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Abstract
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Abstract : Hybrid red tilapia (Oreochromis niloticus x Oreochromis mossambicus) were
obtained from a commercial farm that had experienced a disease outbreak caused by
Francisella noatunensis subsp. orientalis (Fno). This bacterium infects the head-kidney of the
fish, an organ involved in haematopoiesis in fish, including the generation of white blood
cells that play a defensive role against pathogens. The haemato-immunological functions of
the Fno-infected red tilapia were therefore tested, including a number of haematological
parameters [haematocrit (Hct), total red blood cell (RBC) count, mean corpuscular volume
(MCV), total white blood cell (WBC) count, and differential white blood cell count and total
plasma protein content], and innate immune parameters such as lysozyme and peroxidase
activity and respiratory burst and phagocytic activities of head-kidney macrophages. Most of
the parameters examined in the Fno-infected fish were comparable to those of normal fish;
the percentage of the peripheral lymphocytes was the only parameter found to be
significantly lower (p<0.05) than that of the normal fish. Both Fno-infected and normal fish
were then experimentally challenged with the bacterium Streptococcus agalactiae, and the
haemato-immunological parameters determined at 3, 6, 12, 24 and 48 h post-infection

(hpi). The haematocrit and total RBC count of the Fno-infected fish were significantly lower



than those of the normal fish, while the plasma lysozyme, peroxidase and respiratory burst
activities of the Fno-infected fish was significantly higher than that of the normal fish at
many time-points post-challenge. Other parameters were more or less comparable among
the groups. Despite normal, or even higher, levels of innate immune activity in the Fno-
infected fish, they had significantly higher and more rapid onset of mortality than the
normal fish following the S. agalactiae challenge, while the non-challenged, normal and Fno-
only-infected fish had 100% survival during the 2-week trial period. The reason for the rapid
and high mortality observed in the Fno-infected fish when infected with S. agalactiae is
unknown, but one possibility is that erythropoiesis taking place in the head-kidney is

affected by the presence of the Fno.

Keywords : Francisella noatunensis subsp. orientalis (Fno), Streptococcus agalactiae, red

tilapia, immune system



Introduction

Members of the genus Francisella, family Francisellaceae, are Gram negative, non-
motile, non-sporulating, aerobic, pleomorphic coccobacilli prokaryotic cells, with an
intracellular nature and have a wide geographical and ecological distribution. Francisella
spp. are facultative intracellular pathogens of macrophages and other various cell types
of humans, rabbits, rodents, non-human primates, amoebas, arthropods and fish.
Francisella noatunensis is one of the most recently recognized species within the genus,
and is the causative agent of the emerging disease “aquatic francisellosis” recently
reported worldwide. The disease affects several marine and fresh water aquatic
organisms, including tilapia, cod and Atlantic salmon. In Thailand francisellosis caused by
F. noatunensis subsp. orientalis appears to be an emerging problem in tilapia
aquaculture (Nuyen et al., 2015; Ruane et al., 2015).

Nile tilapia (Oreochromis niloticus) and hybrid red tilapia (Oreochromis sp.) is an
economic fish species in aquaculture industry. The global production of tilapia and other
cichlids species was 715,128 tons in 2006 and 784,276 tons in 2011, but was down to
710,535 tons in 2012 (FAO, 2014). Asia and the Pacific countries provide the main of
world aquaculture supply of tilapia (Romana-Eguia et al., 2004). Thailand has ranked 5t
or 6" the highest tilapia production country. One of the major problems of tilapia
aquaculture is its high mortality during swim-up (newly hatched) and fingerling periods
and sporadic disease outbreaks during juvenile and adult period. The most common
pathogens associated with mortality in tilapia are Streptococcus agalactiae, S. iniae,
Aeromonas hydrophila, A. sobria, Flavobacterium columnare and Francisella spp. (Ke et

al., 2010; Iregui et al., 2011; Li and Cai 2011; Yardimci and Aydin, 2011; Figueiredo et al.,



2012; Suebsing et al., 2014). Clinical manifestations include swimming errors, skin lesion
and exophthalmos. There seemed to be no pathognomonic signs of infection by any
particular pathogens, thus lab identification is essential to indicate the causative agent.
In fact, even the pathogen is identified in association of the fish clinical manifestation; it
is still inconclusive whether the pathogens are the causative agent or opportunistic one,
or even contaminations from water environment. Koch’s postulate should be strictly
required to identify any pathogen as primary causative agent (Evans, 1976). Thus far,
few of them have been documented. Streptococcus agalactiae, S. iniae and Francisella
asiatica are among those that are well-documented (Bowser et al., 1998; Lau et al. 2003;
Hernandez et al., 2009; Jeffery et al., 2010; Ke et al., 2010; Iregui et al., 2011; Figueiredo

et al., 2012; Jantrakajorn et al. 2014).



Literature review

Francisellosis Francisella spp. are pleomorphic cocco-bacilli of variable size from 0.5
to 1.7 um, and with somewhat fastidious nature. They are facultative intracellular bacteria;
therefore they can survive and replicate inside the fish’s cells as well as in the environment.
They have a common dependency on the amino-acid cysteine for growth (Ottem et al.,
2009; Colguhoun and Duodu, 2011). Francisella spp. are divided into certain subspecies
according to their DNA sequences. F. noatunensis subsp. orientalis (Fno; synonym, F.
asiatica) is present in tropical and temporate areas, while F. noatunensis subsp. noatunensis
(Fnn) seems to be found more in the temperate environments (Colquhoun and Duodu,
2011).

The infected fish are usually observed on the water’s surface, or near aeration, and
gasping. They may have skin lesions, frayed fins, petechial hemorrhage on and around the
pectoral fins, exophthalmos, fungal patches and pale gills (Jeffery et al., 2010). Their visceral
organs show abnormalities such as empty intestines, large gall bladders, chronic
granulomatous lesions in the gills, spleen, anterior kidney, liver and heart (Ottem et al.,
2009; Jeffery et al., 2010; Colquhoun and Duodu, 2011).

As detected by molecular biology methods, several disease outbreaks in variety of
aquatic species are found to be infections by both Fno and Fnn (Hsieh et al., 2006; Ottem et
al., 2009; Soto et al., 2009, 2013; Jeffery et al., 2010; Sridhar et al., 2012). Moreover, the
important factors in the cultivability and persistence of Fno in both marine and freshwater
microcosms are temperature and salinity. The bacteria Fno survive better in seawater, and
its persistence is inversely related to water temperature. This is in consistent with the field

finding that Fno outbreaks occur more in low temperature condition, in contrast to S.



agalactiae outbreaks that occur more often in warm temperature condition. The pathogenic
properties of the bacteria suspended in water microcosms appear to decrease after only 24
h and become non-infective after 2 days in the absence of the fish host (Colquhoun and
Duodu, 2011; Soto and Revan, 2012). The update report of francisellosis distribution in the
world, from 2001 in Taiwan to 2013 in Thailand, is shown in figure 1 (Nguyen et al., 2015).
The disease affects both seawater and freshwater fish, as well as mollusks (Table 1)
(Birkbeck et al., 2011). Tilapia are highly susceptible to Fno, while cods are to Fnn, which

results in high mortality rate (Colquhoun & Duodu 2011).
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Figure 1 The geographical distribution of francisellosis in fish (black dots: Francisella

noatunensis subsp. orientalis and red dots: F. noatunensis subsp. noatunensis (from

Nguyen et al., 2015).

Tilapia Immunology; As mentioned, francisellosis causes damage to spleen and
anterior kidney among other visceral organs, and it is well known that both organs are
important for fish immunological functions, therefore it is possible that fish infected with

Francisella sp. may have impaired immunological functions. Fish immunology is an

evolution from that of invertebrate to vertebrate (Corbel 1975; Plouffe et al., 2005; Saurabh



and Sahoo, 2008). Fish are the first animals in the Phylum Chordata that possess both innate
and adaptive immune systems (Magnadottir, 2010). The innate response, being non-
specific, is the first line of defense against invading pathogens, while the adaptive immune
response is for specific recognition and destruction of pathogens. Knowledge of the function
of the immune system is essential for the successful development of disease prevention
strategies for fish, especially for the development of vaccines and selective breeding for
disease-resistance traits (Watts et al., 2001).

Information regarding the immune system of fish infected with Francisella sp. is
scarce, and non-existent in tilapia. Vojtech et al. (2009) reported that when the zebrafish
was intraperitoneally injected with Francisella sp., the bacteria replicated rapidly in the liver,
kidney and spleen beginning at 12 h post-injection, and its titers rose steadily, leveled off,
and decreased by 7 days post-injection. The fish responded to the infection by the up-
regulations of interleukin (IL)-1B, y- interferon (IFN-y), and tumor necrosis factor mRNA,
beginning at 6 h post-injection and persisting for up to 7 days post-injection. In addition,
exposure of the zebrafish to heat-killed Francisella sp. revealed a significant induction of IL-
1B highly specific to the live bacteria. When the Atlantic cod was intraperitoneally injected
by live F. noatunensis, significant up-regulations of IFN-y and IL-1B expressions were
observed in the spleen and anterior kidney from 15 to 60 days post-injection (Ellingsen et
al.,, 2011). In the fish intestine, IFN-y was significantly up-regulated after 30 days post-
injection. In addition, IL-10 was up-regulated in the intestine of cohabitant fish from day 30
to day 60. Soto et al. (2010) found the ability of Fno to invade tilapia anterior kidney-derived
macrophages and replicate vigorously within them, causing apoptosis and cytotoxicity in the
macrophages at 24 and 36 h post-infection. Intracellular localization and innate immune
responses following Fnn infection of Atlantic cod (Gadus morhua) macrophages

demonstrated a weak activation of the inflammatory response genes as measured by



increased expressions of the IL-1B and IL-8 and down-regulation of IL-10 (Bakkemo et al.,

2011).

Table 1. Susceptible hosts of Francisella spp. (from Birkbeck et al., 2011)

Species Country Francisella Life Freshwater References
spp. stage /marine
Atlantic cod Norway Francisella Adult Marine Zerihun et.al.,
(Gadus morhua) noatunensis 2011
subsp.
noatunensis
Atlantic salmon Chile Francisella Parr Freshwater Birkbeck et.al.,
(Salm salar L.) spp. 2007
Tilapia Taiwan Francisella Fry - Freshwater Hsiech et.al.,
spp. Adult / marine/ 2006
brackish
Central S. Fry- Freshwater Mauel et. al.,
America adult 2007
(1-
>1000
g)
Hawaii, USA Fry- Freshwater Mauel et. al.,
adult 2003
(?)
Costa Rica Adult Freshwater Soto et.al., 2009
UK Fry- Freshwater Jeffery et. al.,
adult 2010
Thailand F. Fry- Freshwater Nguyen et.al.,
noatunensis adult 2015
subsp. (?)
orientalis
Three-line grunt Japan Francisella Fry- Marine Kamaishi et. al.,
(Parapristipoma philomiragia adult 2005
trilineatum) (?)
Ornamental Taiwan Francisella Juvenile Freshwater Hsich et.al., 2007
cichlid spp. to adult
Hybrid striped South Francisella  Juvenile Freshwater Ostland et. al,,
bass (Morone California, spp. - adult 2006
chrysops x M. USA (10-350
saxatilis) g)
Giant abalone Japan Francisella Adult Marine Kamaishi et. al.,
[Haliotis spp. 2010
(Nordotis)

gigantean]




In the in vitro assay, Soto et al. (2010) reported the interaction of wild-type Fno and
the intracellular growth locus C (AiglC) mutant Fno and showed that both Fno strains were
resistant to killing by normal sera. While the wild-type Fno is able to invade and cause
apoptosis and cytotoxicity of the macrophages in the tilapia anterior kidney, the AiglC Fno
cannot unless the gene is restored. Using AiglC Fno as live attenuated vaccine, Soto, et al.
(2011) was able to protect tilapia against wild-typed Fno. Brudal, et al. (2015) was also
successful in using outer membrane vesicles of Fnn as vaccine to protect zebrafish against
Fnn. At present, an attenuated vaccine against Francisella sp. has been patented (Hawke
and Soto, 2012).

Streptococcosis; For most tilapia farmers, infection by Francisella spp. has not been
readily recognized. The reason may be that when disease outbreaks occur, farmers and
researchers at farms usually identify the cause of the problem from the presence of
culturable bacteria spp., but not pathogens that require sophisticated method to identify,
such as Francisella spp. and iridovirus. The bacteria most commonly reported in associated
with tilapia disease outbreaks are S. agalctiae, S. iniae, Flavobacterium columanare,
Aeromonas hydrophila, Edwardseilla tarda and others.

One of the bacterial species that are most frequently revealed in the outbreaks is
Streptococcus spp. and the disease is commonly known as streptococcosis. Streptococcus
spp. are Gram-positive, fermentative, catalase-negative, oxidase-positive, non-motile and
form spherical colonies at 1mm size in diameter (Austin and Austin, 2007). Up to the
present, six species of them are found pathogenic to the fish; they are S. iniae, S. agalactiae,
S. dysgalactiae, S. phocae, S. parauberis and S. ictaluri (Domeénech et al., 1996; Colorn et
al.,, 2002; Gibello et al., 2005; Pasnik et al., 2009; Yang, 2009; Geng et al., 2012;). The
bacteria cause disease outbreaks in farmed fish worldwide with increasing economic losses.

For instances, S. iniae caused mortality of hybrid tilapia farms in Texas (Perera et al., 1994),



of Nile tilapia farms in South America (Figueiredo et al., 2012), and red tilapia and Asian sea
bass (Lates calcarifer) in southern Thailand (Suanyuk et al., 2010). Streptococcus agalactiae
was identified in fish samples from several disease outbreaks in tilapia farms in Malaysia
(Zamri-Saad et al., 2010) and Thailand (Suanyuk et al., 2008).

