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A B S T R A C T   

The Atlantic bluefin tuna (ABFT; Thunnus thynnus) today represents one of the economically most important 
species for Croatian fisheries industry. Although the most diverse and abundant parasitofauna is usually found in 
the largest specimens of wild ABFT, the opposite was observed in captivity where parasite populations signifi-
cantly decline by the end of the farming cycle. Copepod Brachiella thynni, is a skin parasite frequently parasitizing 
tuna, whose population also decreases in number throughout the rearing process. In order to better understand 
the immunity mechanisms underlying ABFT reaction to B. thynni infection, we studied expression profiles of 
immunity related genes; interleukin 1β (il1β), tumour necrosis factors (tnfα1, tnfα2), complement component 4 (c4) 
and caspase 3 (casp3), in peripheral blood leukocytes (PBLs) during in vitro stimulation by B. thynni protein 
extracts (i.e. antigens) and in infected tissues at B. thynni parasitation site. Finally, a histopathological analysis of 
semi-thin and ultra-thin sections of tissues surrounding B. thynii attachment site was performed to evaluate the 
severity of parasite-induced lesions and identify involved cell lineages. In vitro stimulation of ABFT PBLs with 
B. thynii antigens caused a dose-depended upregulation of selected genes, among which tnfα1 showed the highest 
induction by both concentrations of B. thynni protein extract. However, targeted genes were not significantly 
upregulated in the infected tissue. Also, no significant alterations in ultrastructure of epithelial layers sur-
rounding B. thynii attachment site were noticed, except local tissue erosion, necrosis of squamous epithelium and 
proliferation of rodlet and goblet cells. Our results suggest that B. thynii has evolved strategies to successfully 
bypass both innate immune response and the connective-tissue proliferation processes. Therefore, the observed 
disappearance of this copepod by the end of the rearing process is more likely related to its limited lifespan on the 
host and its inability to complete the life cycle in the rearing cages, rather than host’s reaction.   

1. Introduction 

The Atlantic bluefin tuna (ABFT; Thunnus thynnus) is the largest 
member of the Scombridae showing typical characteristics of the family; 
long lifetime, endothermy and wide geographic distribution [1]. It is 
also one of the economically most important species for fishery industry 
reaching extremely high commercial value [2]. In Croatia, juvenile 
ABFT (8–15 kg) for aquaculture are caught in the South Adriatic and 
transferred into farming cages for 18 months until required product 

quality and commercial size are reached. Although they show infection 
with a diverse and relatively abundant parasite community, none of the 
parasite species isolated from ABFT have so far caused severe pathology 
in the Adriatic farming systems [3–6]. In contrast, parasite-associated 
mortalities have been reported in other farmed bluefin tuna species, 
such as the Southern (SBFT) and Pacific (PBFT) bluefin tuna [7]. 
Interestingly, while the most diverse parasitofauna is usually found in 
the largest specimens of wild ABFT [8], the opposite was observed in 
captivity [5,9,10] where parasite infections significantly decline by the 
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end of the farming cycle. 
The family Lernaeopodidae is a successful group of parasitic co-

pepods with more than 260 species parasitizing a wide range of elas-
mobranchian and actinopterygian fishes [11]. They are characterised by 
their conspicuous sexual dimorphism where female is large and flashy, 
living as a parasite on the fish host, whereas significantly smaller male 
lives in temporary association clinging on to the females using their 
strong antennae. Females are permanently anchored to the host by a 
small chitinous plug called bulla, which is held by the maxillary arms 
and inserted into the host epidermis [12,13]. The Lernaeopodid copepod 
Brachiella thynni (Cuvier, 1830) is a parasite of perciform fishes, the 
majority of which are oceanic migratory species including tuna species; 
yellowfin tuna (Thunnus albacares), big-eye tuna (Thunnus obesus), al-
bacore (Thunnus alalunga), PBFT and ABFT [14]. It is usually found on its 
host in the shallow pockets in the pectoral-fin axil. As tunas are 
fast-swimming scombrids, this position protects female B. thynni from 
strong water flows, increasing its survival rate on the host [15]. 
Although this copepod frequently parasitizes ABFT, its population also 
decreases in number throughout the rearing cycle [5]. It is speculated 
that the decrease is conditioned by limited life span of B. thynni females 
that fail to couple and further propagate in rearing aquaculture cages. 
The life cycle of B. thynni has not been described, and it still remains to 
elucidate the amount of similarities shared with the other freshwater gill 
lernaeopodids; Lernaeopoda edwardsii Olsson and Salminicola cal-
iforniensis (Dana, 1852). In the former, the nauplius and metanauplius 
stages are developed within female egg sac, so that a fully developed and 
free-swimming larva (copepodid) hatches from the egg, finds and at-
taches to the host as a chalimus larvae and consequently moults into 

preadult and adult female and male, respectively [16]. The former stays 
attached throughout its life, while the male detaches and dies after the 
copulation. In S. californiensis the cycle consists of six stages; the cope-
podid that attaches on the fish and uncoils its frontal filament, four 
chalimus stages that reattach to the gills with each moult by a second 
maxillae, and an adult stage, that attaches by bulla after excavating an 
implantation cavity as chalimus IV [17]. 

