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INTRODUCTION

Norwegian aquaculture introduced Atlantic cod as
a new aquaculture species in the 1980s, but the pro-
duction was not fully developed and sustainable until
the beginning of this century. As with other animals
when concentrated in a confined area over time, dis-
eases erupted. Among the most serious problems is
the granulomatous disease francisellosis, named
after the causative agent, F. noatunensis ssp. noatu -
nensis (Fnn) (Nylund et al. 2006, Olsen et al. 2006a,

Mikalsen et al. 2007). Without research aiming to
solve the disease problems related to francisellosis,
there will be few reasons to revive the collapsed
business of Atlantic cod aquaculture. The main chal-
lenges of francisellosis are the apparently low infec-
tion dose (Ellingsen et al. 2011, Gjessing et al. 2011),
the most commonly chronic disease pattern and the
non-specific external signs of disease, resulting in
high numbers of sick fish at the time of diagnosis
(Colquhoun & Duodu 2011). Treatment of sick fish
with antibiotics is not efficient in eradicating the
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related Francisella noatunensis ssp. orientalis (Fno)
infection (Soto et al. 2010, 2013), nor is it an attractive
option, due to environmental release of the antibiotic
agent. Traditional fish vaccines made of inactivated
bacteria or bacterial antigens mixed with adjuvants
do not protect Atlantic cod against Fnn infections
(Colquhoun & Duodu 2011), despite triggering a sig-
nificant antibody response (Schroder et al. 2009,
Ellingsen et al. 2011). As Francisella spp. are intra-
cellular bacteria that replicate within many different
cell types, including macrophages (Keim et al. 2007,
Birkbeck et al. 2011, Moreau & Mann 2013), the chal-
lenge is to stimulate protective immunity. Experience
from other intracellular bacteria suggest that in addi-
tion to a humoral response commonly triggered by
traditional vaccines, a cellular immune response in -
volvement is necessary for protection. Such a cellular
immune response is commonly best elicited by live
attenuated vaccines (LAV) and in volves effector T
cells that are central in killing infected cells to limit
the infection and are also aided by activated macro-
phages (Titball 2008).

In the genus Francisella, the intracellular growth
locus C (iglC) within the ‘Francisella pathogenicity
island’ (Nano et al. 2004) has attracted much atten-
tion as it is one of the most highly upregulated genes
during intramacrophage infection (Golovliov et al.
1997). IglC is part of the igl operon proposed to be
part of an atypical type VI secretion system (de Bruin
et al. 2007, 2011). The Francisella virulence factor
IglC is crucial for intracellular growth (Golovliov et
al. 2003, Nano & Schmerk 2007) and iglC deletion
mutants (ΔiglC) are attenuated in different hosts in -
cluding Nile tilapia (Soto et al. 2009a), mice (Golo -
vliov et al. 2003, Twine et al. 2005) and infection
models such as Drosophila melano gaster (Vonka -
vaara et al. 2008, Santic et al. 2009), Hartmannella
vermiformis (Santic et al. 2011), Acanthamobae cas -
tellanii (Lauriano et al. 2004) and Dictyostelium dis-
coideum (Lampe et al. 2016).

Francisella tularensis sp. iglC mutants have re -
vealed phenotypes such as attenuation of growth in
macrophages (Golovliov et al. 2003, Santic et al.
2005, Bönquist et al. 2008), escape from phagosomes
(Lindgren et al. 2004), and the ability to produce
pathogenic effects both in vitro (Lai et al. 2004, Bön-
quist et al. 2008) and in vivo (Golovliov et al. 2003,
Twine et al. 2005). In Fno ΔiglC, reduced pathogenic-
ity was observed during infection experiments (Soto
et al. 2009a, 2014). Fno ΔiglC could also stimulate a
protective immune response against subsequent
challenge with the wild-type (WT) strain, and passive
transfer of Fno-specific antibodies from ΔiglC vacci-

nated adult tilapia to tilapia fingerlings contributed
to protection against the WT strain (Soto et al. 2011).
The Fnn ΔiglC mutant used in the present study
expressed reduced persistence in a Dictyo stelium
discoideum amoeba infection model and reduced
growth performance in zebrafish em bryos (Lampe et
al. 2016).

Here we investigated the virulence of Fnn ΔiglC in
vitro in head kidney leucocytes extracted from
Atlantic cod Gadus morhua L. We utilized an estab-
lished in vivo adult zebrafish model to study attenua-
tion and conduct an immunization experiment. Cor-
responding studies in Atlantic cod would require
more time and animals due to the chronic and diffuse
disease pattern of Fnn, making vaccines difficult to
assess.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Francisella noatunensis ssp. noatunensis (Fnn)
NCIMB14265T, originally isolated from Atlantic cod
Gadhus morhua L. in Norway, the ΔiglC mutant and
the complemented ΔiglC mutant (iglC+) expressing
IglC in trans were grown as previously described
(Brudal et al. 2013) unless stated otherwise. The con-
struction of Fnn ΔiglC by allelic exchange and the
mutant complementation have been described else-
where (Lampe et al. 2016). Green fluorescent protein
(GFP) Fnn bacteria were grown as previously de -
scribed (Brudal et al. 2014). All bacterial strains used
are listed in Table 1. Primers are listed in Table S1 in
the Supplement at www. int-res. com/ articles/ suppl/
d123 p123 _ supp.pdf.

Carp leucocyte cell line infections

GFP-expressing Fnn and Fnn ΔiglC were pelleted
and resuspended in L-15a (L-15 [Lonza group] sup-
plemented with 2 mM L-glutamin [Lonza group] and
10% FBS). Approximately 1.8 × 108 suspended bac-
teria were added per cm2 of confluent carp leucocyte
cell line (CLC) cells and centrifuged onto the cell
layer at 500 × g, 5 min at room temperature. The cells
rested for at least 20 min before washing to remove
extracellular bacteria. Trypsin-EDTA (0.05%; Invit-
rogen Life Technologies) was added to detach cells,
which were resuspended in L-15a before seeding in
24-well plates with coverslips or NUNC Lab-Tek
wells (Nalge Nunc) for immunofluorescence labeling
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and counting. Alternatively, for the 24 h time point,
the cells were seeded in a 6-well plate, incubated
overnight at 20°C, trypsinized and reseeded in a
24-well plate with coverslips. All samples rested at
least 1 h at room temperature before fixation with
4% paraformaldehyde (PFA) and storage in phos-
phate buffered saline (PBS) (pH 7.4) at 4°C. Prelimi-
nary testing of CLC transcriptional response upon
infection with Fnn strains was tested as described for
cod and zebrafish, but few suitable primers were
identified (see Supplement, ‘Materials and methods’)
and limited the value of this method.