Clinical signs of streptococcosis include darkening skin, erratic or disorientated
swimming behavior, exophthalmos or opaqueness of the eyes and inflammation or
ulceration of the abdominal skin. Gross pathology of the visceral organs includes
accumulation of ascetic fluid, brain and liver hemorrhage, enlarged spleen and kidneys and
turgid gallbladder (Zhang et al., 2008). It is commonly known that outbreaks of S. agalactiae
infection in tilapia are associated with high temperature in rearing water, such as in
summer.

Since the streptococcosis is a common disease outbreaks in farmed tilapia, whether
as primary or opportunistic infections, researches on vaccination against S. agalactiae and S.
iniae and the fish immune responses to the pathogens are relatively numerous. Numbers of
reports on S. iniae vaccination are more than that on S. agalactiae (Table 2), probably
because of higher prevalence of S. iniae than S. agalactiae infections in the Western world.
The vaccines are either formalin-killed bacteria, heat-killed bacteria, bacterial proteins,
recombinant proteins, or live attenuated vaccines (Evan et al., 2004; Pasnik et al., 2005; Nur-
Nazifah et al., 2014). Like other kinds of vaccines, the live vaccines have been found to be
more effective than of the dead ones (LaFentz et al., 2008; Pridgeon et al., 2013). It is also
worthwhile to note that tilapia swim-ups and fingerlings that survive streptococcosis
outbreak are likely to survive better in natural environment than the naive fish. It seems

that those that survive have live Streptococcus sp. vaccine naturally.



Table 2. Streptococcus vaccines in fish

Type of vaccine

Fish species

References

Streptococcus iniae
Formalin-killed

Extra-cellular proteins

Live
Streptococcus agalactiae
Modified bacterin

Whole-cell + B-haemolysin

Streptococcus faecalis
Formalin-killed

rainbow trout (Onchorynkus
mykiss)

Nile tilapia

Asian seabass (Lates calcarifer)
Grouper (Epinephelus coioides)
Olive flounder (Paralichthys
olivaceus)

Hybrid striped bass

Nile tilapia
Nile tilapia

Aferican catfish (Clarias
gariepinus)

Eldar et al., 1997
Klesius et al., 2000
Aviles et al., 2013
Huang et al., 2014
Shin et al., 2007
Locke et al., 2010

Evan et al., 2004
Hardi et al., 2013

Badran et al., 2010

From the above information, it is not clear if several disease outbreaks of tilapia that

cause mass mortality is primarily caused by S. agalactiae (or other types of bacteria), or the

discovered bacteria are opportunistic pathogens of the fish that have already been infected

by Francisella spp. (or other types of non-lethal pathogens, e.g, iridovirus) that cause sub-

optimum immunological functions of the fish. Upon being stressed by environmental factors

(high temperature, high stocking density, etc.), these “sub-optimum immunological

functioned” fish thus become easily susceptible to the opportunistic pathogens. With this

hypothesis, this study therefore aims at proving that tilapia with underlying F. noatunensis

infection is more susceptible to S. agalactiae (and other types of bacteria) than those

without. And to substantiate the hypothesis, immunological responses of tilapia are

compared between the fish that have underlying F. noatunensis infection and those

without.



Objectives

1) To detect francisellosis in farmed tilapia in Thailand and identify Francisella spp.
by molecular biology tools

2) To compare immunological profiles of Francisella spp.-infected and Francisella
spp.-free tilapia of the same population

3) To compare susceptibility of Francisella spp.-infected and Francisella spp.-free
tilapia to S. agalactiae challenge. The challenge serves as a model for other types

of bacterial infections.



Research methodology

Experimental animals

Three hundred hybrid red tilapia (Oreochromis niloticus x Oreochromis mossambicus),
200-300 g in weight, which had survived a natural Fno infection were collected from a
commercial farm site in Nakhornsawan Province, Thailand. Ten of these fish were randomly
collected and their head-kidneys screened for the presence of residual Fno by polymerase
chain reaction (PCR) using the method described by Soto et al., (2009), all of which were
found to be positive for the bacterium. This group of red tilapia was therefore considered to
be sub-clinically infected with Fno without any clinical manifestation of the disease. Three
hundred control hybrid red tilapia of the same size were collected from another farm in the
same Province that had no previous history of any disease outbreak, including infection with
Fno. Ten of these fish were also randomly sampled and their kidneys screened for presence
of Fno by PCR, all of which were found to be Fno-negative. The fish were brought to the wet
lab at Mahidol University, Bangkok, and stocked in 10 re-circulatory 350-L fiberglass tanks,
with 30 individuals per tank. The normal and Fno-infected fish were kept separated to avoid

possible cross contamination between groups.

Each of the two groups was further divided into a group to be experimentally infected
with S. agalactiae and another that would not be infected with the pathogen, resulting in 4
groups altogether: G1, normal fish without S. agalactiae challenge; G2, Fno-infected fish
without S. agalactiae challenge; G3, normal fish with S. agalactiae challenge; and G4, Fno-
infected fish with S. agalactiae challenge. Five tanks were used for each group with 30 fish

per tank (150 fish per group). Water quality was monitored daily to ensure optimal water



conditions for the fish, with the following water quality values maintained: dissolved
oxygen, >4 ppm; total ammonia nitrogen, <0.5 ppm; total nitrite, <0.5 ppm; pH, 7.0-7.5 and

water temperature, 28 + 1 °C. A water exchange of 20-30% was performed daily.

Haematological and immunological parameters

One fish was randomly sampled from each tank (5 fish per group) to assess their haemato-
immunological parameters at 0 days post-infection (dpi), before the S. agalactiae challenge
was performed; thus, the fish tested were 10 normal control fish (from G1 and G3
combined) and 10 Fno-infected fish (from G2 and G4 combined). The parameters measured
included haematological parameters [haematocrit (Hct), total red blood cell (RBC) count,
mean corpuscular volume (MCV), total white blood cell (WBC) and differential WBC count],
plasma-related related parameters (lysozyme activity, peroxidase activity and total protein
levels) and head-kidney macrophage activity [respiratory burst (RBA) and phagocytic

activities].

Haematology

Blood samples were collected from the caudal vein of the fish and all the parameters
described determined using the protocols outlined by Sirimanapong et al., (2014). Briefly, 1
mL of blood was withdrawn from the tail vein of individual fish and immediately mixed with
heparin (200 U/mL). The withdrawn blood, 100 pL, was immediately used to determine Hct,
total RBC count, total and differential WBC counts and MCV. The rest of the blood was

centrifuged at 3,000x g for 5 min, plasma collected, and kept at -70 °C for further analysis.

The Hct values were determined by placing well-mixed blood into haematocrit
capillary tubes and centrifuging at 3,000 xg for 5 min, and calculated as a percentage of

packed RBC volume against the whole blood volume. For total RBC and WBC counts, blood



(20 pL) was added to 4 mL Natt-Herricks’s solution and mixed thoroughly before counting
on a Neubauer chamber. From the values of Hct and total RBC count, MCV was determined
according to the formula: MCV (fL) = (Hct x 10)/total RBC (x10° cells/uL). WBC differential
count was carried out by preparing a smear of whole blood on microscopic slides, stained by
Wright—-Giemsa and examined under light microscopy and the % of neutrophils,
lymphocytes, monocytes, eosinophils, basophils and thrombocytes determined. At least 200

cells were counted for each differential count.

Plasma-related parameters

The plasma was thawed and lysozyme activity, plasma peroxidase activity and total protein
content determined. Lysozyme activity was determined according to the method previously
described by Morgan et al., (2008). Briefly, a suspension of 0.2% (w/v) Mycobacterium
lysodeikticus (Sigma, UK) was prepared in 0.04 M phosphate buffer saline (PBS) and 190 pL
of the bacterial mixture was placed into microtitre plate wells, and control wells contained
only the buffer. Plasma samples (10 uL) were added into the wells to make a final volume of
200 plL well™. Each plasma sample tested consisted of 4 replicates. The wells were incubated
at room temperature (32 + 1°C) and the absorbency at 540 nm read at 1 and 5 min after the
incubation. One unit of lysozyme activity was defined as the amount of sample causing a

decrease in absorbance at 0.001/min.

Plasma peroxidase was determined using a modification of the method outlined by
Quade and Roth (1997) and Sitja-Bobadilla et al. (2005). The plasma sample (15 pL) and
Hanks’ balanced salt solution without Ca*" and Mg2+ (135uL) were added to the flat
bottomed well (96-well plate) followed by the addition of 50 pyL of 20 mM 3,3',5,5'-
tetramethylbenzidine in substrate buffer (40 mM acetic acid) containing 0.1% H,0,. The

reaction was stopped with 50 pL of 2 M H,SO,4 and read with an ELISA reader at 450 nm.



Total plasma protein was analysed using a Bradford assay (Bradford, 1976). A protein
standard series (from 0 to 2 mg/mL) were prepared by diluting 6 mg bovine serum albumin
in PBS. Twenty pL of sample or standard was added to the wells of a 96 well plate, to which
is then added 200 pL of Bradford solution (Sigma, UK) and mixed thoroughly on a plate
shaker for 30 sec. After 5 min the plates were read at an absorbance of 595 nm on a
microplate reader. A standard curve of protein concentration against absorbance at 595 nm

was plotted and the level of total protein in the samples determined.

Head-kidney macrophage activity

Samples of head-kidney were collected to examine head-kidney macrophage activity i.e.
RBA with and without stimulation by phorbol myristate acetate (PMA), reactive oxygen
species (ROS) stimulation index and phagocytosis, all of which were performed as previously
described by Sirimanapong et al., (2015). To determine the RBA, head-kidney phagocytes
were isolated and the cell suspension was placed into a 96 well tissue culture plate (100
uL/well), 10 wells per fish, and incubated at 28-30 °C for 2 h. After incubating, the non-
adherent cells were removed before adding 100 uL of p-nitroblue tetrazolum (NBT) solution
to four replicate wells and 100 pL of NBT solution containing PMA to another four replicate
wells, and 100 pL lysis buffer to two remaining wells to determine the number of attached
cells. The plates were incubated for 1 h at 28-30 °C. Meanwhile the number of adherent
cells was determined by counting the number of released nuclei with a haemocytometer.
The RBA was stopped after 1 h by fixing the cells with 100 % (v/v) methanol. The plates were
washed three times with 70 % (v/v) methanol and the wells were air-dried. The insoluble
formazan in the wells was dissolved by adding 120 pL 2 M KOH (BDH, UK) and 140 uL DMSO
(Sigma, UK). The content of each well was mixed carefully and air bubbles removed with a

needle. The absorbance of the wells was measured at 610 nm using a micro-plate reader



(Synergy HT; Bio Tek Instruments, Winooski, VT, USA) and the results expressed as an
absorbance at 610 nm per 10° cells. The ROS stimulation index was calculated from the

equation PMA-stimulated ROS/mean unstimulated ROS.

Phagocytic activity by head-kidney macrophages was determined by placing 100 uL of
the head-kidney cell suspension onto microscope slides, which were then placed in a moist
incubation chamber for 1 h at room temperature (32 + 1°C) to allow adherence of cells to
the slide. Yeast, Saccharomyces cerevisiae, 10’ yeast cells/mL in L-15 medium (Sigma, UK),
was used as the phagocytic particles and 100 uL of the yeast suspension was placed into one
circle of attached cells and 100 uL of the medium, as control, into the second circle. The
slides were incubated for 1 h at room temperature (32 + 1°C) to allow phagocytosis to take
place and then washed with L-15 medium. The cells were fixed with 100% methanol (100
uL) for 5 min and stained with Giemsa stain, and the number of phagocytes containing yeast
was counted for a total 200 phagocytes. The phagocytic index (Pl), phagocytic activity (PA),
and phagocytic capacity (PC) were determined as described previously (Findlay and Munday,

2000).

Streptococcus agalactiae challenge

A virulent strain of S. agalactiae, isolated from a field outbreak, was cultured in tryptone soy
agar (TSA, Oxoid England) for 24 h. Three to five colonies of the bacteria were randomly
selected from the plate and placed into 100 mL of sterile tryptic soy broth (TSB). The
bacteria were cultured to late logarithmic growth in a shaking incubator (150 rpm, 28 °C)
(Incu-shakerTM 10L, Benchmark, NJ) for 24 h and the concentration of the bacterial
suspension determined using spectrophotometer at ODggo Nnm and the concentration

confirmed with a plate counting method as colony forming units (Suanyuk et.al., 2008).



The fish in G1 and G3 were individually injected with 0.1 mL of TSB, while those in G2
and G4 were individually injected intraperitoneally with 0.1 mL TSB containing 2.4 x10’
cfu/mL S. agalactiae. At 3, 6, 12, 24 and 48 h post-injection, one fish per tank (thus, five fish
per group at each time-point) was randomly sampled and determined for haemato-
immunological parameters as described. Mortality was monitored twice daily for 2 weeks in
seperate tanks using 24 fish per tank in five replicate tanks per group. Moribund fish were
clinically assessed and tissue swabs were cultured to determine the presence of S.

agalactiae in TSA and confirmed by PCR assay.

Statistical analysis

All data were analysed using one-way analysis of variance (ANOVA), general linear model,
and pairwise comparison (Turkey) of means. All statistical tests were performed using SPSS
software (Version 19) under license to the Mahidol University. The differences were
considered statistically significant when p<0.05. Principal Components Analyses (PCAs) were
conducted within Statistica 10 (StatSoft, Inc. 1984-2011, Tulsa, Oklahoma, USA) on the raw
data obtained for 24 measured immunological parameters. An ANOVA with a post-hoc
Tukey HSD test with both Bonferroni and Holm’s correction (Holm, 1979) applied to account
for multiple comparisons were subsequently ran on the factor scores for the first principal
component derived from each analysis. Statistically significant differences were accepted at

p<0.05.