In order to better understand the ABFT immunity mechanisms to 
B. thynni infection that likely also contribute to parasite loss during tuna 
rearing cycle, we studied expression profiles of immunity-related genes; 
interleukin 1β (il-1β), tumour necrosis factors (tnfα1, tnfα2), complement 
component 4 (c4) and caspase 3 (casp3). Expression of target genes were 
measured in peripheral blood leukocytes (PBLs) during in vitro stimu-
lation by B. thynni protein extracts (i.e. antigens), as well as in tissues at 
B. thynni attachment site. In addition, to evaluate the severity of 
parasite-induced lesions and identify involved cell lineages, a histo-
pathological analysis was performed on semi-thin and ultra-thin sections 
of tissues at parasitation site. 

2. Materials and methods 

2.1. Atlantic bluefin tuna sample collection 

Atlantic bluefin tuna (ABFT) Thunnus thynnus sampling was done at 
tuna facility Sardina d.o.o., Island of Brač, during commercial harvest 
after 18 months of farming. All fish handling procedures were in 
accordance to standard industrial practice with highest respect to ani-
mal welfare. All samples were dissected using sterilized surgical kits. 

Fig. 1. Parasitic copepod Brachiella thynii. Two adult female B. thynii (red arrow) parasitizing pectoral-fin axil of the reared Atlantic bluefin tuna (Thunnus thynnus) 
from an Adriatic facility. Scale bar: 2 cm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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For expression analysis in vitro, peripheral blood was collected from 
14 apparently healthy ABFT (85–115 kg) into EDTA-treated collection 
tubes and held on ice until peripheral blood leukocytes (PBLs) isolation. 
Collected peripheral blood was pooled in three separate biological 
replicates of PBLs per treatment condition, to ensure adequate cell 
concentration for the experiment (approximately 3 × 106 cells per well). 
Because there are no farm applicable techniques to assess the status of 
previous natural infections of the farmed tuna, we assumed that those 
fish destined for the harvest, showing normal feeding and swimming 
behaviour have been apparently healthy. All specimens considered for 
the sampling at the harvest line belonged to the same population, and 
have been carefully examined for the presence of external lesions and 
other macroparasites. In case of noncompliance, the specimen was 
excluded from the blood collection. If indeed some of the apparently 
healthy specimens had a previously resolved Brachiella thynii infection, 
which could result in a faster immune response upon the repeated 
exposure to the same antigen, i.e. B. thynii PE, the number of separate 
biological replicates and pooling technique ensured that the possible 
effect is minimalised within this study. Tissues samples for expression 
analysis during natural parasite infection were collected from under the 
pectoral-fin axil of five ABFT infected with B. thynii (Fig. 1) and five 
uninfected fish. Individuals classified as ‘uninfected’ had no attached 
B. thynii or visible marks of a previous infections. Among infected fish, 
four of them were infected with single B. thynni and one was infected 
with two B. thynni specimens. Collected B. thynni were all adult females, 
15.5–17 mm (without the posterior processes) long. Tuna tissues sam-
ples were stored in RNAlater (Qiagen) at − 20 ◦C until RNA extraction. 
Once removed from tissue samples, parasites were stored in phosphate 
buffer saline (PBS, pH 7.4) and kept on ice during transport to laboratory 
where they were frozen at − 20 ◦C until protein extraction. 

2.2. Parasite protein extracts (PE) 

Frozen parasitic copepod Brachiella thynii (N = 5) were thawed, 
weighted and adjusted to 0.25 g of original wet weight ml− 1 with PBS. 
Parasites were then frozen in liquid nitrogen, homogenized with sterile 
pestle and intermittently sonicated for 60 s on ice (duty cycle 10%, 
power 20%) using Bandelin Sonoplus 2200. After centrifugation at 
600×g for 10 s, supernatants containing total protein were collected and 
filtered using 0.45 μm syringe filters. Protein concentrations were 
determined using Bradford assay on NanoDrop 1000 (Thermo Scientific) 
and adjusted to 1 mg ml− 1 with Leibovitz’s L-15 medium (Invitrogen 
Life Technologies). 

