response, in: H. Tiirker (Ed.), New Advances and
Contributions to Fish Biology [online Book], InTech, Rijeka, Croatia, 978-953-51-
0909-9, 2013, pp. 3-58.

S. Jantrakajorn, J. Wongtavatchai, Francisella infection in cultured tilapia in
Thailand and the inflammatory cytokine response, J. Aquat. Anim. Health 28
(2016) 97-106 https://doi.org/10.1080/08997659.2015.1135198.

E. Brudal, L.S. Ulanova, E.O. Lampe, A.L. Rishovd, G. Griffiths, H.C. Winther-
Larsen, Establishment of three Francisella infections in zebrafish embryos at dif-
ferent temperatures, Infect. Inmun. 82 (2014) 2180-2194 https://doi.org/10.
1128/1A1.00077-14.


https://doi.org/10.1086/589862
https://doi.org/10.1128/CVI.00131-10
https://doi.org/10.1016/j.fsi.2008.11.016
https://doi.org/10.1111/j.1365-2109.2009.02449.x
https://doi.org/10.1128/IAI.00374-08
https://doi.org/10.1128/IAI.00374-08
https://doi.org/10.1016/j.vaccine.2009.07.034
https://doi.org/10.1016/j.vaccine.2009.07.034
https://doi.org/10.1111/j.1600-065X.2008.00689.x
https://doi.org/10.1016/j.micinf.2013.07.005
https://doi.org/10.1016/j.micinf.2013.07.005
https://doi.org/10.1016/j.fsi.2011.08.020
https://doi.org/10.1016/j.fsi.2011.08.020
https://doi.org/10.1016/j.dci.2012.04.001
https://doi.org/10.1016/j.dci.2012.04.001
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref47
http://refhub.elsevier.com/S1050-4648(19)30230-X/sref47
https://doi.org/10.1080/08997659.2015.1135198
https://doi.org/10.1128/IAI.00077-14
https://doi.org/10.1128/IAI.00077-14

	Efficacy of an inactivated whole-cell injection vaccine for nile tilapia, Oreochromis niloticus (L), against multiple isolates of Francisella noatunensis subsp. orientalis from diverse geographical regions
	Introduction
	Materials and methods
	Fish and rearing conditions
	Bacteria and culture conditions
	Fish vaccination and sampling
	Fish challenge and sampling
	Enzyme-linked immunosorbent assay (ELISA)
	Immunoblotting
	RNA isolation and cDNA synthesis
	Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR)
	Quantification of bacterial load in survivor fish by quantitative real-time PCR (qPCR)
	Statistical analysis

	Results
	Screening of tilapia for vaccination
	Vaccine efficacy
	Specific antibody (IgM) response post-vaccination and challenge
	Immunoblotting
	Analysis of immune gene expression by RT-qPCR
	Fno load in surviving fish post-challenge

	Discussion
	Conclusions
	Authors contributions
	Conflicts of interest
	Research ethics
	Acknowledgments
	Supplementary data
	References