Primary cod leucocyte extractions

Atlantic cod caught in the Oslo fjord were reared at
9°C water temperature in the Animal facility at the
Department of Biological Sciences, University of
Oslo. Cells were extracted from fish of both sexes
ranging from 43.5 to 57.5 cm in length and weighing
an estimated 0.85−1.98 kg, calculated according to
Ulrich et al. (2015). The primary cod leucocytes were
extracted from Atlantic cod head kidney after aseptic
dissection of cod euthanized by a blow to the head
and desanguinated by gill cutting. Incubation me -
dium (L-15+) and cell extraction medium (L-15+ with
100 µg ml−1 gentamicin and 10 U ml−1 heparin) were
prepared according to the protocol described by
Furevik et al. (2011). The following extraction proto-
col was essentially as described (Furevik et al. 2011),
with the exception of nylon filter type (mesh count
70) and an additional gradient centrifugation after
cell pelleting at 200 × g for 10 min at 4°C in the refer-
ence protocol. A total of 3.2−4.2 × 106 cells were
seeded per cm2 in 6- or 24-well plates (Nalge Nunc)

and incubated at 13°C for 4 h before being washed
twice in L-15+ and kept at 13°C overnight in L-15+
with 100 µg ml−1 gentamicin. Ideally, multiple exper-
iments would have been performed in cells from the
same fish, but the cell harvest from each fish was
insufficient for all of the desired analyses. RNA
extraction and immunolabeling with counting was
performed in triplicate from 3 different fish during
winter and a fourth replicate during spring. Experi-
ments from which DNA was extracted were per-
formed in triplicate during midwinter.

Primary cod leucocyte infections

Fnn cells in the exponential phase of growth were
pelleted at 16 000 × g for 10 min and resuspended in
L-15+ without antibiotics. Bacteria were added to cod
leucocytes extracted the previous day with a multi-
plicity of infection of 100. To synchronize the infec-
tion, the plate with cells and bacteria was centrifuged
at 500 × g for 5 min at 4°C before incubation at
13−15°C for 2 h. Cells were washed 5−6 times in
L-15+ to remove extracellular bacteria. For RNA
extraction experiments, 1 ml of cell suspension (OD
0.8) was added per well before washing and subse-
quent incubation until sampling. Cells were tryp -
sinized for 5 min before being scraped off with a cell
scraper. The cell suspension was placed on top of a
cushion made of 3% bovine serum albumin and
4.5% D-glucose (w/v) in PBS and centrifuged at
100 × g for 10 min to remove extracellular bacteria, as
previously de scribed (Vestvik et al. 2013). The super-
natant was removed before cells were resuspended
in L-15+, counted and seeded. Cells for RNA and
genomic DNA extractions were kept at 13°C until
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Strain                                       Subspecies/genotype/plasmid                                                                  Reference

Francisella noatunensis subsp. noatunensis                                                                                           
Fnn WT                                   NCIMB14265T                                                                                            Olsen et al. (2006b)
Fnn gfp                                    pKK289Km::gfp                                                                                          Bakkemo et al. (2011)
Fnn ΔiglC                                iglC deletion mutant constructed by allelic exchange                           Lampe et al. (2016)
                                                without antibiotic resistance marker gene                                          
Fnn ΔiglC gfp                         pKK289Km::gfp                                                                                          Lampe et al. (2016)
Fnn iglC+                                pKK289Km::iglC                                                                                        Lampe et al. (2016)

Plasmids                                                                                                                                                      
pKK289Km::gfp                      pKK289 Francisella replicating plasmid expressing gfp                        Bönquist et al. (2008)
                                                gene from groEL promoter, KmR                                                          
pKK289Km::iglC                    pKK289 expressing iglC from groEL promoter, KmR                              Lampe et al. (2016)

Table 1. Strains and plasmids used in this study. Fnn: Francisella noatunensis ssp. noatunensis; WT: wild type; KmR: 
kanamycin resistant
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sampled at designated time points (hours post-infec-
tion [hpi]). At each time point, 350 µl RNeasy lysis
buffer with β-mercaptoethanol from the RNeasy mini
kit (Qiagen) was added and the suspension was
passed up and down 7 times through a syringe before
transfer to a microcentrifuge tube and storage at
−70°C until RNA or DNA/ RNA extraction.

For immune labeling, ~103−105 cells were seeded
in 24-well plates containing coverslips and samples
were collected at designated time points post- infection.
Immune labeling samples were fixed in 4% PFA for
1 h at room temperature or overnight at 4°C before
immersion in PBS and storage at 4°C.

Immunolabeling of Atlantic cod cells and 
carp leucocyte cells

Fixed cells were permeabilized for 5 min in PBS pH
7.4 containing 0.1% Triton X-100 (Sigma) before
20 min incubation in blocking solution consisting of
5% goat serum and 0.01% Tween 20 (Sigma) in PBS
(pH 7.4). Samples were incubated with α-GFP pri-
mary antibodies (MBL) diluted 1:1000 in washing
buffer (PBS containing 0.01% Tween 20) for 1 h,
washed 3 times in washing buffer and blocked for
15 min. The samples were incubated for 1 h in sec-
ondary antibody solution containing Alexa Fluor 488-
conjugated goat anti-rabbit antibodies (Molecular
Probes) diluted 1:500 in washing buffer, 5 µg ml−1

Alexa Fluor 594 conjugated Wheat Germ Agglutinin
(Molecular Probes) and 5 µg ml−1 4’,6-diamidino-2-
phenylindole (DAPI) either alone or in combination.
Samples were washed 3 times in washing buffer
before being mounted with ProLong Gold antifade
solution (Molecular Probes).

Adult zebrafish rearing

Adult zebrafish (400−600 mg), strain AB WT, were
obtained from the zebrafish facility at the Norwegian
University of Life Sciences, Oslo, Norway. The fish
were acclimatized to 22°C for 1 wk before use. Fish
treatment and water quality were monitored essen-
tially as described elsewhere (Brudal et al. 2015). In
the dose experiment, 50% water volume was re -
placed twice daily after feeding. In the immunization
experiment, 30% water tank volume was replaced
twice daily. The fish were fed live Artemia in the
morning and dry standard zebrafish food (SDS-400,
Scientific fish food) in the afternoon. All zebrafish
experiments were approved by the Norwegian Ani-

mal Research Authority (ap proval no. 2014/306,
FOTS ID 6001), and wastewater was decontaminated
by chlorination and tested for sterility before dis-
posal.