Result

Before performing the S. agalactiae challenge, the haemato-immunological
parameters of the normal and Fno-infected fish were compared and most of the parameters
tested were not statistically different between the two groups (Table 3). The only parameter
that was statistically different was the percentage of lymphocytes, which was significantly
lower (p<0.05) in the Fno-infected fish compared to the normal fish (i.e. approx. 85% of
those compared to the normal fish).

Following the S. agalactiae challenge, many changes were observed in the parameters
measured. The Hct, total RBC count and MCV of all groups of fish, measured at 3, 6, 12, 24
and 48 hours post-infection (hpi), are shown in Figure 2. Although a comparison was made
between the 4 groups at each time-point, the difference between G3 (normal fish infected
with S. agalactiae) vs G4 (Fno-infected fish infected with S. agalactiae) was of particular
interest. Following the S. agalactiae infection, the Hct of the G3 and G4 fish were generally
lower than those of their respective controls, G1 and G2, with statistically significance
differences obtained at several time-points: G1 vs G3, at 3, 12 and 48 hpi; G2 vs G4, at 12
and 48 hpi. Comparing between G3 vs G4, the Hct of G4 fish was significantly lower than
that of the G3 fish at 12 and 48 hpi, suggesting that the Fno-infected fish had become more
anaemic than the normal fish following infection with S. agalactiae.

The RBC value of the G3 fish was significantly higher than that of G1 fish at 24 hpi,
while the RBC values of the G4 fish was significantly lower than that of G2 fish at 12 hpi.
Comparing between G3 vs G4 fish, the RBC count of G4 was significantly lower than that of
G3 at 12 and 24 hpi. Therefore, S. agalactiae infection in normal fish had either “no-effect”
or resulted in a higher RBC count, while the infection in the Fno-infected fish had either “no-

effect” or resulted in a lowering of the RBC count.



The values of the MCV obtained for the G3 fish was significantly lower than that of G1
fish at 12 and 24 hpi, while corresponding values in the G4 fish did not differ to those of the
of G2 fish at any time-point. No significant difference was detected between the G3 fish and
the G4 fish at any time-point. Therefore, infection with S. agalactiae caused a decrease in
the MCV value in the normal fish, but not the Fno-infected fish.

The total WBC count, and the differential count for lymphocytes and thrombocytes for
the 4 groups of fish are presented in Figure 3. No difference was found in the percentage of
neutrophils, eosinophils and monocytes between the groups of fish, and therefore the data
for these have not been presented in Figure 3. The total WBC count of G3 fish was
significantly higher than that of G1 fish at 6, 12, 24 and 48 hpi, whereas the WBC count of
the G4 fish was only significantly higher than that of G2 fish at 48 hpi. Between G3 and G4
fish, the latter had significantly lower levels of WBC than the fish in G3 at 12 hpi. The results,
therefore, suggested that there is an increase in the total WBC count in both normal and
Fno-infected fish in responded to the S. agalactiae infection, but this response was
statistically higher in normal fish at certain points in the infection.

When comparing the percentage of lymphocytes present in G1 and G3 fish, these
values were significantly higher at 12 hpi and significantly lower at 48 hpi in G3 fish
compared to G1 fish, while no significant difference was seen between G2 vs G4 fish. When
the percentage of lymphocytes present in the blood of the normal (G3) and Fno-infected
fish (G4), following S. agalactiae challenge was compared, the percentage was significantly
lower in the G4 fish at 0 hpi, but significantly higher at 24 hpi, and overall the percentage of
lymphocytes seemed very variable between these two groups over the infection period.

The percentage of thrombocytes did not differ in the four groups of fish, except at 12
hpi when the value of Fno-infected fish (G4) was significantly higher than that of other

groups.



The levels of lysozyme and peroxidase activity and total protein levels in plasma of fish
over the duration of the study are shown in Figure 4. High levels of fluctuation could be seen
in lysozyme activity and no significant differences could be seen between the groups at any
time-point, except at 3 hpi, when the activity in G4 fish was significantly higher than that of
the G3 fish. When peroxidase activity was examined in the different groups, significantly
higher levels were seen in G3 fish than that of G1 fish at 48 hpi, and significantly higher
levels were seen in G4 fish compared to G2 fish at 12, 24 and 48 hpi. Between G3 vs G4 fish,
the peroxidase activity was significantly higher in G4 fish compared to that of G3 fish at 12
and 24 hpi, but significantly lower at 48 hpi. The results, therefore, suggested a general
increase in the level of plasma peroxidase activity after S. agalactiae challenge, both in the
normal and Fno-infected fish, and the response in the Fno-infected fish was more than that
of the normal fish during 12-24 hpi, but had lower response after that.

For plasma protein levels, significantly higher levels of protein were seen in normal
fish infected with S. agalactiae (G3) than that of normal fish (G1) at 48 hpi, while
significantly higher were seen in Fno-infected fish infected with S. agalactiae (G4) compared
to Fno-infected fish (G2) at 12 hpi. Comparing between the G3 vs G4 fish, the protein level
Fno-infected fish infected with S. agalactiae (G4) was significantly higher than that of the
normal fish infected with S. agalactiae (G3) at 12 hpi. The protein level was, therefore,
increased by the S. agalactiae infection and the response in the Fno-infected fish was earlier
(12 hpi) than that of the normal fish (24 hpi). And, again, the response of the Fno-infected
fish seemed to decline after 24 hpi, while that of the normal fish continued to rise at 48 hpi.

Head-kidney macrophages function was also examined in the 4 groups of fish (RBA
and ROS values shown in Figure 5 and phagocytosis activity shown in Table 4). For RBA
activities and ROS stimulation index without PMA stimulation, these values were

significantly higher in G3 fish than those measured in G1 fish at 12 and 48 hpi, while values



in G4 fish was significantly higher than those of G2 fish at 12, 24 and 48 hpi. When values
were compared between the G3 vs G4 fish i.e. normal fish infected with S. agalactiae
compared to Fno-infected fish infected with S. agalactiae, the levels produced by G4
macrophages was significantly higher than macrophages from G3 fish at 24 and 48 hpi. The
response was similar in the presence of PMA stimulation, except with higher values were
obtained. The results therefore suggest that the RBA is increased in both normal and Fno-
infected fish in responded to S. agalactiae infection and this response was significantly
higher in the Fno-infected fish in the latter part of the trial.

The ROS stimulation index was, however, comparable in all groups at all time points,
except at 48 h, in which the level seen with G4 macrophages was significantly lower than

those of G2.

Generally, the phagocytic activity of head-kidney phagocytes was not significantly
different in any of the groups of fish, except at 24 hpi when the level in the G4 fish was
significantly higher than that of the G3 fish (Table 4); the phagocytic index was also similar
between groups. When comparing the phagocytic index between G1 and G3 fish, there was
a significantly higher activity in G3 fish than the G1 fish at 12 hpi, and between the G2 and
G4 fish, the latter had a significantly higher index than G2 fish at 24 hpi. Between G1 vs G2
fish, the phagocytic index of G2 fish was significantly higher than that of G1 at 3 hpi, whole
no significant difference was seen between G3 vs G4 fish at any time-point.

No significant difference was detected in the phagocytic capacity when G2 and G4 fish
and G3 and G4 fish were compared. There was a significant difference between G1 vs G3
fish however, with G3 fish having a significantly lower PC3 at 12 hpi, but significantly higher

PC6 at 24 hpi and significantly higher PC>6 at 3 hpi.



The survival of the fish following the S. agalactiae challenge is shown in Figure 5,
showing that G4 died rapidly and the survival was less than 10 % at 2 dpi, while the
mortality of G3 was less than 10 % at 2 dpi. From days 11 to 14, the survival in G4 (the Fno-

infected fish infected with S. agalactiae) was 3.3 (£ 3.5) %, while 46.7 (£ 5.4)% of fish

survived in G3 (normal fish infected with S. agalactiae). No fish died in the two non-
challenged groups [G1 (normal fish) and G2 (Fno-infected fish)] with 100% survival. The
moribund fish had an erratic swimming pattern, exophthalmos and skin lesions. Swabs
taken from head-kidney, liver and spleen, streaked on agar produced colonies of bacteria,
which were characterised as S. agalactiae from their biochemical profile.

Separate rounds of PCA analysis were run for each time point in the immunology-based study
(i.e. att=0, 3, 6, 12, 24 and 48 hours post-infection; see Figure 7). The component loadings for the 24
measured immunological parameters (Hct, MCV, RBC count, WBC count, Differential WBC count
(Monocyte, Lymphocyte, Eosinophil and Thrombocyte), Respiratory burst activity (RBA) and RBA
with PMA), ROS, Lysozyme activity, Phagocytic activity, Phagocytic index, Phagocytic capacity (PC1,
PC2, PC3, PC4, PC5, PC6 and PC6+), Total protein and Plasma peroxidase) used in each PCA analysis
are given in Table 5, 6 and shows which had a major effect in separating the fish through each
principal axis. From this, in general, RBA, RBA with PMA and HCT were the key parameters
separating specimens through the first principal component at 12-48 hours post-infection, while
total protein, thrombocytes and lymphocytes, among others were the key variables acting through
the second principal component (see Figure 7 and Table 5, 6). Significant differences between the
groups tested with a one-way ANOVA were seen at 12 (p=3.042 x107), 24 (p=0.0004) and 48 (p=2.40
x10®) hours post-infection. Bonferroni and Holm post-hoc multiple comparison tests between the

pairs of test groups are summarised in Table 7.



noatunensis-infected fish

Table 3. Haemato-immunological parameters of hybrid red tilapia compared between normal and F.

Normal Fno-infected
Haematology
Haematocrit (%) 29.0+3.1 27.2+3.6
Total RBC count (x 10° cells/pL) 1.68£0.48 1.58£0.31
Mean corpuscular volume (fL) 189.8 +71.0 1783 +41.2
Total WBC count (x 10” cells/pL) 1.41 £0.40 1.43+0.19
WBC differential count (%)
Neutrophil 21.5+45 24.3+6.0
Eosinophil 3.1+19 3.5+2.38
Monocyte 23+0.8 3.0+19
Lymphocyte 42.7+3.3 364+7.5
Thrombocyte 30.4+6.9 328+7.1
Innate immune response
Lysozyme activity (unit/mL) 257.9+110.8 266.2 + 165.3
Peroxidase activity (450-nm absorbance) 3.7+09 3.6+0.7
Total protein (mg/mL) 322 +88 320+ 30
Respiratory burst activity
Reactive oxygen species index 1.88 £ 0.35 1.97+£0.39
Phagocytic activity
Phagocytic activity (%) 90.3+1.7 89.8+4.1
Phagocytic index (yeast cells/phagocyte) 3.5+0.2 3.5+0.3
Phagocytic capacity (%)
1-yeast cell/phagocyte 14.4+2.9 16.2+4.0
2-yeast cell/phagocyte 20.3+5.3 15.9+3.7
3-yeast cell/phagocyte 13.8+4.1 12.6+2.7
4-yeast cell/phagocyte 12.1+4.2 13.5+2.7
5-yeast cell/phagocyte 6.0+1.6 6.2+0.8
6-yeast cell/phagocyte 45+1.2 5.1+09
>6-yeast cell/phagocyte 55+1.6 55+14

Fno, F. noatunensis; RBC, red blood cell; WBC, white blood cell. *p<0.05; ** (610-nm absorbance for
10° cells); Values represent the mean value of 10 fish +SD



Table 4. Phagocytosis of cells isolated from head-kidney of normal and Fno-infected red tilapia

No S. agalactiae challenge
G1 G2

S. agalactiae challenge
G3 (Normal) G4

(Normal) (Fno-infected) (Fno-infected)
Phagocytic activity (%)
3 hpi 88.0+2.9 92.4+5.9 89.8+3.6 90.0+7.3
6 hpi 88.8+1.3 89.0+2.8 88.4+2.7 91.8+2.6
12 hpi 91.0+2.7 91.0+3.3 93.4+4.0 93.8+3.2
24 hpi 91.2+1.5% 88.8 + 5.5° 88.8+3.7° 94.0+1.6°
48 hpi 86.0+5.9 84.8+1.9 85.4+2.2 83.6+2.3
Phagocytic index
3 hpi 3.1+0.5° 3.8+0.3" 3.5+0.3% 3.5+0.6™®
6 hpi 33+0.1 3.4+04 3.3+0.3 3.5+0.3
12 hpi 3.5+0.2° 3.6+0.3%" 4.0+0.4° 3.8+0.1%
24 hpi 3.8+0.2% 3.5+0.3° 3.6+0.1% 3.9+0.1°
48 hpi 3.0+0.3 3.0+0.2 3.0+0.1 2.9+0.2
Phagocytic capacity 1
(pc1)
3 hpi 19.9+6.2° 14.1+1.7° 18.6 +4.4° 21.6+4.8°
6 hpi 20.1+2.1 17.8+5.8 20.2+2.8 18.1+3.5
12 hpi 19.1+2.8° 16.8 3.2 13.8+3.8" 14.9 +3.0°
24 hpi 15.4 +3.5 15.9+4.0 17.3+1.9 14.0+3.3
48 hpi 22.5+3.9 23.4+16 237423 249429
Phagocytic capacity 3
(PC3)
3 hpi 13.9+3.2 12.3+2.7 13.4+3.1 11.5+4.4
6 hpi 13.1+3.1 14.1+1.8 14.7+1.2 14.4+2.1
12 hpi 13.9+1.5° 13.0+0.5%° 12.0+1.3° 13.0+1.6%°
24 hpi 12.7+1.6 15.6 +2.2 12.4+3.2 13.2+2.0
48 hpi 16.0+4.2 16.1+2.0 12.6+4.1 16.3+2.4
Phagocytic capacity 5
(PC5)
3 hpi 57+13 6.3+1.3 52+1.4 57+16
6 hpi 50+1.1 5.7+0.9 6.1+0.9 59+2.1
12 hpi 48+15 5.3+1.8 6.4+1.5 6.3%0.7
24 hpi 5.3%1.0° 6.0+ 0.7 6.6+ 0.5° 6.7+0.8°
48 hpi 41+13 44+13 3.1+13 34+0.7
Phagocytic capacity 6+
(PC6+)
3 hpi 33+1.8° 6.3+1.4° 6.4+1.3° 6.6 +2.7°
6 hpi 54+1.2 54+1.9 50+1.2 56+1.1
12 hpi 5.2+0.5 7.0+0.9 7.3%25 6.5+ 1.0
24 hpi 7.5+0.5° 59+1.3° 6.5+0.7% 6.9 +0.6™
48 hpi 6.1+1.6 5.6+1.7 6.2+0.3 6.4%0.9