2.3. Establishment and stimulation of primary cell culture 

Peripheral blood leukocytes (PBLs) were isolated from ABFT blood 
samples as described in Ref. [18]. Briefly, whole blood was diluted 1:5 
with Leibovitz’s L-15 medium, supplemented with 10 U/ml of heparin, 
2% foetal calf serum (FCS), 1% penicillin/streptomycin (P/S) (10000 
U/ml Penicillin G sodium; 10000 mg ml− 1 Streptomicin sulphate) and 
layered onto 3 vol of 51% iso-osmotic Percoll (Gibco) solution. After 
centrifugation for 20 min, 2000×g at 4 ◦C the interface containing PBLs 
was collected and washed twice in L-15 medium (1% P/S, 15% FCS). To 
ensure viability greater than 95%, isolated cells were visualised by 
haemocytometer following trypan blue staining. Cells were then 
re-suspended in L-15 (1% P/S, 15% FCS) to a final concentration of 107 

cells ml− 1. Subsequently, 300 μl of cell suspension (approximately 3 ×
106 cells) were seeded onto 6 well plates containing 3 ml L-15 medium 
(1% P/S, 15% FCS) and left for acclimatisation for approximately 3 h at 
23 ◦C. PBLs were stimulated with 1 μg/ml and 10 μg/ml of B. thynii PE, 
respectively, for 1, 3, 5 and 12 h in triplicates. Control samples consisted 
of PBLs incubated only with L-15 medium (1% P/S, 15% FCS). After 
incubation, cells were aspirated from the wells, centrifuged at 800 rpm 
for 5 min at 4 ◦C and resuspended in 1 ml of TriReagent (Ambion) for 
subsequent RNA extraction. 

2.4. Expression analysis of immune-related genes 

Total RNA was extracted from tissue samples and PBLs using 
TriReagent (Ambion) according to manufacturer’s instructions, dis-
solved in RNase/DNase free water (Sigma Aldrich) and stored at − 80 ◦C 
if not used immediately. Concentration and purity of RNA were deter-
mined using a IMPLEN NanoPhotometer N60. Prior to cDNA synthesis, 
total RNA was treated with 1 unit/μl RNase free DNase I (Fermentas Life 
Sciences) following the manufacturer’s instructions. cDNA was synthe-
sized from 1 μg of total RNA using High Capacity cDNA reverse Tran-
scription kit (Life Technologies), following the manufacturer’s 
instructions. 

The expression analysis of ABFT il-1β, tnfα1, tnfα2, c4 and casp3 were 
conducted on LightCycler 480 System using LightCycler 480 SYBR 
Green I Master (Roche) and previously designed primers [18,19]. The 
PCR conditions were as follows: an initial denaturation of 10 min at 95 
◦C, followed by 40 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s and 72 ◦C for 30 
s, acquiring the melting curve from 75 to 98 ◦C. Efficiency of each 
primer pair, where E = 10(− 1/slope), were determined using 10-fold serial 
dilutions of equal mole amounts of purified PCR products. β-actin was 
deemed to be a suitable reference gene for normalization since its level 
of expression was independent of the presence of stimulants in vitro or 
the fish infection status in vivo, respectively. The expression level of each 

Table 1 
Two-way univariate permutational analysis of variance (PERMANOVA) testing 
for differences in the expression of selected genes (il-1β, tnfα1, tnfα2, c4 and 
casp3) in PBLs in vitro, with Treatment (three levels: PE1 (1 μg/ml of Brachiella 
thynii protein extract), PE10 (10 μg/ml of B. thynii PE) and N (non-treated)) and 
Time (four levels: 1 h, 3 h, 5 h and 12 h) as fixed and orthogonal factors. 
Summary of most interesting pair wise comparisons is given below the main 
results for each gene. Detailed pair wise comparison results are available in 
Supplementary Table S1.  

Gene Source of 
variation 

df MS F 

il-1β Treatment 2 5.5893E7 35.876**  
Time 3 1.8097E7 11.616**  
Treatment × time 6 5.9031E6 3.7891*  
Residual 17 1.5579E6  

Pair wise for Treatment ×
time 

Statistically significant difference between: N and 
PE10 at 1 h**; PE1 and PE10 at 1 h**; N and PE10 at 
3 h*; PE1 and PE10 at 3 h*. 

tnfα1 Treatment 2 1.426E6 63.406**  
Time 3 1.7208E5 7.6516**  
Treatment × time 6 30734 1.3666  
Residual 18 22490  

Pair wise for Treatment Statistically significant difference between: N and 
PE1**; N and PE10**; PE1 and PE10**. 