Fnn infection of adult zebrafish

Starter cultures of the bacteria were diluted to the
same OD600 = 0.4 the day prior to injection. The
experimental setup is described in Table 2. The
zebrafish were anesthetized with 100 mg l−1 buffered
tricaine methanesulfonate (MS-222, Sigma-Aldrich),
pH 7, before 15 µl intraperitoneal injections were
performed with a 27 G needle (0.4 × 19 mm) into fish
essentially as described previously (Cosma et al.
2006). Tank water volume was 5 l in the dose experi-
ment and 30 l in the immunization experiment. The
fish were closely monitored, and mortality recorded
twice daily. Moribund and sampled fish were eutha-
nized with 300 mg l−1 MS-222. Dead and euthanized
moribund fish were inspected using a stereomicro-
scope. To estimate the amount of CFU injected,
decadic dilution series were applied to Eugon Choco-
late Agar plates (Brudal et al. 2013) and incubated at
20°C.

For the adult zebrafish dose experiment, Fnn WT
and ΔiglC grown to exponential phase (Furevik et al.
2011) (OD600 = 1.5) were washed twice in PBS before
diluted to make injection doses containing 3 ×
107 CFU (lower dose) or 3 × 109 CFU (high dose). In
the PBS control group, 24 fish were injected, while
the lower dose groups consisted of 15 fish. For high
dose Fnn WT and Fnn ΔiglC, 25 and 23 fish were
injected, respectively. Groups consisted of equal pro-
portions of each gender. Five fish were euthanized at
2 and 14 d post-infection (dpi), whereupon heart,
spleen and kidney were transferred to separate tubes
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Group Immunization Challenge Number
dose dose of fish

Dose-response experiment
PBS control − − 24
Fnn WT lower dose − 3 × 107 15
Fnn WT high dose − 3 × 109 25
Fnn ΔiglC lower dose − 3 × 107 15
Fnn ΔiglC high dose − 3 × 109 23

Vaccination experiment
PBS + infected − 6 × 108 58
Immunized + infected 7 × 106 6 × 108 58

Table 2. Experimental setup for infection and vaccination in
adult zebrafish AB wild type (WT). Fnn: Francisella noa -

tunensis ssp. noatunensis
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with 200 µl of RNAlater (Ambion) and stored at 4°C
awaiting RNA and DNA extraction.

For the adult zebrafish immunization experiment,
the fish were immunized with Fnn ΔiglC at 7 ×
106 CFU and the control group was injected with
PBS. The 2 groups consisted of 58 fish with equal
proportions of each gender. Four weeks (616 degree
days; 28 d at 22°C) after the Fnn ΔiglC immunization,
both groups were challenged with Fnn WT at 6 ×
108 CFU. Four fish per tank were sampled for RNA
extraction 1 d before challenge (dbc) and 1, 3 and 7 d
post-challenge (dpc). Five fish from each group were
sampled for DNA extractions at 7, 14, 21 and 28 dpc.
Tissue sampling for DNA and RNA extraction was
performed as described for the dose experiment. At
28 dpc, 2 fish per group were euthanized and sam-
pled for histological investigation in glass bottles
containing fixing solution (60% methanol, 30%
 chloroform and 10% acetic acid) and stored at 4°C.
Infiltration was facilitated by a small incision in the
caudal abdomen.

Genomic DNA and RNA extraction from 
Atlantic cod cells and zebrafish tissue

For genomic DNA (gDNA) and RNA extractions,
cod samples were processed with the AllPrep
DNA/RNA Mini Kit (Qiagen) or with the RNeasy
Mini Kit (Qiagen) for RNA extractions only. Atlantic
cod samples were homogenized by passage 10 times
through 27 G needles. Cod samples for both RNA
and DNA extraction were centrifuged at ~7200 × g
for 3 min before the supernatant was transferred to
Allprep DNA spin columns and handled according to
manufacturer’s protocol. The gDNA was eluted in
100 µl nuclease-free water. Cod samples for RNA
extraction only were mixed 1:1 with 70% ethanol and
added into RNeasy spin columns, whereupon RNA
was extracted according to the manufacturer’s proto-
col with on-column treatment with RNase free
DNase I (Qiagen). The High Capacity RNA-to-cDNA
Kit (Applied Biosystems) was used for cDNA synthe-
sis from cod RNA.

Zebrafish tissues (except kidneys from the dose
experiment) were placed in Precellys VK-01 tubes
preloaded with 1 ml TRIzol Reagent (Thermo Fisher
Scientific) and homogenized in a Precellys 24 homo -
genizer (Bertin Technologies) by 2 cycles of shaking
at 5800 rpm for 30 s, 20 s resting and 30 s shaking
before 3 min rest. Kidneys from the dose experiment
were placed in 1 ml Trizol and passed 7 times
through 25 G needles for homogenization. Homoge-

nized samples rested at room temperature for a 4 h
maximum or at −70°C awaiting RNA extraction. A
total of 200 µl chloroform was added to room temper-
ature-adapted samples and tubes were shaken man-
ually for 15 s. After a 3 min rest, samples were cen-
trifuged at ~12 500 × g for 15 min at 4°C in a tabletop
centrifuge. The RNA-containing supernatant was
transferred to new tubes and mixed immediately
with 70% ethanol in a 1:1 ratio before transfer to
RNeasy mini spin columns and subsequent RNA
extraction according to the manufacturer’s instruc-
tions. RNA extractions from zebrafish were per-
formed with the RNeasy kit including on-column
treatment with RNase free Dnase I (Qiagen). A
QuantiTect Reverse Transcription Kit (Qiagen) was
used for cDNA synthesis from zebrafish RNA.
Genomic DNA extractions from zebrafish tissues
were performed on whole organs with the DNeasy
Blood & Tissue Kit (Qiagen) according to the manu-
facturer’s instructions.

Quantification of bacterial burden 
by qPCR on gDNA

Five microliters of extracted gDNA from zebrafish
tissues or Atlantic cod cells were used as templates
for qPCR in a 20 µl reaction with LightCycler 480
SYBR Green I Master (Roche) according to the man-
ufacturer’s protocol. Cycle conditions were as fol-
lows: preincubation at 95°C for 5 min, 45 amplifica-
tion cycles with 10 s at 95°C, 10 s at 60°C and 10 s at
72°C before melting curve analysis. To detect bacte-
rial genomes, validated Fnn-specific primers (Duodu
et al. 2012b) were used with 1:50 diluted gDNA for
qPCR. The gDNA quantification results were nor-
malized against host interleukin 1 beta (il1β) (Q33,
Q34) for zebrafish samples and elongation factor 1
alpha (ef1α) (Q19, Q20) for cod samples.