Different superscripts indicate statistical significance (p<0.05); comparison was made between the
values of the same row. Phagocytic index = average number of yeast cells in one phagocyte; PC1
(and higher) = percentage of phagocytes containing 1 yeast cell (and higher); hpi, hours post-
injection of S. agalactiae. Values represent the mean value of 5 fish +SD



Table 5. The component loadings and the percentage of the variance explained by each variable (n = 24) for each principal components analysis. PCA 1 (t = 0 hour post-
infection (p.i.); 4 groups; n = 5 replicates per group); PCA 2 (t = 3 hpi.); PCA 3 (t = 6 hpi.). Each analysis considers four groups of samples: G1 - normal fish not subjected to a
Streptococcus agalactiae challenge; G2 - Francisella noatunensis-infected fish not subjected to a S. agalactiae challenge; G3 - normal fish subjected to an S. agalactiae
challenge and G4 - F. noatunensis-infected fish subjected to a S. agalactiae challenge. Values above + 0.70 are shown in a bold font.

Variable PCA 1 (t = 0 hpi.) PCA 2 (t = 3 hpi.) PCA 3 (t = 6 hpi.)
Factor Factor Factor Factor Factor Factor Factor Factor Factor
1 2 3 1 2 3 1 2 3
HCT 0.484 -0.323 0.520 0.345 0.004 0.480 -0.017 0.488 -0.175
MCV 0.793 -0.299 -0.253 0.109 -0.766 0.342 -0.442 0.447 0.593
RBC x 10° cell/ml -0.708 0.108 0.333 0.022 0.783 0.012 0.449 -0.169  -0.752
WBC x 10° cell/ml -0.452 -0.281 0.411 0.090 0.157 -0.392 0.232 -0.393 -0.308
Respiratory burst activity (RBA) -0.646 -0.325 0.483 -0.039 -0.630 -0.581 -0.454 0.418 0.024
Respiratory burst activity (RBA with PMA) -0.554 -0.349 0.378 0.154 -0.784  -0.383 -0.303 0.369 -0.345
Reactive oxygen species (ROS) 0.157 -0.087 -0.188 0.763 -0.176 0.259 0.344 -0.234 -0.663
Lysozyme activity -0.233 0.351 -0.341 -0.233 -0.563 0.158 -0.141  -0.733  -0.032
Total protein -0.591 -0.216 -0.354 -0.377 0.346 0.262 0.313 0.100 0.290
Plasma peroxidase 0.176 -0.477 0.522 -0.664 -0.172 -0.151 -0.278 -0.635 -0.254
Monocyte -0.193 0.512 0.225 -0.051 0.376 -0.160 0.201 -0.506 0.408
Lymphocytes 0.017 -0.297 0.403 -0.187 -0.155 -0.553 -0.641 -0.515 0.133
Neutrophils -0.777 0.163 -0.072 -0.316 0.139 0.050 -0.272 -0.244 0.215
Eosinophils -0.222 0.239 -0.297 -0.036 0.678 -0.342 -0.020 -0.233 0.060
Thrombocytes 0.700 -0.039 -0.271 0.385 -0.335 0.544 0.528 0.614 -0.288
Phagocytic activity (PA) -0.175 0.715 0.316 -0.682 0.131 0.305 0.495 -0.096 -0.153
Phagocytic index (PI) 0.066 0.889 0.264 -0.939 -0.050 0.192 0.896 0.025 0.234
Phagocytic capacity 1 (PC1) -0.518 -0.330 -0.318 0.744 0.092 -0.571 -0.668 -0.288 -0.407
Phagocytic capacity 2 (PC2) -0.034 -0.485 -0.478 0.688 0.214 0.306 -0.507 0.516 -0.090
Phagocytic capacity 3 (PC3) 0.352 0.031 0.665 0.177 0.366 0.267 -0.420 0.023 -0.563
Phagocytic capacity 4 (PC4) 0.518 0.095 0.480 -0.161 -0.157 0.367 -0.037 -0.175 0.665
Phagocytic capacity 5 (PC5) -0.319 0.168 0.214 -0.159 -0.551 -0.045 0.483 -0.400 0.022
Phagocytic capacity 6 (PC6) -0.595 0.052 -0.207 -0.339 -0.089 0.623 0.501 -0.572 0.273
Phagocytic capacity 6+ (PC6+) 0.309 0.663 -0.115 -0.800 0.034 -0.260 0.631 0.629 0.064
% Total variation 0.216 0.145 0.133 0.203 0.168 0.130 0.195 0.176 0.132

Cumulative percentage 21.59 36.08 49.38 20.34 37.16 50.2 19.49 37.09 50.24




Table 6. The component loadings and the percentage of the variance explained by each variable (n = 24) for each principal components analysis. PCA 4 (t = 12 hpi.); PCA 5
(t = 24 hpi.) and PCA 6 (t = 48 hpi.). Each analysis considers four groups of samples: G1 - normal fish not subjected to a Streptococcus agalactiae challenge; G2 - Francisella
noatunensis-infected fish not subjected to a S. agalactiae challenge; G3 - normal fish subjected to an S. agalactiae challenge and G4 - F. noatunensis-infected fish subjected

to a S. agalactiae challenge. Values above + 0.70 are shown in a bold font.

Variable PCA 4 (t = 12 hpi.) PCA 5 (t = 24 hpi.) PCA 6 (t = 48 hpi.)
Factor Factor Factor Factor Factor Factor Factor Factor Factor
1 2 3 1 2 3 1 2 3
HCT -0.819 0.296 -0.147 -0.341 0.373 0.422 0.768 -0.249 0.073
MCV -0.288 -0.441 0.006 -0.513 -0.475 -0.236 -0.073 -0.173 0.546
RBC x 10° cell/ml -0.367 0.563 -0.104 0.204 0.627 0.406 0.471 0.082 -0.427
WBC x 10° cell/ml 0.614 0.555 0.053 0.585 -0.286 0.391 -0.607 0.014 0.178
Respiratory burst activity (RBA) 0.785 -0.193 -0.431 0.860 -0.109 -0.269 -0.745 0.080 0.203
Respiratory burst activity (RBA with PMA) 0.778 -0.381 -0.323 0.871 -0.243 -0.253 -0.778 0.003 0.216
Reactive oxygen species (ROS) -0.168 -0.388 0.364 -0.198 -0.485 -0.163 0.708 0.060 0.184
Lysozyme activity 0.086 0.079 -0.240 -0.430 0.026 0.115 0.571 -0.028 0.171
Total protein 0.614 -0.597 -0.032 0.745 -0.095 -0.275 -0.606 -0.076 0.135
Plasma peroxidase 0.812 -0.437 -0.236 0.458 -0.226 -0.037 -0.676 0.069 0.299
Monocyte -0.280 -0.031 -0.735 0.544 -0.290 0.259 0.332 0.729 -0.094
Lymphocytes 0.025 0.687 -0.350 -0.295 -0.557 -0.371 0.489 -0.153 0.330
Neutrophils -0.444 -0.070 0.596 -0.481 0.607 -0.414 -0.010 0.568 -0.324
Eosinophils 0.026 -0.294 -0.421 0.444 0.571 -0.142 -0.295 0.592 0.181
Thrombocytes 0.547 -0.571 0.493 0.364 -0.244 0.733 -0.291 -0.828 -0.194
Phagocytic activity (PA) 0.509 0.418 0.134 0.456 0.321 -0.130 0.309 -0.164 0.416
Phagocytic index (PI) 0.715 0.517 0.262 0.370 0.287 -0.145 0.229 -0.484 0.680
Phagocytic capacity 1 (PC1) -0.671 -0.263 -0.251 -0.015 0.274 0.461 -0.267 0.430 -0.288
Phagocytic capacity 2 (PC2) -0.238 -0.346 0.242 0.364 -0.259 -0.435 -0.198 0.177 -0.379
Phagocytic capacity 3 (PC3) -0.174 -0.377 0.108 -0.332 -0.572 0.246 0.445 0.400 0.429
Phagocytic capacity 4 (PC4) -0.511 -0.162 -0.357 -0.174 0.331 -0.759 -0.066 -0.389 -0.290
Phagocytic capacity 5 (PC5) 0.482 0.161 -0.431 0.352 -0.056 -0.067 0.361 -0.259 -0.486
Phagocytic capacity 6 (PC6) 0.393 0.220 -0.325 -0.220 -0.306 0.224 -0.216 -0.705 -0.159
Phagocytic capacity 6+ (PC6+) 0.461 0.408 0.670 0.288 0.357 0.174 0.030 0.237 0.893
%o Total variation 0.263 0.155 0.129 0.211 0.139 0.121 0.215 0.143 0.136
Cumulative percentage 26.26 41.79 54.7 21.11 35.04 47.14 21.49 35.82 49.4




Table 7. Bonferroni and Holm post-hoc tests ran on the factor scores for the first principal

component derived from each analysis testing for statistical significance (p<0.05). Where G1 =

normal fish that were not challenged with Streptococcus agalactiae; G2 = Francisella noatunensis-

infected fish that were not challenged with S. agalactiae; G3 = normal fish that were challenged with

S. agalactiae; and, G4 = F. noatunensis-infected fish that were challenged with S. agalactiae. NS, not

significant.
12 hpi 24 hpi 48 hpi
Treatment
pair Bonferroni Holm Bonferroni Holm Bonferroni Holm
G1l vs G2 NS NS NS NS NS NS
G1 vs G4 p<0.01  p<0.01 p<0.01  p<0.01 p<0.01  p<0.01
G1vs G3 p<0.01  p<0.01 NS NS p<0.01  p<0.01
G2 vs G4 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01
G2vs G3 p<0.01  p<0.01 NS p<0.05 p<0.01  p<0.01
G4 vs G3 NS p<0.05 NS NS NS NS
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Figure 2. % Haematocrit, total red blood cell count and mean corpuscular volume of
normal and Fno-infected red tilapia, at time 3, 6, 12, 24 and 48 hours following
Streptococcus agalactiae challenge. Values are means * standard deviation with
n =5 per group. Statistical comparison was made among the values of the same
time-point; different superscripts indicate statistical significance (p<0.05).
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Figure 3. Total white blood cell count and percentage of lymphocytes and thrombocytes of
normal and Fno-infected red tilapia, at time 3, 6, 12, 24 and 48 hours following
Streptococcus agalactiae challenge. Values are means + standard deviation with n
=5 per group. Statistical comparison was made among the values of the same
time-point; different superscripts indicate statistical significance (p<0.05).
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Figure 4. Activities of plasma lysozyme and peroxidase and level of plasma protein of
normal and Fno-infected red tilapia, at time 3, 6, 12, 24 and 48 hours following
Streptococcus agalactiae challenge. Values are means * standard deviation with
n =5 per group. Statistical comparison was made among the values of the same
time-point; different superscripts indicate statistical significance (p<0.05).
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Respiratory burst activities (RBA), with and without phorbol myristate acetate
(PMA) stimulation and reactive oxygen species (ROS) stimulation index of
normal and Fno-infected red tilapia, at time 3, 6, 12, 24 and 48 hours following
Streptococcus agalactiae challenge. Values are means * standard deviation with
n =5 per group. Statistical comparison was made among the values of the same
time-point; different superscripts indicate statistical significance (p<0.05).
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Conclusion and Discussion

Before S. agalactiae challenge, the haemato-immunological parameters measured in the
Fno-infected red tilapia were comparable to values obtained for the normal fish, except for
a lower percentage of lymphocytes from the differential white blood cell count. During the
S. agalactiae challenge, both the % Hct and RBC count were significantly lower in the Fno-
infected fish, compared to the normal fish. Since the MCV values were normal, it suggests
that the reduced % Hct was caused by the reduced number of RBC, not the size of the RBC.
As the head-kidney is also the site of RBC production (Abdel-Aziz et al., 2010), it is possible
that Fno infection affected erythropoiesis in the Fno-infected fish.

The total WBC and WBC differential counts were similar between the Fno-infected and
normal fish before S. agalactiae challenge, butwere significantly higher in the Fno-infected
fish after the S. agalactiae challenge. This 40-50% increase (compared to levels of both
normal and Fno-infected only fish) may reflect the “alert” level of the WBC following the
natural Fno-outbreak. The percentage of lymphocytes were found to be lower in the Fno-
infected fish than in the controls before challenge, but during the challenge, it remained
more or less the same level as that of the normal fish. The finding suggests that Fno
infection in the head-kidney of these fish did not impact on the normal myelopoiesis and,
probably, lymphopoiesis functions. The presence of basophils has not been reported in the
peripheral blood of the hybrid red tilapia either (Hrubec et al., 2000), but it has been
reported that this type of cell is easy overlook during microscopic identification of the cells
(Ueda et al., 2001).