Pair wise for Time Statistically significant difference between: 1 h and 
12 h**; 3 h and 12 h*; 5 h and 12 h**. 

tnfα2 Treatment 2 3.3446E6 26.791**  
Time 3 3.1909E5 2.5559  
Treatment × time 6 49909 0.39978  
Residual 17 1.2484E5  

Pair wise for Treatment Statistically significant difference between: N and 
PE1**; N and PE10**; PE1 and PE10**. 

c4 Treatment 2 2696.9 3.0827  
Time 3 417.37 0.47708  
Treatment × time 6 5038.4 5.7591**  
Residual 16 874.86  

Pair wise for Treatment ×
time 

Statistically significant difference between: PE1 and 
PE10 at 3 h*. 

casp3 Treatment 2 15422 10.731**  
Time 3 8576.5 5.9676**  
Treatment × time 6 8126.3 5.6544**  
Residual 20 1437.2  

Pair wise for Treatment ×
time 

Statistically significant difference between: N and 
PE10 at 5 h*; PE1 and PE10 at 5 h*; N and PE1 at 12 
h*; N and PE10 at 12 h*. 

*Statistically significant difference at p < 0.05. 
**Statistically significant difference at p < 0.01. 
df – degrees of freedom, MS – mean sum of squares, F – F value. 
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gene was calculated as arbitrary units normalized to the expression of 
reference gene β-actin [18] and multiplied by 100,000. The fold changes 
(FC) were calculated as the average expression of the treatment groups 
divided by that of the relevant control group, with the two-fold induc-
tion set as threshold for biological significance (i.e. |LogFC| > 1). 
Log2-fold change values were used to visualise PBLs target gene 
expression in Microsoft Excel (2010). 

Two–way univariate permutational analysis of variance (PERMA-
NOVA) based on Euclidean distance [20] was used to test for differences 
in the expression of target genes (il-1β, tnfα1, tnfα2, c4 and casp3) in PBLs 
in vitro. Treatment (three levels: PE1 (1 μg/ml of Brachiella thynii protein 
extract), PE10 (10 μg/ml of B. thynii PE) and N (non-treated)) and Time 
(four levels: 1 h, 3 h, 5 h and 12 h) were fixed and orthogonal factors. 
Significance was set at p < 0.05, with p-values being obtained using 999 
unrestricted permutations of raw data with Monte-Carlo simulation 
[20]. Significant terms of the main PERMANOVA were further examined 
by appropriate post-hoc pair-wise comparisons and detailed results are 
available in Supplementary Table S1. Results of main PERMANOVAs 

and pair-wise comparison summary are given in Table 1. One-way 
PERMANOVA was used with same parameters (999 unrestricted per-
mutations of raw data with Monte-Carlo simulation to obtain p-values) 
to test differences in expression level of target genes in gills infected with 
B. thynii and uninfected gills. 

2.5. Tissue preparation for semi-thin sections and transmission electron 
microscopy (TEM) 

Small fragments of tissues from infection site of B. thynii were cut and 
fixed in 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS) 
on ice. Same area in the pectoral-fin axil was sampled in uninfected 
specimens. For transmission electron microscopy (TEM), tissue samples 
were post-fixed (1% aqueous osmium tetroxide for 1 h), dehydrated in 
ascending series of acetone, and embedded in Durcupan resin (Honey-
well-Fluka, Morris Plains, NJ, USA). Semi-thin 0.5 μm sections were cut 
from the resin blocks, stained with 1% toluidine blue, and examined 
under an Olympus BX 40 light microscope (Olympus Corp., Shinjuku, 

Fig. 2. Modulation of Atlantic bluefin tuna il-1β, tnfα, 
tnfα, casp3 and c4 expression in PBL after stimulation 
with 1 μg/ml of Brachiella thynii protein extract (PE1). 
Log (base 2) transformed fold changes (Log2FC) in 
gene expression observed during the course of stim-
ulation of reared Atlantic bluefin tuna PBLs with PE1, 
in respect to their time-matched controls (after 1 h, 3 
h, 5 h and 12 h). Dashed rectangles depict twofold 
induction/suppression (above/below 1/− 1 in log 
space), considered as the threshold for biological sig-
nificance. The fold change was calculated as the 
average expression level of three stimulated biological 
replicates divided by that of their time-matched 
controls.   