Analysis of gene transcription by RT-qPCR

Five microliters of each diluted cDNA sample
was used as template in an RT-qPCR reaction as
described for quantification of bacterial burden
by qPCR. Primers are listed in Table S1 in the
Supplement.

Relative transcription levels for each gene and time
point were determined as described previously
(Tang et al. 2007, McCurley & Callard 2008). The
geometric mean of zebrafish reference genes or the
single reference gene in Atlantic cod samples was

127



Dis Aquat Org 123: 123–140, 2017

used as the normalization factor (Vandesompele et
al. 2002) and the normalized immune response data
were standardized against the transcription level in
PBS-injected zebrafish (2 dpi in the dose experiment
and the day before challenge in the immunization
experiment) or uninfected Atlantic cod cells at the
respective time point.

Transcription of Atlantic cod genes associated with
the immune response was investigated by RT-qPCR
on 1:6 diluted cDNA from cod cells using primers
amplifying transcripts of il1β, the interleukin genes
il6, il8, il10 and il12, il12p40, with ef1α as reference
gene.

The immune response of infected adult zebrafish
kidney and spleen cells was examined by RT-qPCR
on 1:10 diluted cDNA synthesized from RNA
extracted from dissected tissue. Transcription of tis-
sue necrosis factor alpha (tnfα), il1β, il6, il8, il10, il12a
(interleukin 12, subunit p35), interferon-gamma iso-
form 1_1 (ifng1_1) and 1_2 (ifng1_2) was investi-
gated. Zebrafish ef1α and beta actin (β-actin) were
used as reference genes for the dose experiment and
18S ribosomal RNA in zebrafish (18S rRNA) was
added as a third reference gene for the immunization
experiment.

Histological sample preparation

Pre-fixed fish went through an ethanol series of
70%, 80%, 90%, 95% and 3 × 100% ethanol before
immersion in Preparation Solution (Technovit 7100
with Hardener I; Heraeus Kulzer) according to the
manufacturer’s protocol and incubation on a rotating
table for 2 d. Fish were transferred to silicone moulds
before Preparation Solution was mixed with 50 µl
Hardener II ml−1 and added to the moulds. The resin
was allowed to harden at room temperature for 1 to
2 h before incubation overnight at 37°C. Resin-
embedded fish were mounted on Histobloc (Heraeus
Kulzer) holders with Technovit Universal Liquid
mixed with Technovit 3040 according to the manu-
facturer’s protocol. Samples were sectioned to a
thickness of 3 µm with a Leica RM2245 microtome
and TC-65 Leica tungsten carbide disposable blades
(Leica Biosystems) before section transfer to a water
bath and positioning on glass slides. The sections
were dried at 50°C on an HP-3 Kunz Instruments
heating plate and overnight at room temperature
before staining with Giemsa (Bancroft & Stevens
eosin (HE) (Culling et al. 1985) or periodic acid
Schiff’s (PAS) reagent. The PAS staining protocol was
as follows: samples were washed with water before

10 min incubation in 1% Periodic acid (Merck Milli-
pore) at room temperature, washed 3 times with
deionized water, incubated for 20 min with Schiff’s
reagent (Merck Millipore) in darkness, washed in
running water for 10 min and stained with haema-
toxylin (Sigma-Aldrich) for 14 min before being
washed in running water for 10 min and washed for
1 min with deionized water. Sections were dried at
room temperature and moun ted with xylene and Per-
tex (Histolab Products AB). Immunohistochemical
labelling with anti-Fnn antibodies (Zerihun et al.
2011) was attempted, but was unsuccessful.

Statistical analysis

Statistical analysis of the data sets was performed
using GraphPad Prism 6 and 7 (GraphPad Software).
Kaplan−Meier survival curves were used to analyze
percent survival and differences between groups
were deemed statistically significant at p < 0.05 using
Gehan−Breslow−Wilcoxon test and log-rank test.
Differences in bacterial quantification or transcrip-
tion between groups were deemed statistically
 significant at p < 0.05 after using unpaired 2-tailed
Student’s t-tests assuming unequal variance.

RESULTS

Fnn ΔiglC infects primary Atlantic cod leucocytes
in vitro with an upregulation of IL1β and IL8

compared with Fnn WT

We compared the fate of Fnn ΔiglC with Fnn WT in
primary leucocytes isolated from Atlantic cod head
kidney, cells previously used to study Fnn infections
(Bakkemo et al. 2011, Furevik et al. 2011, Vestvik et
al. 2013). To follow the infection, both Fnn and Fnn
ΔiglC expressing GFP were used and the percentage
of infected cells and number of bacteria per 100 cells
was counted manually using fluorescence micro -
scopy. From 5 hpi, the infection levels of both strains
changed only slightly during the time points studied
(19, 30, 48 and 73 hpi), with a minor increase in Fnn
WT gfp and decrease in Fnn ΔiglC gfp (Fig. 1A). The
fourth replicate experiment from spring revealed
considerably higher initial infection efficiency for the
ΔiglC mutant and apparently improved WT growth.
This replicate is plotted separately as triangles in
Fig. 1A based on the difference in season. Relative
quantification of Fnn genomes by qPCR on cell infec-
tions performed in a separate experiment during

128



Lampe et al.: Francisella noatunensis iglC immunization of zebrafish

winter showed growth of Fnn WT, ΔiglC and iglC+
from 5 hpi, with a peak in bacterial genomes at 72 hpi
and a subsequent decrease (Fig. 1B). Representative
micrographs of infected Atlantic cod leucocytes are
presented in Fig. 1C.

The cod leucocyte immune response against the
Fnn ΔiglC mutant was investigated according to a
previously described method (Bakkemo et al. 2011)
and compared with levels triggered by Fnn WT and
the IglC complementation strain, Fnn iglC+. A panel
of immune-related genes (il1β, il6, il8, il10 and
il12p40) known to be stimulated by Fnn infection
(Bakkemo et al. 2011) was tested for transcriptional
response by RT-qPCR, but significant differences
between Fnn WT and the ΔiglC mutant were only

found for the proinflammatory cytokines IL1β and IL8
(Fig. 1D). il1β transcription was significantly induced
at 24 hpi in mutant-infected cells, while both il1β and
il8 were upregulated at 72 hpi. Although not signifi-
cantly deviating from each other, il6 levels in the
mutant-infected cells gradually decreased from 72 to
96 hpi, while the 2 other strains further increased il6
transcription at 96 hpi and remained elevated
(Fig. 1D).