Following S. agalactiae challenge, plasma lysozyme and peroxidase activities of the

Fno-infected fish were significantly higher than those of the normal fish at certain time-



points. Both of these enzymes are produced by neutrophils and monocytes (Ueda et al.,
2001; Scapigliati et al., 2002), so the reason why these two enzymes increased following the
challenge was possibly due to an increased in number and function of the WBC in response
to the S. agalactiae infection. Peroxidase combines H,0, with CI” to produce hypochlorite,
which plays an important role in destroying bacteria (Secombes and Fletcher, 1992).

The total plasma protein level in this study was comparable to values described
elsewhere (Hrubec et al, 2000). The main protein component in plasma is albumin and
immunoglobulin. It is not known which component contributed the increase in the total
plasma protein seen in Fno-infected fish, although it is probable the immunoglobulin,
involved in the adaptive immunological response to S. agalactiae, might have increased
(Harikrishnan and Balasundaram, 2010).

While it was anticipated that the Fno-infected fish would have a sub-normal RBA, the
head-kidney macrophages from the Fno-infected fish was in fact significantly higher than
that of the normal fish, with or without PMA stimulation. In addition, the phagocytic
activities were found to be comparable to the normal fish. In fish, as in other animals, RBA is
the strong defence mechanism against pathogens, which occurs after phagocytosis, and is
associated with an intense oxygen consumption by the phagocytes, which causes them to
produce superoxide and other reactive compounds, such as hydrogen peroxide and
hydroxyl radicals; and together with lysozyme and peroxidase, the radicals kill the engulfed
pathogens (Secombes and Fletcher, 1992). The results from the plasma enzymes, RBA and
phagocytic activities suggest that the Fno-infected fish did not show any reduced capacity of
their innate immune response. In humans, Francisella tularensis infected neutrophils have
been shown to have the ability to evade RBA of the infected cells by preventing NADPH

oxidase assembly and the bacteria survived well in the infected cells (McCaffrey and Allen,



2006). This mechanism does not seem to operate in the Fno-infected fish in this study as the
RBA was increasing despite the Fno-infection.

It is interesting to look in more detail as to why the Fno-infected fish had higher
mortality than the normal fish following S. agalactiae challenge despite comparable, or even
better innate immune activity.

The first possibility is that the innate immune defence mechanisms of the fish are not
adequate to protect the fish from pathogens. It was reported in Senegalese sole that
increasing RBA of phagocytes of the fish was not necessarily adequate to protect the fish
from Photobacterium damselae infection (Diaz-Rosales et al., 2009). In O. niloticus, it has
been shown that the correlation between the levels of the RBA and protection against a
pathogen is not always demonstrated. Two different strains of O. niloticus responded
differently to Vibrio parahaemiolyticus challenge by showing significantly different levels of
RBA, but yet had the same mortality rate following challenge with the bacterium (Balfry et
al., 1997). In the present study, on the other hand, we found that normal and Fno-infected
fish had different levels of cumulative mortality following infection with S. agalactiae, but
with more or less similar haematological and innate immune responses, thus it can be
concluded that there does not appear to be a correlation between the these parameters
and protection against S. agalactiae in either group of fish.

The second possibility is that the combination of the Fno and S. agalactiae infections
caused further decrease in erythropoiesis resulting in acute anaemic, with % Hct dropping
from an average of 26.6% to 20.6% within 48 h. The bacteria S. agalactiae has been
reported to infect several organs of Nile and red tilapia, especially their brain and kidney
(Hernandez et al., 2009; Assis et al., 2017), and S. agalactiae were cultured from the head-

kidney of the infected fish.



The third possibility is that Fno-infected fish had a less effective adaptive immune
reponse than the normal fish. The production of antibodies is accomplished by lymphocytes,
which differentiate into plasma cells after encountering their target antigen. In this study,
the percentage of lymphocyte in the Fno-infected fish was not lower than that of the normal
fish, however. Interestingly, the head-kidney of many fish, including O. niloticus, also
contains thyroid hormone-producing cells (Geven and Klaren, 2017). As thyroid hormones
and immune system interact and support each other in ways that are still unclear, possible
damage of thyroid function by the Fno infection in the head-kidney of the fish might be
related to the lower resistance against the superimposing S. agalactiae infection and this is

an interesting point to consider in future research.

Conclusions

Hybrid red tilapia, Oreochromis sp., chronically infected with Fno have normal
haematological and innate immune function and survive well under normal conditions.
They, however, have more rapid and higher level of mortality, compared to the non-
infected red tilapia, when experimentally infected with S.agalactiae, despite having normal
or higher innate immune responses. Following S. agalactiae infection, the Fno-infected fish
had an acute reduction in their red blood cell count. Whether this acute anaemia or other
unknown mechanisms caused the rapid death of the fish is unknown, but it is likely that the
seemingly normal innate immune responses in the Fno-infected red tilapia is not adequate

to protect the fish from mass mortality by opportunistic pathogens.
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Abstract

In this study we examined the effect thaErancisella noatunensig-no) infection had on
hybrid red tilapia Qreochromis niloticus< Oreochromis mossambiqusubsquently infected
with Streptococcus agalactiaé variety of hemato-immunological parameters (hataorit,
total red blood cell count, mean corpuscular voluto&l white blood and differential cell
counts, total plasma protein, plasma lysozyme atasnpa peroxidase activities, and
respiratory burst and phagocytic activities of h&mbhey macrophages) were measured in
hybrid red tilapia that had been previously expogednFno outbreak in a tilapia grow-out
farm. The head-kidneys of these apparently healthyivors, when checked by PCR were
found to beFno-positive with hemato-immunological parameters tivare similar to fish
without an a priori infection. The only exceptiomswthe percentage lymphocyte count in the
peripheral blood, which was slightly, but signifitly, lower in the Fno-infected fish,
compared to those without the infection. When expentally infected withS. agalactiae
the Fno-infected fish died more rapidly and at a signifittg higher rate than fish without the
infection. During the challenge, the hemato-immogadal parameters of both groups of fish
were very similar, although théno-infected fish, challanged with. agalactiaeexpressed
significantly higher plasma lysozyme and peroxidasmivities, and their head kidney
macrophages had significantly higher respiratomgbactivity compared to noRno-infected
fish challanged witls. agalactiae The only two parameters for whidfno-infected fish
showed significantly lower expressions than thatthadir non-infected counterparts were
haematocrit and total red blood cell count. Theseaaf the rapidity and higher rates of
mortality observed in thEno-infected fish when challenged with agalactiads unknown;
but it may be due to a reduced erythropoiesis dhtyatvithin the head-kidney because of
the presence d¥no.

Keywords. Francisella noatunensisubsporientalis Streptococcus agalactiaeed tilapia;

francisellosis; streptococcosis; sequential intewdj bacterial pathogens



1. Introduction

Nile tilapia Oreochromis niloticusand hybrid red tilapiaQreochromis niloticus x
Oreochromis mossambicduare important aquaculture species that are fargiedally. In
many locations where they are farmed, they are raljtuinfected by the bacterium
Francisella noatunensisubsp.orientalis (Fno) (previously known a$. asiaticg, resulting
in the disease francisellosis, with associated nmas$alities [1-5]. This bacterium is a Gram-
negative, pleomorphic, coccobacillus, which is euftative intracellular pathogen able to
infect many fish species, including tilapia. Thegwminant gross pathology Fno-infected
fish is the presence of multiple granulomas onsiingace of the kidney, spleen and liver [6,
7]. Infection in the anterior part of the kidney,head-kidney, may result in a decrease in the
immunocompetence of the fish, since this orgarhés dite of erythropoiesis, myelopoiesis
and lymphopoiesis, where several immunocompetdist @ generated [8]. Fish can also be
infected byFno without any clinical manifestation of the disege10]. From a recent study
conducted in Thailand, about 60% of the farmedtilagia were found to be sub-clinically
infected withFno, which has been shown to be vertically transmif1€q.

One of the most common pathogens associated wiis martality of farmed tilapia
is the bacteriunstreptococcus agalactiagvhich infects both Nile and red tilapia [11]. $hi
bacterium has also been reported to cause sulalinfections in tilapia [12, 13]. Moreover,
natural co-infection ofS. agalactiaeand Fno, have been reported in farmé€ niloticus
resulting in mass mortalities [10]. The site ofeiction ofS. agalactiads the liver, spleen,
heart, kidney and brain, but mortality is usualg§s@ciated with the infection of the brain

[11], while the site of infection dfno is principally within the spleen and head-kidn&][

It is possible that arrno infection in the head-kidney of tilapia might affethe fish’'s
haematology and immune system, thus reducing ilisyaio effectively protect itself against

attack by opportunistic pathogens.



In the current study, red tilapia surviving a natdfno infection, and shown to be
sub-clinically infected with the bacterium in thelmead-kidney, were subsequently
experimentally infected witls. agalactiae Haematological and innate immune responses
were measured ifrno-infected and non-infected fish, before and afteallenge withS.

agalactiae as well as monitoring the survival rate of thieated fish.

2. Materials and methods
2.1 Experimental animals

Three hundred hybrid red tilapiaOfeochromis niloticus x Oreochromis
mossambicys 200-300 g in weight, which had survived a ndtufao infection were
collected from a commercial farm site in NakhornaaviProvince, Thailand. The infection,
which resulted in approximately 45% mortality, oced a few months before sample
collection, by which time the mortalities had coetply stoppedlen of these fish were
randomly collected and their head-kidneys scredioedhe presence of residu&hno by
polymerase chain reaction (PCR), targeting therBE8$A sequence (F11,-9AC CAG TTG
GAA ACG ACT GT-3 and F5, 5CCT TTT TGA GTT TCG CTCE3) [1]; all fish were
found to be positive for the bacterium. N®. agalactiae infection was detected
by PCR wusing the specific primers (FEGCT-GAGGTTTGGTGTTTACA3 and
R5-CACTCCTACCAACGTTCTTG3I)[15]. This group of red tilapia was, therefore,
considered to be sub-clinically infected witho. Three hundred control hybrid red tilapia of
the same size were collected from another farmhénsame Province that had no previous
history of any disease outbreak, including infectigith Fno. Ten of these fish were also
randomly sampled and their kidneys screened fagmee of-no by PCR, all of which were
found to beFno-negative. The fish were brought to the wet lab athMol University,
Bangkok, and stocked in 350-L fibreglass tanksh\8id individuals per tank; each tank was

provided with a separate water supply and drainagjag a flow-through system.



Each of the two groups were then further dividet ia group to be experimentally
infected with S. agalactiaeand another that would not be infected with théhpagen,
resulting in four groups altogether: GAno-free fish withoutS. agalactiaechallenge; G2,
Fno-infected fish withoutS. agalactiaechallenge; G3Fno-free fish with S. agalactiae
challenge; and G4&;no-infected fish withS. agalactiaechallenge. Five tanks were used for
each group with 30 fish per tank (150 fish per gloWater quality was monitored daily to
ensure optimal water conditions for the fish, witie following water quality values
maintained: dissolved oxygen, >4 ppm; total ammaitiangen, <0.5 ppm; total nitrite, <0.5
ppm; pH, 7.0-7.5 and water temperature, 28 #C1 A water exchange of 20-30%was

performed daily.

2.2 Haematological and immunological parameters

One fish was randomly sampled from each tank (b fier group) to assess their
haemato-immunological parameters at 0 hour postiidn (hpi), before performing tHe.
agalactiaechallenge; thus, the fish tested wereFx>-free control fish (from G1 and G3
combined) and 16no-infected fish (from G2 and G4 combined). The partars measured
included haematological parameters: haematocrit)(Haotal red blood cell (RBC) count,
mean corpuscular volume (MCV), total white bloodl ¢&/BC) and differential WBC count;
plasma-related parameters (lysozyme activity, pdese activity and total proteievels);

and head-kidney macrophage activity [respiratomgt{RBA)and phagocytic activities].

2.2.1 Haematology

Blood samples were collected from the caudal véithe fish and all the parameters
described determined using the protocols outline@iobmanaponget al [16]. Briefly, 1 mL
of blood was withdrawn from the tail vein of indilal fish and immediately mixed with

heparin (200 U/mL). The withdrawn blood, 10D, was immediately used to determine Hct,



total RBC count, total and differential WBC couraisd MCV. The rest of the blood was
centrifuged at 3,000x g for 5 min, plasma collectul kept at -78C for further analysis.

The Hct values were determined by placing well-rdid@lood into haematocrit
capillary tubes, which were centrifuged at 3,000feg5 min; and the values calculated as
percentage of packed RBC volume against the wHoledbvolume. For total RBC and WBC
counts, blood (20 pL) was added to 4 mL Natt-H&s'E solution and mixed thoroughly
before counting on a Neubauer chamber. From theesabf Hct and total RBC count, MCV
was determined according to the formMiCV (fL) = (Hct x 10)/total RBC (x1Dcells/uL).
WBC differential count was carried out by preparangmear of whole blood on microscope
slides, stained by Wright—Giemsa and examined uhgletr microscopy and the percentage
of neutrophils, lymphocytes, monocytes, eosinophilsasophils and thrombocytes

determined. At least 200 cells were counted fohehfferential count.