Fig. 3. Modulation of Atlantic bluefin tuna il-1β, tnfα, 
tnfα, casp3 and c4 expression in PBL after stimulation 
with 10 μg/ml of Brachiella thynii protein extract 
(PE10). Log (base 2) transformed fold changes 
(Log2FC) in gene expression observed during the 
course of stimulation of reared Atlantic bluefin tuna 
PBLs with PE10, in respect to their time-matched 
controls (after 1 h, 3 h, 5 h and 12 h). Dashed rect-
angles depict twofold induction/suppression (above/ 
below 1/− 1 in log space), considered as the threshold 
for biological significance. The fold change was 
calculated as the average expression level of three 
stimulated biological replicates divided by that of 
their time-matched controls.   
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Tokyo, Japan) for orientation purposes. Ultrathin sections were cut at 
0.07 μm, stained with uranyl acetate and lead citrate, and inspected 
under a Jeol JEM-1400 TEM operating at 120 kV. 

3. Results 

Expression of ABFT immunity-related genes was examined in vitro in 
PBLs stimulated by 1 μg/ml (Fig. 2) and 10 μg/ml (Fig. 3) of Brachiella 
thynii PE at 1, 3, 5 and 12 h, as well as in tissues at the infection site 
(Fig. 4). The increased concentration of B. thynii (PE10) had a more 
pronounced effect in terms of biologically significant regulation of 
selected immune genes when compared to PBLs stimulated with lower 
concentration of B. thynii PE1 (Figs. 2 and 3). While biologically sig-
nificant upregulation of interleukin 1β (il1β) was observed only at 3 h 
post-stimulation with 10 μg/ml of B. thynii PE, statistically significant 
difference was noted 1 h and 3 h post-stimulation, not only compared to 
control, but the lower concentration of B. thynii PE1, as well (Table 1). 
This is in accordance with observed trend in Figs. 2 and 3. Tumour ne-
crosis factor α1 (tnfα1) was biologically significantly upregulated 
throughout the experiment with B. thynii PE and the fold-change 
increased with the higher B. thynii PE concentration, but statistically 
there was no significant interaction of ‘Treatment × time’ factors. 
However, the effect of factor ‘treatment’ was found to be significant in 
all pair wise comparisons (Table 1). Very similar profile was observed 
for tnfα2 (Table 1), with only difference that fold-change was consis-
tently biologically significant only in PBLs treated with higher concen-
tration of B. thynii PE (Fig. 3). Although complement 4 (c4) showed 
biologically significant fold-change after 5 h post-stimulation by 10 μg/ 
ml of PE (Fig. 3), its upregulation was not statistically significant 
(Table 1). Caspase 3 (casp3) showed statistically and biologically sig-
nificant induction 5 h and 12 h post-stimulation by 10 μg/ml of B. thynii 
PE, while lower concentration of B. thynii PE proved to cause statistically 
significant change only 12 h post-stimulation in PBLs. 

There were no significant differences in expression of examined 
genes between gills infected with B. thynii and uninfected gills (Fig. 4), 
although a trend towards downregulation was noticed in all targets 
except c4. 

3.1. Histopathology at the B. thynii attachment site 

In contrast to unaffected skin (Fig. 5A), lesion consists of a local 
erosion at the attachment site that runs deep into dermis (Fig. 5B), 
affecting the outmost epidermal layer of squamous epithelial cells 

(Fig. 5C–E) and passing throughout the dermal stratum spongiosum, not 
perturbing stratum compactum. Deep in stratum compactum, two granu-
lomatous foci were observed, consisting of necrotic tissues and accu-
mulation of actinomycete-like cells, enveloped by a multilayered 
connective tissue capsule (Fig. 5F). 

Directly at the attachment site, squamous epithelium shows necrosis 
and detachment from the basal membrane (Fig. 6A); cells show large 
and lucent lytic nucleus, abundant cytosolic vacuolisation, release of 
vesicles on the surface and lack of intercellular junctions (Fig. 6B and C). 
Detached epithelial cells are interspersed with erythrocytes, rodlet cells 
and mucous goblet cells still containing the mucous granule. Very rarely, 
necrotic and non-degranulated mast cells are observed (Fig. 6D), except 
in haemorrhaging at surface where most likely mast cell granules are 
interspersed between various cell debris. Interestingly, no granulocytic 
or mononuclear leukocytes are observed. Stratum spongiosum has a loose 
and lucent appearance compared to uninfected skin tissues, and con-
nective tissue fibres lose their regular congruence and continuity, being 
dislodged by numerous “empty spaces”. Basal membrane is also paler 
and of irregular thickness. Except for numerous electron lucid granules 
of different size, remnants of mitochondria are the only discernible 
cytosolic organelle. Dense heterochromatin focally accumulates at the 
inner karyotheca, while the rest of chromatin is granulated, and some-
times nuclear space is filled with vesicles. 