Attempts were made to study Fnn infections in the
established fish cell lines CHSE-214 (Lannan et al.
1984), ASK (ATCC CRL-2747), CHH-1 (Lannan et al.
1984) and CLC (Faisal & Ahne 1990). Compared with
the salmon cell lines that were infected poorly (data
not shown), the carp CLC cells provided the highest
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Fig. 1. Francisella noatunensis ssp. noatunensis (Fnn) ΔiglC infects primary Atlantic cod leucocytes in vitro with an upregula-
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infection level (13%) of Fnn WT. The
CLC cells were further used for com-
parison of gfp expressing Fnn WT and
ΔiglC infection. CLC cells infected
with Fnn WT gfp revealed a small, but
nonsignificant decrease in infection
level from 3 to 24 hpi, while the Fnn
ΔiglC gfp remained at a stable level
(Fig. S1 in the Supplement at www.
int-res. com/ articles/ suppl/ d123 p123 _
supp. pdf).

Dose response of Fnn ΔiglC in 
adult zebrafish

The adult zebrafish (Danio rerio) in-
fection model (Brudal et al. 2015) was
used to investigate the potential atten-
uation of Fnn ΔiglC in vivo. First, 2 dif-
ferent doses of both Fnn WT and Fnn
ΔiglC were injected and compared
with a PBS control. Adult zebrafish in-
fected with 3 × 109 CFU (high dose) of
Fnn WT or Fnn ΔiglC showed a signifi-
cantly increased mortality, where ~40%
of the fish died within 7 or 5 dpi, re-
spectively (Fig. 2A). In both groups in-
fected with 3 × 107 CFU (lower dose),
mortality was not significantly different
from PBS-injected fish at 14 dpi, and
the mortality rate recapitulated our
previous observations during Fnn WT
in fections in zebrafish (Brudal et al.
2015). However, necropsy at 14 dpi re-
vealed a notable splenomegaly in the
lower dose Fnn WT group compared
with the ΔiglC and PBS groups, docu-
mented by photography and mean
spleen weight (Fig. S2 in the Sup -
plement). No other organ revealed any
consistent macroscopical differences.

Quantification of Fnn from genomic
DNA with qPCR revealed a similar
bacterial load in heart and spleen in
the Fnn WT high dose group and heart
in the Fnn ΔiglC high dose group at
2 dpi. The bacterial load was reduced
in the spleen for the Fnn ΔiglC high
dose group. In both spleen and heart,
the Fnn WT high dose group exhibited
little change in bacterial load from 2 to
7 dpi, while the ΔiglC high dose group
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showed a significantly decreased bacterial load from
2 to 5 dpi. In the lower dose groups, the Fnn WT
 bacterial load increased in heart and spleen from 2 to
14 dpi. In comparison, Fnn ΔiglC bacterial load de-
creased in both tissues (Fig. 2C), but only significantly
in spleen. The initial bacterial load of Fnn WT corre-
lated with the amount of bacteria injected and was al-
most 100 times higher for the fish exposed to the high
dose than those exposed to the lower dose. The dose
effect was also prominent for Fnn ΔiglC, but only the
spleen had the same load ratio between lower and
high dose groups as Fnn WT, while the heart of the
lower dose group contained even less Fnn.

Next, we investigated the host immune response to
the ΔiglC mutant compared with the Fnn WT in the
zebrafish model. RT-qPCR on RNA isolated from kid-
ney tissue was analyzed for up- or downregulation of
tnfα, il1β, il6, il8, il10, il12a, ifng1_1 and ifng1_2.

In the dose experiment, we found that fish injected
with the lower dose ΔiglC displayed significantly
lower transcription of the proinflammatory cytokines
TNFα and IL1β compared with the WT-injected fish
at 2 dpi (Fig. 2D). In both lower dose groups, tnfα,
il1β, il6, il8 and ifng1_2 were significantly induced at
2 dpi compared with the PBS group, while il10 and
il12a transcription was only increased in the WT
group (Fig. 2D, Fig. S3 in the Supplement). At the
endpoint (14 dpi), the lower dose ΔiglC group
showed significantly higher il10 transcription than
the WT group. When both lower dose groups were
compared with the PBS group at 14 dpi, significant
induction was found for il1β in the WT group and for
il8 and ifng1_2 in the ΔiglC group (Fig. 2D, Fig. S3 in
the Supplement).

The immune responses against the high dose of
both strains were similar to each other at 2 dpi, but
comparison of the endpoint data shows significantly
elevated transcription of il6, il10 and ifng1_2 in the
WT group compared with the mutant group (Fig. S4
in the Supplement). However, comparisons between
the endpoints of the high dose groups should be
interpreted with caution as they are from different
days. Except for the inconclusive tnfα levels, both
high dose groups showed the same significant induc-
tion pattern 2 dpi as the lower dose groups when
compared with PBS-injected fish, involving the inter-
leukins and ifng1_2. Individual variation in immune
response, as also evident in the Atlantic cod leuco-
cytes, is common in zebrafish infections (Rojo et al.
2007, Vojtech et al. 2009, van Soest et al. 2011) and
this was also evident here (Fig. S4 in the Supple-
ment). Cautious comparison of the endpoint data of
the high dose groups shows significantly higher tran-

scription of il6, il10 and ifng1_2 in the WT group at 7
dpi compared with ΔiglC at 5 dpi. When high dose
group endpoints were compared with PBS group lev-
els at 9 dpi, the il1β, il6, il10 and ifng1_2 levels were
significantly higher in both groups while the ifng1_1
level was elevated in the mutant group only.

Although appetite and activity level are subjective
observations and were not systematically quantified,
the observations provide some insight to the state of
each group. The PBS and lower dose Fnn ΔiglC
injected groups displayed normal appetite and activ-
ity level throughout the 2 wk of the dose experiment.
The lower dose Fnn WT group showed reduced
activity until 3 dpi, whereupon activity increased.
The appetite was generally less than in the PBS and
lower dose Fnn ΔiglC group. Video capture made
14 dpi from the PBS and lower dose groups revealed
a clear difference in activity between the responsive
PBS and Fnn ΔiglC groups, while the Fnn WT group
moved more slowly and was less responsive to exter-
nal stimuli (Video S1, at www. int-res. com/ articles/
suppl/ d123 p123 _ supp.pdf).