2.2.2 Parametersin plasma

The plasma was thawed and lysozyme activity, plagaraxidase activity and total
protein content determined. Lysozyme activity watednined according to the method
previously described by Morgaat al [17]. Briefly, a suspension of 0.2% (w/M)icrococcus
lysodeikticusacquired from Sigma, UK was prepared in 0.04 Mgphate buffer saline
(PBS) and 19GiL of the bacterial mixture was placed into micratiplate wells, and control
wells contained only the buffer. Plasma samplesu{)Onere added into the wells to make a
final volume of 200uL well™*. Each plasma sample tested consisted of fourcapk. The
wells were incubated at room temperature (32@) land the absorbency at 540 nm read at 1
and 5 min after the incubation. One unit of lysoryattivity was defined as the amount of
sample causing a decrease in absorbance at 0.001/mi

Plasma peroxidase was determined using a modditaif the method outlined by

Quade and Roth [18] and Sitja-Bobad#aal. [19]. The plasma sample (15 pL) and Hanks’



balanced salt solution without €aand Md* (135uL) were added to the flat bottomed well
(96-well plate) followed by the addition of 50 pE20 mM 3,3',5,5'-tetramethylbenzidine in
substrate buffer (40 mM acetic acid) containing’®.#,0,. The reaction was stopped with
50 pL of 2 M HSQO, and read with an ELISA reader at 450 nm.

Total plasma protein was analysed using a Bradfsshy. A protein standard series
(from 0 to 2 mg/mL) were prepared by diluting 6 byine serum albumin in PBS. Twenty
uL of sample or standard was added to the wells 86 avell plate, to which 20QL of
Bradford solution (Sigma, UK) was then added angeatithoroughly on a plate shaker for
30 sec. After 5 min, the plates were read at anrabsce of 595 nm on a microplate reader.
A standard curve of protein concentration agaibsbebance at 595 nm was plotted and the

level of total protein in the samples determined.

2.2.3 Head-kidney macr ophage activity

Samples of head-kidney were collected to examielthk&dney macrophage activity,
i.e. RBA with and without stimulation by phorbol nstate acetate (PMAjgactive oxygen
species (ROS) stimulation index and phagocyto#lisf ashich were performed as previously
described by Sirimanaporgj al [20]. To determine the RBA, head-kidney phagoeytere
isolated and the cell suspension was placed i aell tissue culture plate (100 pL/well),
10 wells per fish, and incubated at 28-%D for 2 h. The absorbance of the wells was
measured at 610 nm using a micro-plate reader (§ynelT; Bio Tek Instruments,
Winooski, VT, USA) and the results expressed aatmorbance at 610 nm pef 1@lls. The
ROS stimulation index was calculated from the egunatPMA-stimulated ROS/mean
unstimulated ROS.

Phagocytic activity by head-kidney macrophages aetsrmined by placing 100 pL
of the head-kidney cell suspension onto microscapiaes, which were then placed in a

moist incubation chamber for 1 h at room tempeea(82 + £C) to allow adherence of cells



to the slide. YeastSaccharomyces cerevisjak0' yeast cells/mL in L-15 medium (Sigma,
UK), was used as the phagocytic particles and 106fjihe yeast suspension was placed into
one circle of attached cells and 100 pL of the mm@dias control, into the second circle. The
slides were incubated for 1 h at room temperat82e+{ 1°C) to allow phagocytosis to take
place and then washed with L-15 medium. The ceisewixed with 100% methanol (100
pL) for 5 min and stained with Giemsa stain, arelribmber of phagocytes containing yeast
was counted for a total 200 phagocytes. The phdigoicyglex (PI), phagocytic activity (PA),
and phagocytic capacity (PC) were determined asritbesl previously; PC1, PC3, PC5 and

PC>6 signify the percentage of phogocytes containiog thore yeast cells [21].

2.3 Streptococcus agalactiae challenge

A virulent strain ofS. agalactiaeserotype la (MUVS2017SA02solated from a field
outbreak, was cultured in tryptone soy agar (TSApI® England) for 24 h. Three to five
colonies of the bacteria were randomly selectethftbe plate and placed into 100 mL of
sterile tryptic soy broth (TSB). The bacteria werdtured to late logarithmic growth in a
shaking incubator (150 rpm, 28) (Incu-shakerTM 10L, Benchmark, NJ) for 24 h ahd
concentration of the bacterial suspension detemnusng spectrophotometer at pPnm
and the concentration confirmed with a plate coynthethod as colony forming units.

The fish in G1 and G3 were individually injectediwd.1 mL of TSB, while those in
G2 and G4 were individually injected intraperitolheavith 0.1 mL TSB containing 2.4 x10
cfu/mL S. agalactiaeAt 3, 6, 12, 24 and 48 h post-injection, one fign tank (thus, five fish
per group at each time-point) was randomly sampded determined for haemato-
immunological parameters as described. Mortalitg weonitored twice daily for 2 weeks in
seperate tanks using 24 fish per tank in five ogpé tanks per group. Moribund fish were
clinically assessed and tissue swabs from kidney weltured onto TSA and the presence of

S. agalactiaen the cultures were confirmed by PCR assay [15].



2.4 Statigtical analysis

All data were analysed using one-way analysis ofamae (ANOVA), general linear
models, and pairwise comparison (Tukey) of the raeafl statistical tests were performed
using SPSS software (Version 19) under license abit¥bl University. The differences were
considered statistically significant whg®0.05. Principal Components Analyses (PCAS)
were conducted within Statistica 10 (StatSoft, USH) the raw data obtained for 24
measured immunological parameters. An ANOVA withoat-hocTukey HSD test with both
Bonferroni and Holm’s correction were ran on thetda scores for the first principal
component derived from each analysis. Both test® wapplied to verify that the derivexl
values were genuine and controlled for Type 1 err@e. false positives). Statistically

significant differences were accepteg<0.05.

2.5 Ethics statement
This study was approved by the Faculty of Vetegracience-Animal Care and Use

Committee, Mahidol University (FVS-ACUC; permit nber MUVS-2016-05-21).

3. Reaults

3.1 Haemato-immunological parameters of Fno-free and Fno-infected red tilapia

Before performing theS. agalactiae challenge, the haemato-immunological
parameters of thEno-freeandFno-infected fish were compared and most of the pararse
tested were not statistically different between tthe groups (Table 1). The only parameter
that was statistically different was the percentafjdymphocytes, which was significantly
lower (p<0.05) in theFno-infected fish compared to tHeno-freefish (i.e. approx. 85% of

those compared to ttao-free fish).



3.2 Survival of Fno-free and Fno-infected red tilapia following S. agalactiae challenge

The survival of the fish following th8. agalactiaechallenge is presented in Figure 1,
which shows that the G4 fish died rapidly with <1@4rvival by at the second day post-
infection (dpi), while the survival of the fish @3 at the same time point was >10%. From
11 to 14 dpi, the survival of G4 was 3.3 (+ 3.5)Whijle that of G3 was 46.7 (£ 5.4) %. The
moribund fish had an erratic swimming pattern, dxbplmos and skin lesions. Swabs taken
from the head-kidney, liver and spleen, streakedgar produced colonies of bacteria which

were characterised &S. agalactiaefrom their biochemical profil@hese tests included

oxidase, catalase, methyl red Vod&®skauer, bil@esculin tolerance, hippurate hydrolysis,
fermentation of sorbitol, pyrrolidonylarylamidaserginine deamination and leucine

aminopeptidase [22]. The identity of the bacteras confirmed by PCR (see section 2.1).

3.3 Hemato-immunological parameters of the Fno-free and Fno-infected red tilapia
during S. agalactiae challenge

Following theS. agalactiaechallenge, several changes in the measured paEmet
were seen. Although a comparison was made betweefotr groups at each time-point, the
difference between G3 vs. G4 was interesting sihcevealed how thé-no-infected fish

responded differently to the challenge to thahefRno-free fish.

3.3.1 Haematology

Following theS. agalactiaenfection, the Hct of G3 and G4 fish were generédlyer
than those of their respective controls, G1 and Vg statistically significant differences
obtained at several time-points: G1 vs. G3, d23and 48 hpi; G2 vs. G4, at 12 and 48 hpi

(Fig. 2A). Comparing between G3 vs. G4, the HcGdf fish was significantly lower than



that of G3 fish at 12 and 48 hpi, suggesting thatRno-infected fish had become more
anaemic than thieno-free fish following infection witts. agalactiae

The RBC value of G3 fish was significantly highean that of G1 fish at 24 hpi,
while the RBC values of G4 fish was significantbwier than that of G2 fish at 12 hpi.
Comparing between G3 vs. G4 fish, the RBC cour@éfvas significantly lower than that of
G3 at 12 and 24 hpi (Fig. 2B). Therefo&, agalactiadnfection inFno-free fish had either
“no-effect” or resulted in a higher RBC count, véhihe infection in th&no-infected fish had
either “no-effect” or resulted in a lowering of tR&8C count.

The values of MCV obtained for G3 fish was sigrafily lower than that of G1 fish
at 12 and 24 hpi, while corresponding values infi&d did not differ to those of G2 fish at
any time-point. No significant differences betwé&a® and G4 fish were detected at any time-
point (Fig. 2C). Therefore, compared to the norllehge fish, infection withS. agalactiae
caused a decrease in the MCV value infthefree fish, but not in thEno-infected fish.

The total WBC count, and the differential count fpmphocytes and thrombocytes
for the four groups of fish are presented in Fig8reNo differences were found in the
percentage of neutrophils, eosinophils and monecyetween the groups of fish, and
therefore the data for these are not presentelerigure (see Supplemental Table 1). The
total WBC count of G3 fish was significantly hightian that of G1 fish at 6, 12, 24 and 48
hpi, whereas the WBC count of G4 fish was only siggntly higher than that of G2 fish at
48 hpi. Comparing G3 vs. G4 fish, the latter haghiicantly lower levels of WBC than G3
fish at 12 hpi. The results, therefore, suggeshed there is an increase in the total WBC
count in bothFno-free andFno-infected fish in response to ti& agalactiagnfection, but
this response was statistically higherHno-free fish, compared to theno-infected fish, at
certain points during the challenge.

When comparing the percentage of lymphocytes inv&1G3 fish, the values were

significantly higher at 12 hpi and significantlyater at 48 hpi in G3 fish, while no significant



difference was seen between G2 vs. G4 fish. Wherpaang the percentage of lymphocytes
of G3 vs. G4 fish, the values were significantlywér in G4 fish at 0 hpi, but significantly
higher at 24 hpi, and overall the percentage ofplyatytes seemed very variable between
these two groups during the challenge.

The percentage of thrombocytes did not differ ia fibur groups of fish, except at 12

hpi when the value of G4 fish was significantly lineg than that of the other groups.

3.3.2 Parametersin plasma

The levels of lysozyme and peroxidase activity totdl protein levels in plasma of
fish over the duration of the study are shown iguFeé 4. High levels of fluctuation could be
seen in lysozyme activity and no significant diffieces at any time-point, except at 3 hpi,
when the activity in G4 fish was significantly haghthan that of G3 fish. For peroxidase
activity, significantly higher levels were seen@3 fish than that of G1 fish at 48 hpi, and
significantly higher levels were seen in G4 fishmpared to G2 fish at 12, 24 and 48 hpi.
Between G3 vs. G4 fish, the peroxidase activity gigsificantly higher in G4 fish at 12 and
24 hpi, but significantly lower at 48 hpi. The ressutherefore, suggested a general increase
in the level of plasma peroxidase activity afferagalactiaechallenge, both in thEno-free
and Fno-infected fish, and the response in theo-infected fish was more than that of the
Fno-free fish during 12 and 24 hpi, but had a lowspaonse thereafter.

For plasma protein levels, significantly higherdisvof protein were seen in the G3
fish than the G1 fish at 48 hpi, while significantiigher levels were seen in G4 when
compared to the G2 fish at 12 hpi. Comparing G334fish, the protein level in G4 fish was
significantly higher than that of G3 fish at 12 hphe protein level was, therefore, increased
by the S. agalactiagnfection and the response in theo-infected fish was earlier (12 hpi)
than that of thé-no-free fish (24 hpi). Again, the response of Bre-infected fish seemed to

decline after 24 hpi, while that of tfk@o-free fish continued to rise at 48 hpi.



3.3.3 Head-kidney macr ophage activities

Head-kidney macrophage function was also examindtée four groups of fish. For
RBA activities and ROS stimulation index without RMstimulation, these values were
significantly higher in G3 fish than those measuiredhe G1 fish at 12 and 48 hpi, while
values in the G4 fish were significantly higherriitaose of the G2 fish at 12, 24 and 48 hpi
(Fig. 5). When values between the G3 vs. G4 fishrevs®mpared, the levels produced by
macrophages from G4 fish were significantly higtiean those from G3 fish at 24 and 48
hpi. The response was similar in the presence oA BN¥mulation, except higher values were
obtained. The results therefore suggest that thA RBreased in both-no-free andFno-
infected fish in response 8. agalactiagnfection and this response was significantly kigh
in the Fno-infected fish in 24-48 hpi. The ROS stimulationéx was, however, comparable
in all groups at all time points, except at 48 leve the level of G4 fish was significantly
lower than those of G2 fish.

Generally, the phagocytic activity of the head-legnphagocytes was not
significantly different in any of the groups oftiisexcept at 24 hpi when the levels in the G4
fish were significantly higher than that seen ia @3 fish (Fig. 6). The phagocytic index was
also similar among all groups at all time-pointsh&i comparing the phagocytic index
between G1 and G3 fish, there was a significantijrdr activity in the G3 fish than that of
G1 fish at 12 hpi. For G2 vs. G4 fish, the lattada significantly higher index at 24 hpi.
Between G1 vs. G2 fish, the phagocytic index offi6 was significantly higher than that of
G1 fish at 3 hpi, while no significant differencasvseen between the G3 vs. G4 fish at any
time-point.

Phagocytic capacity, which is the percentage of fifle macrophages that could
phagocytise 1 (PC1) or more (PC3, PC5 and@)@east cells, is shown in Figure 7. It can

be seenthat most of the macrophages were ableatgopitise 1 yeast cell, i.e., PC1. During



the challenge, the capacity of phagocytosis ofranyber of yeast cells between theo-free
and Fno-infected fish (G3 vs. G4) did not statisticallyffdr, except the PC1 at 3 hpi. At
PC>6, the percentage of macrophages frieno-infected fish was significantly higher than
that of Fno-free fish (G1 vs. G2) at 3 hpi, however, by 24 th@ reverse situation was seen.