4. Discussion 

In vitro studies using parasite antigens as stimulants for immunity- 
related genes have been rarely conducted [21–24], and in those few 
that have been performed, the effect of parasite’s whole protein extract 
was not assessed. Lepen Pleić et al. [16] and Reyes-Becerril et al. [25] 
have investigated in vitro effects of parasite antigens on expression of 
pro-inflammatory cytokines in the Atlantic bluefin tuna (Thunnus thyn-
nus), and Toll like receptors (TLRs) and pro-inflammatory cytokines in 
yellowtail amberjack (Seriola lalandi), respectively, concluding upon the 
role of specific genes during parasite infection. 

In the present study we targeted innate immunity genes interleukin 1β 
(il-1β), tumour necrosis factors (tnfα1, tnfα2), complement component 4 (c4) 
and caspase 3 (casp3). The former two are major mediators of inflam-
mation, whose fast and strong induction is usually detectible within 
hours’ post-stimulation or infection [26–28]. Complement 4, together 
with component C2 is a key molecule in the activation of the classical 
complement pathway [29,30] responsible for promotion of inflamma-
tory responses, pathogen elimination, clearance of apoptotic and 
necrotic cells, as well as for modulation of the adaptive immune 
responses. 

In vitro stimulation of ABFT PBLs with B. thynni PE expectedly caused 
a dose-depended upregulation of target genes, among which tnfα1 
showed the highest induction by both concentrations of B. thynni PE. 
This suggests its important role in ABFT defence against this parasitic 
copepod, even though previously no evidence supported its engagement 
in control of two other gill ectoparasites of chronic character; copepod 
Pseudocycnus appendiculatus and digenean Didymosulcus katsuwonicola 
[18]. In contrast, ABFT il-1β showed a similar induction pattern as 
following stimulation with P. appendiculatus PE, but only by a higher 
concentration of B. thynni PE. ABFT c4 was also upregulated only in 
response to a higher dose of parasite PE, but its induction was delayed 
compared to that of il-1β. Noteworthy is that during all treatments fold 
change of innate-immune genes in parasite PE-stimulated cells was 
relatively low, ranging from 2 to 4, indicating mild immune response in 
accordance to previous research [18]. This potentially indicates that a 
lower antigenicity of parasites infecting ABFT might be one form of their 
adaptive mechanisms, allowing them to survive within the host over a 
large extent of time. However, in some cases, antigenicity depends upon 
the parasite developmental stage, as observed in monogenean Neo-
benedenia melleni infecting yellowtail amberjack, Seriola lalandi [25]. 
Amberjack spleen leucocytes stimulated by antigens of the adult 

Fig. 4. Relative expression of Atlantic bluefin tuna il-1β, tnfα, tnfα, casp3 and c4 
in tissue infected with Brachiella thynii (Copepoda). The relative expression 
(arbitrary units) was calculated as the expression of the target gene divided by 
that of β-actin times 100,000. Data are presented as average +SEM of five fish 
per group. Different letters indicate significant differences between infected and 
non-infected individuals (p < 0.05). 
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Fig. 5. Semi-thin sections of the Brachiella thynii attachment site. Representative photomicrographs of semi-thin sections of the Brachiella thynii attachment site in the 
pectoral-fin axil of the reared Atlantic bluefin tuna (Thunnus thynnus): A) appearance of the uninfected tissues; B) deep lesion at the attachment site; C) haemor-
rhaging at the attachment site; D) higher magnification of the haemorrhaging showing different cell lineages; E) sloughing of necrotic cells from the basal membrane; 
F) multilayered granuloma with cell detritus and deep blue stained actinomycete-like cells in the center. Scale bar: 50 μm (A-C, F) and 20 μm (D–E); se - squamous 
epithelium, ss - stratum spongiosum, black arrowhead - basal membrane, black arrow - mucous goblet cells, e − erythrocytes, asterisk - mast cells, white arrowhead - 
rodlet cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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monogenean induced IL-1β and TNFα, in contrast to larval antigens. 
Apparently, N. melleni modulates its antigenic activity during different 
developmental stages as a part of its adaptation strategy; larvae avoid 
host immune response by silencing their surface antigens, while adults 
benefit from it, since proliferation of skin mucus and plasma protein 
leakage, sources of food and energy for reproducing parasites [25], are 
in fact induced by IL-1 and TNFα [31]. In case of B. thynni, one could 
speculate that sex may also be a determining factor in the modulation of 
host immune response, since only the female permanently parasitizes 
fish host [12] while male lives in a temporary association until copu-
lation, after which it detaches [17]. However, it is more likely that 
separation of the male B. thynni from the host is simply a part of its life 
cycle after fulfilling its biological role, rather than a consequence of its 
inability to avoid host immune response. 