The high dose WT group displayed reduced
appetite and was less responsive to external stimuli
the first day after injection and the activity level
remained low throughout the experiment. Appetite
reduction was also seen in the ΔiglC high dose group
at 1 dpi, but the activity level was normal until 2
when activity decreased also in this group.

Fnn ΔiglC protects adult zebrafish challenged with
acute mortality dose of Fnn

To evaluate the efficacy of the ΔiglC mutant to pro-
tect zebrafish from francisellosis, we decided based
on the dose experiment to immunize adult zebrafish
with a dose of 7 × 106 CFU of Fnn ΔiglC. Fish injected
with PBS served as the control group. Another con-
trol group mock-immunized with a similar dose of
Fnn WT was not made as this dose was pathogenic
regarding bacterial growth, splenomegaly and alert-
ness in the dose experiment. These pathologic fea-
tures would likely progress during the time before
challenge, and a challenge dose would be a re-infec-
tion not contributing substantially to the mutant
immunogenicity assessment at this stage of charac-
terization. Four weeks after immunization, all fish
were challenged with 6 × 108 CFU of Fnn WT, the
acute disease dose established in the previous dose
experiment (Fig. 2). In the Fnn ΔiglC immunized
group, a significantly reduced mortality was seen
after challenge compared with the control group
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(Fig. 3A, estimated by log-rank test p = 0.0025,
Gehan−Breslow−Wilcoxon test p = 0.0018). As we
wanted to investigate the long-term protection of
challenged immunized fish and determine whether
immunization would only delay the onset of acute
disease, the immunized group was continued until 28
dpc. At this preset endpoint, survival was 70.9% in
the immunized group, while the control group was
euthanized at 10 dpc as the mortality rapidly closed
in on our predetermined humane endpoint for
groups (40%). For comparison, survival in the immu-
nized group was 74.6% at 10 dpc. The bacterial load
was measured in heart, spleen and kidney (Fig. 3D).
In the heart and kidney, the mean bacterial load did
not differ much between the groups at 7 dpc, but it
was higher in the spleens of immunized fish com-
pared with the control group. Bacterial load
decreased in both the control and immunized groups
as the experiment proceeded, but as the control
group was terminated at 10 dpi, further development
could not be determined. Fnn genomes were still
detectable in the immunized group at 28 dpc, but at a
considerably lower level than at 7 dpc (Fig. 3D).

When investigating the immune response, the kid-
ney transcription levels of the proinflammatory cyto-
kines IL6 and IL8 were significantly higher at 1 dpc
the non-immunized control group compared with in
the immunized group (Fig. 3B). Splenic transcription
of il6 also differed at 1 dpc, but only significantly at
3 dpc, with the strongest response in the control group
(Fig. 3D). The immunized group showed a signifi-
cantly higher transcription of ifng1_1 and ifng1_2 in
spleen at 7 dpi compared with the non-immunized
control group. No difference in immune response was
detected between groups in the kidney for tnfα, il1β,
il10, il12a, ifng1_1 or ifng1_2, or in the spleen for tnfα,
il1β, il8, il10 or il12a (Fig. S5 in the Supplement).
However, the majority of investigated immune genes
showed significantly increased transcription com-
pared with the respective group the day before chal-
lenge. Kidney samples revealed significantly upregu-
lated il1β, il6, il8 and il10 in both groups 1 dpc
compared with 1 day before challenge (dbc) (Fig. 3B,
Fig. S5 in the Supplement). Although this was only
significant for immunized fish due to much variation
in the control, some induction of il12a, ifng1_1 and
ifng1_2 was seen in kidney and spleen of both groups
at 1 dpc. The immune responses at the 2 endpoints
were not compared with each other due to the differ-
ent time after challenge, but levels are presented in
Fig. 3 to describe the general transcriptional status at
the endpoint compared with 1 dbc of the respective
group. il6 transcription in kidney and spleen re -

mained elevated from 1 to 7 dpc in both groups except
from spleens of the mutant group 1 dpc (Fig. 3).
ifng1_1 in kidney and spleen of immunized fish was
significantly elevated at 1 and 7 dpc, while the control
group response was not significantly affected by chal-
lenge except in the kidney at 10 dpc. Taken together,
the observed protective effect of immunization with
Fnn ΔiglC was associated with an initial lower IL6 and
IL8 response against challenge with Fnn WT than in
PBS control fish. In addition, a prolonged IFN-γ
 response was observed in immunized fish at 7 dpc.

Both groups showed normal behaviour and good
appetite from the day after injection with PBS or
immunization dose until challenge. After challenge,
the fish generally displayed increased flight behav-
iour the first 2 d. The non-immunized group was less
active than the immunized group from 1 to 3 dpc, but
both groups showed reduced activity until 7 dpc. The
immunized group had a normal activity level from
8 dpc until the experiment ended at 28 dpc. The non-
immunized group had observable appetite reduction
compared with the immunized group from 1 to 7 dpc,
but both groups consumed less food in this period
compared to the weeks before challenge.

Histology sections revealed granulomatous pro-
cesses at the endpoint of both groups after challenge.
Compared with HE staining (Fig. 4), granulomas
were more easily distinguished from normal sur-
rounding tissue by PAS staining (Fig. 5), a technique
mainly used to stain carbohydrates. PAS staining
caused a subtle pink coloration of the granulomatous
processes. When stained with HE, both fish sampled
from the control group 10 dpc presented with a partly
diffuse granulomatous process in the liver located
adjacent to the intestine, with a few flattened cells
around the process in some areas (Fig. 4Ai,ii). One
immunized fish sampled 28 dpc displayed granulo-
matous lesions, presenting as 2 focal encapsulated
processes located cranially in the liver, one of which
was breaking through the abdominal wall (Fig. 4Bi,ii,
HE stained). Viewed by PAS staining, a large encap-
sulated granulomatous process centrally in the liver
parenchyma was located in non-immunized control
fish 10 dpc (Fig. 5A). A cell type containing multiple
PAS-positive granules and a non-segmented nucleus
was evenly dispersed at low levels in the kidney and
in the peritoneal cavity around the liver in non-
infected control (Fig. 5B) and immunized fish
(Fig. 5C) at 1 dbc. This cell type was highly repre-
sented in the granulomatous lesions described in
control and immunized fish at 10 and 28 dpc, respec-
tively, where degranulation appeared to occur and
possibly caused the faint pink coloration of such
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lesions (Fig. 5D,E,Fi,ii). This cell type shares mor-
phology and localization with a basophil/eosinophil
cell type described previously (Bennett et al. 2001,
Balla et al. 2010). Additionally, sections of immunized
fish at 28 dpc revealed multifocal granulomatous
inflammation in the kidney (Fig. 5D), pancreas
(Fig. 5E), liver (Fig. 5Fi,ii) and close to the injection
site (not shown). Pathologic processes were not found
in control or immunized fish the day before chal-
lenge, 27 d after immunization (Bennett et al. 2001,
Balla et al. 2010), suggesting that the granulomas
revealed in histology sections at 28 dpc are derived
from the challenge dose.