Overall, the function of the head-kidney macroplsage their phagocytic abilities
(Figs. 6 and 7) in thEno-free andFno-infected fish did not seem to be different.

Separate rounds of PCA analysis were run for gaah point in this study at 0, 3, 6,
12, 24 and 48 hpi (Fig. 8). The component loadiioggshe 24 parameters [Hct, MCV, RBC
count, WBC count, differential WBC count (monocytdgmphocytes, eosinophils and
thrombocytes), RBA (with and without PMA), ROS, dgyme activity, phagocytic activity,
phagocytic index, phagocytic capacity (PC1, PC23,PRC4, PC5, PC6 and PC6+), total
protein and plasma peroxidase] were used in eaghd™@lysis (Supplementary Tables 2 and
3). The component loadings highlight which paramsebtad a major effect in separating the
fish through each principal axis. From this, in g&h, RBA, RBA with PMA and Hct were
the key parameters separating specimens througtirsh@rincipal component at 12-48 hpi,
while total protein, thrombocytes and lymphocytasjong others were the key variables
acting through the second principal component. Jéreentage of the variance explained by
the first two factors in each graph are 36.08%,/9%, 35.04% and 35.82% respectively
(Fig. 8). Significant differences between the gmuested with a one-way ANOVA were
seen at 12 (p = 3.042 x1)) 24 (p = 0.0004) and 48 (p = 2.40 ¥)(hpi. Bonferroni and
Holm post-hocmultiple comparison tests between the pairs dfgesups are summarised in

Table 2.

4. Discussion
Before S. agalactiaechallenge, the haemato-immunological paramete@sared in

the Fno-infected red tilapia were comparable to valuesioled for theFno-free fish, except



for a lower percentage of lymphocytes from theettéhtial white blood cell count. Following
S. agalactiaechallenge, both the Hct and RBC counts were saanifly lower in theFno-
infected fish, compared to ttano-free fish. The MCV values dhe Fno-freefish, therefore,
suggest that the reduced Hct was caused by theeddwmber of RBCs, not the size of the
RBCs. As the head-kidney is also the site of RB@dpction [8], it is possible thdtno
infection affected erythropoiesis in tRao-nfected fish.

The total WBC and WBC differential counts were d$amibetween thd-no-infected
and Fno-free fish beforeS. agalactiaechallenge, but were significantly higher in tRao-
infected fish after th&. agalactiaechallenge. This 40-50% increase of the total WBGnt
(compared to levels of botno-free andFno-infected only fish) may reflect the “alert” level
of the WBC following the naturdfno-outbreak. The percentage of lymphocytes were found
to be lower in theFno-infected fish than in the controls before chalkengut during the
challenge, it remained more or less at the sane bs/that of thé&no-free fish. The finding
suggests thaEno infection in the head-kidney of these fish did mopact on theFno-free
myelopoiesis and, probably, lymphopoiesis functidriee presence of basophils has not been
reported in the peripheral blood of the hybrid tieapia [23], but it has been reported that this
type of cell is easily overlooked during the miaagic evaluation of cells [24].

Following S. agalactiaechallenge, plasma lysozyme and peroxidase aetvibf the
Fno-infected fish were significantly higher than thasiethe Fno-free fish at certain time-
points. These enzymes are both produced by neuisophd monocytes [24, 25], so the
reason that these two enzymes increased followhegchallenge was possibly due to an
increase in the number and function of the WBCeegponse to th8. agalactiaenfection.
Peroxidase combines,8, with CI" to produce hypochlorite, which plays an importeoié
in destroying bacteria [26].

The total plasma protein level in this study wasnparable to values described

elsewhere [23]. The main protein component in pasralbumin and immunoglobulin. It is



not known which component contributed to the inseghtotal plasma protein levels seen in
Fno-infected fish, although it is probable that themiomoglobulin, involved in the adaptive
immunological response . agalactiaemight have increasgd7].

While it was anticipated that tHeno-infected fish would have a sub-normal RBA, the
head-kidney macrophages from tReo-infected fish was in fact significantly higher tha
that of the Fnofree fish, with or without PMA stimulation. In aitidn, the phagocytic
activities were found to be comparable to Bme-free fish. In fish, as in other animals, RBA
is a strong defence mechanism against pathogensh wlcurs after phagocytosis, and is
associated with an intense oxygen consumption bg@tytes, which causes them to produce
superoxide and other reactive compounds, such @®dgn peroxide and hydroxyl radicals;
and together with lysozyme and peroxidase, thecadslkill the engulfed pathogens [26]. The
results from the plasma enzymes, RBA and phago@ditvities suggest that thEno-
infected fish did not show any reduced capacitthefr innate immune response. In humans,
Francisella tularensisnfected neutrophils have been shown to have liiigyato evade RBA
of the infected cells by preventing NADPH oxidasseably and the bacteria survived well
in the infected cells [28]. This mechanism doessesm to operate in theno-infected fish
in this study as the RBA was increasing despitd-timwinfection.

Principle component analysis (PCA) was additionallped to simultaneously
investigate any differences in all the measurecrpaters, i.e. assessing all 24 variables at
each time point. The first PCA analysis showed ghtdegree of overlap between the four
groups of fish at 0 hpi, suggesting that the immpaeameters did not affect a significant
shift in the immune system between the experimegtalups. There were, however,
significant differences in the immune profiles hf between G3 and G4 at 12 hpi. At 12, 24
and 48 hpi, significant difference was seen betw#den nonStreptococcuschallenged
groups, G1 and G2, and the t8treptococcushallenged groups, G3 and G4, at 12, 24 and

48 hpi.



It is interesting to look in more detail as to wihe Fno-infected fish had a higher rate
of mortality than the normal fish followin§. agalactiaechallenge despite comparable, or
even better, innate immune activity.

The first possibility is that the innate immune elede mechanisms of the fish are not
adequate to protect the fish from pathogens. Itbeen shown for Senegalese s@eléa
senegalens)sthat increased RBA by their phagocytesis not seaély protect the fish from
Photobacterium damselaanfection [29]. In O. niloticus it has been shown that the
correlation between the levels of RBA and protectagainst a pathogen is not always
demonstrated. Two different strains @. niloticus responded differently toVibrio
parahaemolyticughallenge by showing significantly different lesef RBA, but yet had the
same mortality rate following challenge with thectemium [30]. In the current study,
however, it was found that normal aRdo-infected fish had different levels of cumulative
mortality following infection withS. agalactiag but had similar haematological and innate
immune responses. Data from the current study didshow any solid evidence to explain
why the Fno-infected fish had higher rates of mortality thdre thormal fish uporS.
agalactiaechallenge.

The second possibility is that the combinationhe Eno and S. agalactiagnfections
resulted in a further decrease in erythropoiesslt|eg in acut@nemia, with Hct dropping
from an average of 26.6% to 20.6% within 48 h. bheteriaS. agalactiaehas been reported
to infect several organs of Nile and red tilapigpexially their brain and kidney [14, 31],
while in the current stud$. agalactiaavere cultured from the head-kidney of infectedh fis

The third possibility is thaFno-infected fish had a less effective adaptive immune
reponse than the normal fish. The production oibanies is accomplished by lymphocytes,
which differentiate into plasma cells after enceuinty their target antigen. In this study, the
percentage of lymphocytes in th@o-infected fish was not lower than that of the ndrma

fish. The lack of specific antibody production, afy, in this case cannot be due to an



unavailability of lymphocytes. Interestingly, theedd-kidney of many fish, includin®.
niloticus also contains thyroid hormone-producing cells].[2& thyroid hormones and the
immune system interact and support each other ys Weat are still unclear, possible damage
to thyroid function byFno infection in the head-kidney of the fish might tetated to the
lower resistance against the superimposinggalactiagnfection and this is an interesting
point to consider in future research.The impaabtber factors imposing additional stress on
the host may alter the host's susceptibility teetibn can not be ruled out. Reductions in

vaccine efficiency have, for example, been sedisimco-infected with parasites [33, 34].

5. Conclusions

Hybrid red tilapia, Oreochromis sp., chronically infected withFno have normal
haematological and innate immune functions and igeirwell under normal conditions.
They, however, have more rapid and higher levelmaitality, compared to the non-infected
red tilapia, when experimentally infected wih agalactiagdespite having normal or higher
innate immune responses. It is unclear as to whyFtio-infected red tilapia were more
susceptible to th&. agalactiagnfection as their innate immune responses apgesireilar
to the nonFno-infected tilapia. The-no-infected fish had an acute reduction in their red
blood cell count. Whether the anaemic conditionld¢daontribute to the rapid death of the
fish requires further study, however, this studpweéd that theFno-infected fish had no
defect in their innate immunological responses, #ngs defective innate immunological

function could be ruled out as the possible cause.
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Table 1. Haemato-immunological parameters of hybrid reapid compared betwedmo-

free andFno-infected fish.

Nor mal Fno-infected
Haematology
Haematocrit (%) 29.0£3.1 27.2+3.6
Total RBC count (x 10cells/pL) 1.68 + 0.48 1.58 + 0.31
Mean corpuscular volume (fL) 189.8 £ 71.0 1788112
Total WBC count (x 1bcells/uL) 1.41+£0.40 1.43+£0.19
WBC differential count (%)
Neutrophils 21.5+45 24.3+6.0
Eosinophils 3.1+£1.9 35+28
Monocytes 23+0.8 3.0+£1.9
Lymphocytes 42.7+3.3 36.4+7.5
Thrombocytes 30.4+6.9 328+7.1
Innate immune response
Lysozyme activity (unit/mL) 257.9 +110.8 266.165.3
Peroxidase activity (450-nm absorbance) 3.7+09 3.6+0.7
Total protein (mg/mL) 322 + 88 320 £ 30
Respiratory burst activity
Reactive oxygen species index 1.88 £ 0.35 1.0739
Phagocytic activity
Phagocytic activity (%) 90.3+1.7 89.8+4.1
Phagocytic index (yeast cells/phagocyte) 3.5+£0.2 3.5£0.3
Phagocytic capacity (%)
1-yeast cell/phagocyte 14.4+£2.9 16.2+4.0
2-yeast cell/phagocyte 20.3+£5.3 159+ 3.7
3-yeast cell/phagocyte 13.8+4.1 126+ 2.7
4-yeast cell/phagocyte 121 +4.2 13.5+2.7
5-yeast cell/phagocyte 6.0+1.6 6.2+0.8
6-yeast cell/phagocyte 45+1.2 5.1+0.9
>6-yeast cell/phagocyte 55%+1.6 55+14

Fno, Francisella noatunensjfRBC, red blood cell; WBC, white blood celp<0.05; **
(610-nm absorbance for 6ells); Values represent the mean value of 104iSiD



Table 2. Bonferroni and Holnpost-hoctests ran on the factor scores for the first ppiaic
component derived from each analysis testing fatistical significancep<0.05). Where G1
= Fno-free fish that were not challenged wih agalactiaeG2 =Fno-infected fish that were
not challenged withS. agalactiap G3 = Fno-free fish that were challenged wit8.
agalactiae and, G4 =Fno-infected fish that were challenged wifh agalactiae.Fno,
Francisella noatunensjdNS, not significant.

12 hpi 24 hpi 48 hpi

Treatment

pair Bonferroni Holm Bonferroni Holm Bonferroni Holm
G1 vs G2 NS NS NS NS NS NS
G1l vs G4 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01
G1lvsG3 p<0.01 p<0.01 NS NS p<0.01 p<0.01
G2 vs G4 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01
G2vs G3 p<0.01 p<0.01 NS p<0.05 p<0.01 p<0.01

G4 vs G3 NS p<0.05 NS NS NS NS




Supplementary Table 1.

noatunensis-free and-no-infected red tilapia

Differential white blood cell counts oFno (Francisella

no S. agalactiae challenge

S. agalactiae challenge

G1 G2 G3 G4
(Fno-free) (Fno-infected)  (Fno-free)  (Fno-infected)
Monocytes (%)
3 hpi 4.60+1.34 3.00 £2.24 3.60 + 3.85 4.40293
6 hpi 1.60 + 1.52 2.40 +3.29 1.60+ 0.89 1.0041.
12 hpi 2.60 + 1.34 1.40 +0.89 3.20 £4.92 1.2084
24 hpi 1.60 + 1.14 2.00 +2.35 2.00 + 2.00 2.6M89
48 hpi 3.60 + 3.65 3.20 £ 2.77 2.40 +0.89 2.2048
Lymphocytes (%)
3 hpi 32.40+590 33.20+590 34.40+4.56 3%@84
6 hpi 32.00+5.05 32.40+5.18 34.80+11.10 348002
12 hpi 23.00+5.05 28.00+6.28 34.00+4.00 23.60+7.7%
24 hpi 28.00+2.9 33.00+9.88 23.80+3.03 32.80+5.63
48 hpi 37.80+6.34 29.00+6.16 28.00+3.54 30.40 +3.29
Neutrophils (%)
3 hpi 22.80+6.42 18.80+7.29 20.40+3.58 184010
6 hpi 22.80+8.67 20.00+4.24 2280+1.10 2G@OO0
12 hpi 27.40+581 2400+6.20 20.60+251 Q&®.00
24 hpi 2540 £4.22  2540+9.53 2400+548 0%&.73
48 hpi 20.00+3.39 25.00+£2.00 21.40+4.10 Q2&.22
Eosinophils (%)
3 hpi 6.40 + 2.97 3.60 + 1.67 4.40 +1.67 6.40293
6 hpi 4.00 + 3.46 2.80 +1.79 2.80 £ 1.79 2.20282
12 hpi 7.40 +1.34 5.60 + 4.34 3.00 +1.87 6.4099
24 hpi 6.60+3.18 320+239 8.40+477 6.60+2.6%
48 hpi 4.80 + 4.15 5.00 + 3.87 9.00 +7.35 9.0089
Thrombocytes (%)
3 hpi 33.80+7.69 41.40+5.18 37.20+6.57 3%2065
6 hpi 39.60+12.16 42.40+9.63 38.00+9.80 @200.58
12 hpi 39.60+4.28 41.00+2.83 39.20+4.185 48.80 +4.82
24 hpi 38.40+3.85 36.40+10.04 41.80+8.38 483 6.66
48 hpi 33.80+826 37.80+4.27 39.20+9.12 G6%6B.41

Different superscripts indicate statistical sigrafice <0.05); comparison was made
between the values of the same row. Values reprédsemean value of 5 fish £SD.