Finally, ABFT casp3, the main effector caspase that cleaves the ma-
jority of substrates in cells undergoing apoptosis [32] was also induced 
by the higher concentration of parasite PE. This may indicate the po-
tential promotion of apoptosis in ABFT leucocytes by copepod with the 
attempt to avoid elimination by promoting apoptosis in host immune 
cells programmed to attack the parasite, as seen in parasitic protozoa 
and helminths [33,34]. Generally, apoptosis induced by parasites is a 
complex interaction that differs among each parasite-host system. Its 
cascade depends on whether the parasite possess mechanisms that 
induce or avoid host cell apoptosis to enable its survival [35]. The 
crucial factor in the process seems to be the timing of apoptosis; its early 
onset contributes to the destruction of intracellular parasites, while it 
favours the penetration of multicellular parasites. However, the late 
onset of apoptosis in activated immune cells might be beneficial for both 
the host and parasite, as it suppresses the damaging side-effects of the 
overinflammatory reaction benefiting the host, but also helps the 
parasite to adapt to a hostile environment [36]. Likewise, cysteine 
proteases isolated from ciliate Philasterides dicentrarchi induced 
apoptosis in turbot (Scophthalmus maximus) head kidney leucocytes 
followed by an increase in caspase-3-like activity [37]. Caspase 3 was 
also upregulated in pyloric caeca in turbot suffering severe enter-
omyxosis [38], while apoptosis markers were upregulated in both 

parasitized and non-parasitized gills of the monogenean Sparicotyle 
chrysophrii-infected sea bream [39]. Additionally, apoptosis may also be 
a side effect displayed by naïve lymphocytes encompassed within the 
whole PBL fraction after the overwhelming presentation of B. thynnii 
antigens. Namely, naïve lymphocytes undergo activation-induced cell 
death in the periphery mediated by Fas-ligand engagement on targeted 
lymphocytes, which is induced by an overstimulation of the T cell re-
ceptor (TCR) or starvation of growth factors such as IL-2, IL-4, and IL-7 
[40]. 

When discussing the results of in vitro responses to parasite antigens, 
it must also be taken into account that the blood samples were pooled in 
three separate biological replicates of PBLs in order to minimise the 
possible effect of previously resolved Brachiella thynii infection. How-
ever, since teleosts are endowed with MHC receptor signalling pathway, 
the consequence of pooling of leukocytes from several individuals could 
be a triggered transplant rejection reaction, if the individual fish were 
MHC incompatible. This effect was previously established in immuno-
logical research on fish species and it is called mixed lymphocyte reac-
tion (MLR) (for example [41,42]). It is possible that in the present study 
the captured in vitro responses to parasite antigens occurred on top of 
MLRs, as the PBL cultures were pooled in three separate biological 
replicates. While the applied technique could have been beneficial in 
terms of ensuring the potential effect of previously sensitised individual 
tuna was minimalised, there is no way to control for the MLR in retro-
spect. However, the present study mainly interprets, with caution, the 
PBL response to the parasite antigens. 

Importance of cytokines and other innate immune genes as part of 
host response to parasite infection has already been proven through 
their upregulation during protozoan [43], monogenean [25,44], 
copepod [18,44] or digenean [18,45] infections. However, we failed to 
notice statistically significant upregulation of selected genes in ABFT 
tissues at the site of B. thynni infection. Nevertheless, in majority of 
examined genes a trend towards downregulation was noticed, in 
contrast to previous reports in copepod-infected ABFT [18], striped 
trumpeter [46] and the Atlantic salmon [47]. Absence of immunity 
genes induction in natural infection supported by potentially lower 

Fig. 6. Ultra-thin sections of the Brachiella thynii attachment site.  
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antigenicity of B. thynni recorded in vitro, could be explained by the 
parasite ability to adjust their antigenicity in order to avoid host local 
immune response. Also, considering the chronic type of infection, a 
transition from host innate to adaptive immune responses may also be 
taking place. Similar was reported during sanguinicolid digenean Car-
dicola orientalis infection in SBFT [48], which also failed to induce the 
production of classic inflammatory signalling cytokines, such as IL-1 and 
TNFα, at the site of infection. Authors suggested that Cardicola species 
may have evolved a strategy of suppression of host inflammation in 
order to remain unimpeded. Additionally, a lack of casp3 induction in 
infected tissue may be a result of parasite’s endeavour to prevent 
apoptosis of cells surrounding attachment site. In fact, no apoptotic, but 
rather necrotic changes induced by the copepod active feeding have 
been microscopically observed. No major effect was noticed also in ul-
trastructure of adjacent epithelial layers, which would be altered in case 
of a persisting pro-inflammatory response [49]. Adult females B. thynii 
most likely have been brought from the wild with juvenile fish and have 
been parasitizing the host for a long period of time, possibly even 
throughout the whole rearing cycle of 18 months. Such natural chronic 
infection would not be characterised by activation of innate immunity 
axes [50], but would show reparative wound healing processes as epi-
thelialisation, connective-tissue proliferation, angiogenesis and tissues 
remodelling, none of which were observed in infected tissues. It is likely 
that the particular excretory and secretory products of female B. thynii 
suppress both innate immunity as revealed in the infected tissue, and the 
connective-tissue proliferation processes, allowing undisturbed feeding 
of the parasite. Similarly, the zoonotic liver digenean Opisthorcis viverrini 
that parasitizes bile ducts, causes lesions through its feeding activities in 
form of wounds that undergo protracted cycles of healing and re-injury 
during chronic infection, which can last for decades [51]. 