DISCUSSION

Prior studies have identified IglC as important for
Francisella intracellular growth, and mutations in the
iglC gene generate attenuated Francisella sp. in a
range of hosts. Here we found that Francisella noatu -
nensis ssp. noatunensis (Fnn) ΔiglC not only revealed
reduced virulence in an adult zebrafish infection
model, but also provided protection against subse-
quent challenge with Fnn WT. These results corre-
spond well with studies on Francisella noatu nensis
ssp. orientalis (Fno), which causes francisellosis in
tilapia (Soto et al. 2009a, 2011). The optimal vaccina-
tion dose of Fno ΔiglC for protection of tilapia also
resembles the currently applied dose of Fnn ΔiglC in

zebrafish, being 107 CFU and 7 × 106 CFU, respec-
tively. Also, the subsequent challenge doses were
similar. There were, however, differences be tween
the 2 trials as tilapia were vaccinated and challenged
by immersion, while zebrafish were injected. Immer-
sion is a more natural way of infection and a non-
invasive means of immunization that is believed to be
less stressful for the fish, also allowing the immune
response to be targeted against the infectious agent
at the natural sites of entry. However, zebrafish is not
a natural host for Fnn, but is an established infection
model for fish-pathogenic Francisella sp., thus the
injection administration was chosen to ensure that
fish received equal inoculums. For both Fnn and Fno,
the ΔiglC mutant showed protective capabilities and
it will be interesting to investigate the attenuation
and potential protective capacity of the Fnn ΔiglC
mutant in its natural host, the Atlantic cod.

The in vitro infection studies of Fnn ΔiglC in
Atlantic cod leucocytes indicate a slight growth
impairment of the mutant and limited growth of Fnn
WT when analyzed by manual counting. In contrast,
quantification of Fnn ge nomes within the same
 system re vealed equally increased amounts of both
strains within the same time frame. The disagree-
ment between the 2 quantification methods can be
ex plained by individual variation in cod susceptibil-
ity or methodological factors such as a theoretical loss
of highly infected cells during immunolabelling
washing steps. No visually detected cell loss was ob -
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served, but as infected cells are few, loss of infected
cells is not easily noticed. Also, small variations in
qPCR results could theoretically mask the subtle dif-
ference ob served by manual counting. Seasonal vari-
ation is not likely to cause the disagreement between
the quantification methods, as all gDNA quantifica-
tion experiments and all 3 manual counting replicate
experiments were performed during winter.

The highly elevated invasion with Fnn ΔiglC com-
pared with Fnn WT into Atlantic cod leucocytes in the
spring replicate experiment could be random or may
suggest that Fnn in vitro experiments could have a
seasonal aspect, which requires further examination.
The disease frequency in Atlantic cod aquaculture in-
creases in periods with elevated or shifting water tem-
perature (Ottem et al. 2008, Ruane et al. 2013), a more
common feature of water in the southern part of Nor-
way, where the majority of francisellosis outbreaks
occur (Duodu et al. 2012a). Temperature is a factor
that has been described to have an impact on the cod
immune system (Magnadóttir et al. 2001, 2009, Pérez-
Casanova et al. 2008, Makrinos & Bowden 2016) and
thus may also be a factor for the harvested immune
cells. However, it remains to be established whether
temperature influences the  susceptibility of Atlantic
cod to Fnn, the virulence of Fnn, or both.

To our knowledge, increased infectivity of ΔiglC
mutants has not been emphasized in reports for Fran-
cisella sp. previously, although in some previous
works a discrete increase in uptake of igl mutants
could be observed in the initial stage of in vitro infec-
tion (Lai et al. 2004, Bönquist et al. 2008), while in
other studies no such difference between WT and
mutants was detected. In contrast, iglC mutations in
F. novicida and in the F. tularensis type B vaccine
strain caused a significantly reduced capability of
invading non-phagocytic cells in vitro (Law et al.
2014). In summary, the manual counting data sug-
gest in vitro differences between Fnn WT and ΔiglC
infections that require future investigation, which
should also address inter-individual and seasonal
variations in the host.

The immune response of Fnn infection in the
Atlantic cod leucocytes in this study is different from
earlier findings (Bakkemo et al. 2011). These discrep-
ancies could derive from differences in experimental
setup, such as fish size, individual variance, genetic
background of the cod due to geographical origin
(Knutsen et al. 2003), or seasonal or temperature
 differences (Magnadóttir et al. 2001, 2009, Pérez-
Casanova et al. 2008).

The immune response of in vitro primary cod leu-
cocytes and the in vivo adult zebrafish tissues did not

respond equally to Fnn infection, likely as a result of
host specificity and methodological factors such as
the simplicity of a cell population compared with tis-
sues. This is important to bear in mind as the zebra -
fish is only a model, thus the Atlantic cod-specific
immune response against Fnn and the vaccine
potential of Fnn ΔiglC remain to be studied in vivo in
Atlantic cod. Investigating the deletion mutant in
vivo is challenging as Fnn causes a more chronic
than acute disease in Atlantic cod, where the lethal
dose (LD50) is not easily obtained (Mikalsen et al.
2009). Due to the slow progression of the disease
with few or no clinical signs the outcome is not easily
measured. Here, the zebrafish proves itself as an
excellent model system for francisellosis caused by
Fnn, generating results faster with less time spent on
initial animal experiments.