Supplementary Table 2. The component loadings and the percentage of #ineance explained by each variable (n = 24) forhepncipal
components analysis (PCA). PCAtE(0 hour post-infection (p.i.); 4 groups; n = plreates per group); PCA 2£ 3 hpi.); PCA 3t(= 6 hpi.). Each
analysis considers four groups of samples: Ghe-free fish not subjected to @treptococcus agalactiaghallenge; G2 Fno-infected fish not
subjected to &. agalactiaechallenge; G3no-free fish subjected to a8. agalactiaechallenge and G4 Fno-infected fish subjected to &.
agalactiaechallenge. Values above £ 0.70 are shown in afooid Fno, Francisella noatunensis

Variable PCA 1 (t = 0 hpi.) PCA 2 (t = 3 hpi.) PCA 3 (t = 6 hpi.)
Factor Factor Factor Factor Factor Factor Factor Factor Factor
1 2 3 1 2 3 1 2 3
HCT 0.484 -0.323 0.520 0.345 0.004 0.480 -0.017 0.488 -0.175
MCV 0.793 -0.299 -0.253 0.109 -0.766 0.342 -0.442 0.447 0.593
RBC X 10° cell/ml -0.708 0.108 0.333 0.022 0.783 0.012 0.449 -0.169  -0.752
WBC x 10° cell/ml -0.452 -0.281 0.411 0.090 0.157 -0.392 0.232 -0.393 -0.308
Respiratory burst activity (RBA) -0.646 -0.325 0.483 -0.039 -0.630 -0.581 -0.454 0.418 0.024
Respiratory burst activity (RBA with PMA) -0.554 -0.349 0.378 0.154 -0.784 -0.383 -0.303 0.369 -0.345
Reactive oxygen species (ROS) 0.157 -0.087 -0.188 0.763 -0.176 0.259 0.344 -0.234 -0.663
Lysozyme activity -0.233 0.351 -0.341 -0.233 -0.563 0.158 -0.141 -0.733  -0.032
Total protein -0.591 -0.216 -0.354 -0.377 0.346 0.262 0.313 0.100 0.290
Plasma peroxidase 0.176 -0.477 0.522 -0.664 -0.172 -0.151 -0.278 -0.635 -0.254
Monocytes -0.193 0.512 0.225 -0.051 0.376 -0.160 0.201 -0.506 0.408
Lymphocytes 0.017 -0.297 0.403 -0.187 -0.155 -0.553 -0.641 -0.515 0.133
Neutrophils -0.777 0.163 -0.072 -0.316 0.139 0.050 -0.272 -0.244 0.215
Eosinophils -0.222 0.239 -0.297 -0.036 0.678 -0.342 -0.020 -0.233 0.060
Thrombocytes 0.700 -0.039 -0.271 0.385 -0.335 0.544 0.528 0.614 -0.288
Phagocytic activity (PA) -0.175 0.715 0.316 -0.682 0.131 0.305 0.495 -0.096 -0.153
Phagocytic index (PI) 0.066 0.889 0.264 -0.939 -0.050 0.192 0.896 0.025 0.234
Phagocytic capacity 1 (PC1) -0.518 -0.330 -0.318 0.744 0.092 -0.571 -0.668 -0.288 -0.407
Phagocytic capacity 2 (PC2) -0.034 -0.485 -0.478 0.688 0.214 0.306 -0.507 0.516 -0.090
Phagocytic capacity 3 (PC3) 0.352 0.031 0.665 0.177 0.366 0.267 -0.420 0.023 -0.563
Phagocytic capacity 4 (PC4) 0.518 0.095 0.480 -0.161 -0.157 0.367 -0.037 -0.175 0.665
Phagocytic capacity 5 (PC5) -0.319 0.168 0.214 -0.159 -0.551 -0.045 0.483 -0.400 0.022
Phagocytic capacity 6 (PC6) -0.595 0.052 -0.207 -0.339 -0.089 0.623 0.501 -0.572 0.273
Phagocytic capacity 6+ (PC6+) 0.309 0.663 -0.115 -0.800 0.034 -0.260 0.631 0.629 0.064
% Total variation 0.216 0.145 0.133 0.203 0.168 0.130 0.195 0.176 0.132
Cumulative percentage 21.59 36.08 49.38 20.34 37.16 50.2 19.49 37.09 50.24




Supplementary Table 3. The component loadings and the percentage of thanee explained by each variable (n = 24) for epadhcipal
components analysis (PCA). PCAt4=(12 hpi.); PCA 5t(= 24 hpi.) and PCA 6t & 48 hpi.). Each analysis considers four groupsaofiples: G1 -
Fno-free fish not subjected toStreptococcus agalactiaghallenge; G2 Fno-infected fish not subjected toSa agalactiaechallenge; G3 Fno-free

fish subjected to aB. agalactiaechallenge and G4 Fno-infected fish subjected to & agalactiaechallenge. Values above + 0.70 are shown in a
bold font.Fno, Francisella noatunensis

Variable PCA 4 (t = 12 hpi.) PCA 5 (t = 24 hpi.) PCA 6 (t = 48 hpi.)
Factor Factor Factor Factor Factor Factor Factor Factor Factor
1 2 3 1 2 3 1 2 3
HCT -0.819 0.296 -0.147 -0.341 0.373 0.422 0.768 -0.249 0.073
MCV -0.288 -0.441 0.006 -0.513 -0.475 -0.236 -0.073 -0.173 0.546
RBC x 10° cell/ml -0.367 0.563 -0.104 0.204 0.627 0.406 0.471 0.082 -0.427
WBC x 10’ cell/ml 0.614 0.555 0.053 0.585 -0.286 0.391 -0.607 0.014 0.178
Respiratory burst activity (RBA) 0.785 -0.193 -0.431 0.860 -0.109 -0.269 -0.745 0.080 0.203
Respiratory burst activity (RBA with PMA) 0.778 -0.381 -0.323 0.871 -0.243 -0.253 -0.778 0.003 0.216
Reactive oxygen species (ROS) -0.168 -0.388 0.364 -0.198 -0.485 -0.163 0.708 0.060 0.184
Lysozyme activity 0.086 0.079 -0.240 -0.430 0.026 0.115 0.571 -0.028 0.171
Total protein 0.614 -0.597 -0.032 0.745 -0.095 -0.275 -0.606 -0.076 0.135
Plasma peroxidase 0.812 -0.437 -0.236 0.458 -0.226 -0.037 -0.676 0.069 0.299
Monocytes -0.280 -0.031 -0.735 0.544 -0.290 0.259 0.332 0.729 -0.094
Lymphocytes 0.025 0.687 -0.350 -0.295 -0.557 -0.371 0.489 -0.153 0.330
Neutrophils -0.444 -0.070 0.596 -0.481 0.607 -0.414 -0.010 0.568 -0.324
Eosinophils 0.026 -0.294 -0.421 0.444 0.571 -0.142 -0.295 0.592 0.181
Thrombocytes 0.547 -0.571 0.493 0.364 -0.244 0.733 -0.291 -0.828 -0.194
Phagocytic activity (PA) 0.509 0.418 0.134 0.456 0.321 -0.130 0.309 -0.164 0.416
Phagocytic index (PI) 0.715 0.517 0.262 0.370 0.287 -0.145 0.229 -0.484 0.680
Phagocytic capacity 1 (PC1) -0.671 -0.263 -0.251 -0.015 0.274 0.461 -0.267 0.430 -0.288
Phagocytic capacity 2 (PC2) -0.238 -0.346 0.242 0.364 -0.259 -0.435 -0.198 0.177 -0.379
Phagocytic capacity 3 (PC3) -0.174 -0.377 0.108 -0.332 -0.572 0.246 0.445 0.400 0.429
Phagocytic capacity 4 (PC4) -0.511 -0.162 -0.357 -0.174 0.331 -0.759 -0.066 -0.389 -0.290
Phagocytic capacity 5 (PC5) 0.482 0.161 -0.431 0.352 -0.056 -0.067 0.361 -0.259 -0.486
Phagocytic capacity 6 (PC6) 0.393 0.220 -0.325 -0.220 -0.306 0.224 -0.216 -0.705 -0.159
Phagocytic capacity 6+ (PC6+) 0.461 0.408 0.670 0.288 0.357 0.174 0.030 0.237 0.893
% Total variation 0.263 0.155 0.129 0.211 0.139 0.121 0.215 0.143 0.136

Cumulative percentage 26.26 41.79 54.7 21.11 35.04 47.14 21.49 35.82 49.4




Figure legends

Figurel.

Figure 2.

Figure 3.

Figure4.

Figure5.

Survival rate ofFno-free andFno-infectedred tilapia followingS. agalactiae
challenge, compared to that of the non-challengb. fValues are means +

standard deviation with =24 fish per tank in five replicate tanks per grdeo,

Francisella noatunensis.

Haematocri(2A), total red blood cell courfPB) and mean corpuscular volume
(2C) of normal and=no-infectedred tilapia, at time 3, 6, 12, 24 and 48 hours
following S. agalactiaechallenge. Values are means + standard deviatitmrnw
=5 per group. Statistical comparison was made antbegvalues of the same
time-point; different superscripts indicate statait significance [§<0.05). Fno,
Francisella noatunensis.

Total white blood cell counf3A) and percentage of lymphocyt€3B) and
thrombocytes (3C) oFno-free andFno-infectedred tilapia, at time 3, 6, 12, 24
and 48 hours followinds. agalactiaechallenge. Values are means * standard
deviation withn =5 per group. Statistical comparison was made antbeg
values of the same time-point; different superssripndicate statistical
significance §p<0.05).Fno, Francisella noatunensis.

Activities of plasma lysozym@A) and peroxidase (4B) and level of plasma
protein (4C) ofFno-free andFno-infectedred tilapia, at time 3, 6, 12, 24 and 48
hours followingS. agalactiaechallenge. Values are means + standard deviation
with n =5 per group. Statistical comparison was made antleagalues of the
same time-point; different superscripts indicatistical significancep<0.05).
Fno, Francisella noatunensis.

Respiratory burst activities (RBA), with (5A) amdthout (5B) phorbol myristate
acetate (PMA3}timulation and reactive oxygen species (ROS) datimn index

(5C) of Fno-free andFno-infected red tilapia, at time 3, 6, 12, 24 andnRirs



following S. agalactiaechallenge. Values are means * standard deviatitmnw
=5 per group. Statistical comparison was made antbegvalues of the same
time-point; different superscripts indicate statat significance [§<0.05). Fno,
Francisella noatunensis.

Figure6. Phagocytic activity (6A) and phagocytic index J&B Fno-free andFno-infected
red tilapia, at time 3, 6, 12, 24 and 48 hoursofwihg S. agalactiaechallenge.
Values are means + standard deviation wittb per group.Statistical comparison
was made among the values of the same time-poiffereht superscripts
indicate statistical significance<0.05).Fno, Francisella noatunensis.

Figure7. Phagocytic capacity dfno-free andFno-infected red tilapia, at time 3, 6, 12, 24
and 48 hours followinds. agalactiaechallenge. Values are means * standard
deviation withn =5 per group.Statistical comparison was made anioagalues
of the same time-point; different superscripts ¢atk statistical significance
(p<0.05). PCX7A), PC3(7B), PC5 (7C) and Pt (7D) signify the percentage of
phogocytes containing 1 yeast cell or méneo, Francisella noatunensis.

Figure8. Principal components analysis of the 24 hematowmological parameters
measured from each group of fish (n = 5) at 0,282and 48 hours post-infection.
For each PCA plot, the first two principal compotse(Factor 1 vs Factor 2)
accounting for the most variation between the spens are shown. The
variables making a major contribution to the sefpamneof the specimens through
each Factor and the direction in which they act raegked.Fno, Francisella

noatunensis.
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Figure 3

3A

2.5

1
0.5

(lw/1122,0T) 28M

Hour post-infection (hpi)

3B

60

50

40
30
20

(%) @3hoydwiA) jo a8eyusdiag

10

Hour post-infection (hpi)

3C

60

50

(3]
-

6
Hour post-infection (hpi)

0
o]
(o]
10
(o]

(%) @1h20quoay jo adejuadiag

N\
N \ Fno-free fish + 8. agalactiae (G3)

Fno-free fish (G1)

l:l Frno-infected fish (G2) - Fno-infected fish + 8. agalactiae (G4)



Figure 4
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Figure 5
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Figure 6
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Figure 8
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Highlights

1. The immune parameters of Francisella noatunensis-infected red tilapia were normal.

2. When infected fish were challenged with Streptococcus agal actiae, mortalities were high.
3. During the course of infection, however, the immunological responses of the fish were
normal.

4. A reduction in the red blood cell count and haemotcrit were the only abnormalities.

5. An F. noatunensis-induced reduction in erythropoiesis in the head-kidney is implicated.
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