Interestingly, we did not observe any clear differ-
ence in mortality of zebrafish injected either with
Fnn WT or ΔiglC, and the earlier endpoint of the
mutant high dose group was likely attributable to
random timing of death in 2 groups with acute dis-
ease. The survival was more dependent on dose than
on the Fnn genetic background. The high dose seem-
ingly exceeds the host capability to survive the infec-
tion; still, some protective processes are triggered as
the mutant bacterial load is decreased. Clear dose-
dependent mortalities have also been observed for
Fno WT in tilapia, both by intraperitoneal (IP) injec-
tions and immersion challenge, while Fno ΔiglC was
severely attenuated when administered by IP injec-
tions (Soto et al. 2009a). In the present study, the
lower dose of Fnn ΔiglC was attenuated compared
with the parental strain regarding bacterial growth
and splenomegaly. The spleen in zebrafish is a sec-
ondary lymphoid organ where antigen trapping
occurs (Secombes & Manning 1980) and it is common
to find enlargement of this organ upon antigen stim-
ulation (Traver et al. 2003). Splenomegaly has been
observed in tilapia from Fno infection (Soto et al.
2009b), and in infections caused by F. tularensis ssp.
in mice (Chiavolini et al. 2008, Faith et al. 2012).

Immunologically active tissues in fish are the kid-
ney, spleen and gut-associated lymphoid tissue
(Lieschke & Trede 2009), of which the kidney and
spleen were selected for immunological investiga-
tions in the present study. The proinflammatory cyto-
kines TNFα, IL1β and IL6, and the chemokine IL8
were studied to compare the magnitude of immune
response and potential recruitment during infection
with the immunization strain and Fnn WT. IL10 is an
anti-inflammatory cytokine limiting inflammation,
i.e. by inhibiting production of Th1 cytokines (Reyes-
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Cerpa et al. 2012). IL12 contributes positively to a
cellular immune response, i.e. by stimulating matu-
ration of cytotoxic T lymphocytes and involvement in
lymphocyte differentiation into the Th1 lineage
(Reyes-Cerpa et al. 2012). Interferon gamma (IFN-γ)
is an important Th1 cytokine that enhances macro-
phage features such as phagocytosis, respiratory
burst activity and nitric oxide production, which is
important for efficient intracellular bacterial killing
(Zou et al. 2005, Reyes-Cerpa et al. 2012).

In adult zebrafish, the difference in immune re -
sponse against Fnn WT and Fnn ΔiglC elucidates
important cytokines in Fnn pathogenicity. The lower
dose Fnn WT infection caused an upregulation of
proinflammatory cytokines, similar to what is seen
for zebrafish embryos (Brudal et al. 2014), Atlantic
cod (Bakkemo et al. 2011, Ellingsen et al. 2011) and
against Fno in adult zebrafish (Vojtech et al. 2009).
An upregulation was detected for il12a at 2 dpi that
was not found in zebrafish embryos (Brudal et al.
2014), which could be age related or due to selected
time points missing the transcriptional event. The
tendency of lower dose Fnn WT to stimulate tran-
scription of almost all cytokines analyzed contrasts
the more modest response of IL6, IL8 and IFN-γ in
lower dose ΔiglC-infected zebrafish during the initial
stages of the infection. Such a response against the
lower dose of Fnn WT indicates a strong inflamma-
tion with facilitated leucocyte recruitment, which
theoretically could explain the splenomegaly in this
group.

The moderate immune response of immunized fish
after challenge appears advantageous in combina-
tion with a prolonged IFN-γ response when combat-
ing WT Fnn. IFN-γ enhances respiratory burst activ-
ity and phagocytosis in macrophages, enabling more
efficient killing of bacteria (Reyes-Cerpa et al. 2012).
Both IL6 and IL8 are proinflammatory cytokines, and
their elevated, but significantly lower levels in immu-
nized fish compared with non-immunized fish sug-
gest that protection is associated with a more con-
trolled response upon WT challenge. The effect of
immune response magnitude is supported by the
dose experiment, in which high dose groups both
responded with a strong cytokine induction, where-
upon high mortality was observed. Francisella sp.
can induce ‘cytokine storms’ during severe sepsis, in
which the immune response is exaggerated and
exceeds favourable levels of proinflammatory cyto-
kines and finally results in host collapse due to cyto-
kine-mediated tissue damage (Mares et al. 2008).
The present study indicates that hypercytokinemia
also contributes to francisellosis patho genesis.

Vaccines against intracellular pathogens such as
Francisella generally require contributions from both
the humoral and the cell-mediated immune response
to confer protection (Isherwood et al. 2005, Titball
2008, Sebastian et al. 2009). Even in Atlantic cod
challenged with known cod pathogens, limited ele-
vated expression of antibacterial genes (Mikkelsen &
Seppola 2013) and humoral responses (Schrøder et
al. 1992) are elicited, although these are more
strongly induced by Fnn (Ellingsen et al. 2011). The
unusual immune system of the Atlantic cod (Star et
al. 2011) complicates vaccination strategies; how-
ever, some commercial vaccines are capable of pro-
tecting cod against other bacterial infections
(Schrøder et al. 2006). As ΔiglC-immunized zebrafish
were significantly protected against lethal challenge
with the parental strain, this deletion mutant appears
to have at least some of the desired properties of an
LAV, which has been demonstrated for Fno ΔiglC in
tilapia (Soto et al. 2009a). The histopathology of fish
from the current immunization experiment reveal
that immunized fish did not develop granulomas dur-
ing the 27 d after vaccination, while 28 d after chal-
lenge multiple granulomas were found in internal
organs. Granulomas were also found in non-immu-
nized fish at the endpoint at 10 dpc, mainly in liver,
and lesions were not as defined as in immunized fish
28 dpc, although some encapsulation was observed.
Granulomas develop over time, thus the granulomas
of non-immunized fish might be less defined as a
result of short time, but also failure to neutralize the
pathogen, as could be suggested from the bacterial
quantification. Also, the limited immune response of
immunized fish after challenge could have facilitated
a more controlled migration of leucocytes into in -
fected tissues than in non-immunized fish, exempli-
fied by the localized and more defined granulomas
surrounded by normal tissue in immunized fish. Nev-
ertheless, the histopathology, reduced mortality and
bacterial load of immunized fish after challenge sug-
gest successful containment of the infectious agent.

To conclude, we studied the deletion mutant Fnn
ΔiglC in vitro in Atlantic cod leucocytes, a selection of
fish cell lines and in vivo in adult zebrafish to assess
its immunogenic potential. The mutant provides a
potential for LAV-based vaccines against francisel-
losis in Atlantic cod, although additional attenuation
measures would likely be required for commercial
use. Further, Fnn ΔiglC is a valuable tool in Fran-
cisella pathogenesis studies, which to a large extent
have been performed in mammalian systems so far
and could, together with Fno ΔiglC, reveal important
characteristics of fish-pathogenic Francisella.
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