In conclusion, while B. thynii antigens induced il-1β, tnfα2, tnfα2, c4 
and casp3 in in vitro stimulated ABFT PBLs, there were no induction of 
targeted genes in the infected tissue. Also, no significant repercussions of 
the infection were noticed in ultrastructure of epithelial layers sur-
rounding B. thynii attachment site, suggesting that observed disappear-
ance of B. thynni in captive ABFT is more likely a result of their inability 
to complete life cycle due to lack of males, than a consequence of host 
immune response. However, to fully enlighten the background of such 
absence of immune reaction at the site of B. thynii infection and put these 
results in the context, further in vitro and in vivo studies will have to be 
conducted focusing on different developmental stages of the parasite, 
different stages of infection as well as on ABFT anti-inflammatory and 
adaptive immune response during parasite infection. Our findings 
certainly underline the complexity of host-parasite interactions shaped 
by the parasite’s adaptive mechanisms, whose main purpose is to ensure 
the survival of both parasite and its host. 
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Ivana Lepen Pleić: Conceptualization, Methodology, Investigation, 
Formal analysis, Writing - original draft, Writing - review & editing. 
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Representative photomicrographs of ultra-thin sections of the Bra-
chiella thynii attachment site in the pectoral-fin axil of the reared Atlantic 
bluefin tuna (Thunnus thynnus): A) squamous epithelial cells from stra-
tum germinativum still attached to the basal membrane, undergoing ne-
crosis. Note multiple vesicles in cytosole and nucleus; B) squamous 
epithelial cells showing nucleus with detachment of inner and outer 
karyotheca and degraded mitochondria with lysed cristae. Note multiple 
small desmosomes and multiple vesicles with granulated content; C) 
highly vacuolated squamose epithelia cell with characteristic appear-
ance of nucleus, showing accumulation of heterochromatin at the pe-
riphery and fine-granulated material centrally; D) necrotic un- 
degranulated mast cell in the skin stratum spongiosum. Scale bar: 5 μm 
(A, D), 2 μm (B), 1 μm (C); ss - stratum spongiosum, cf - collagen fibres, 
black arrowhead - basal membrane, white arrowhead - desmosomes, 
asterisk - mitochondria, g - granules, v - vesicles, black arrow - mast cell. 
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[5] I. Mladineo, T. Šegvić, M. Petrić, Do captive conditions favor shedding of parasites 
in the reared Atlantic bluefin tuna (Thunnus thynnus)? Parasitol. Int. 60 (2011) 
25–33. 

[6] J.F. Palacios-Abella, J. Rodriguez Llanos, S. Mele, F.S. Montero, Morphological 
characterization and identification of four species of Cardicola short 1953 
(trematoda: aporocotylidae) infecting the atlantic bluefin tuna Thunnus thynnus (L.) 
in the mediterranean sea, Syst. Parasitol. 91 (2015) 101–117. 

[7] J. Balli, I. Mladineo, S. Shirakashi, B.F. Nowak, Diseases in Tuna Aquaculture, in: 
D.D. Benetti, G.J. Partridge, A. Buentello (Eds.), Advances in Tuna, Elsevier, 
Oxford, 2016, pp. 253–272. 

[8] J. Culurgioni, S. Mele, P. Merella, P. Addis, V. Figus, A. Cau, et al., Metazoan gill 
parasites of the Atlantic bluefin tuna Thunnus thynnus (Linnaeus) (Osteichthyes: 
Scombridae) from the Mediterranean and their possible use as biological tags, Folia 
Parasitol. 61 (2014) 148–156. 

[9] S. Yamaguti, Digenetic Trematodes of Hawaiian Fishes, Keigaku Publishing Co, 
Tokyo, 1970. 

[10] E. Karlsbakk, Didymozoid larvae (Trematoda) in the body musculature of cultured 
Atlantic herring larvae (Clupea harengus), Acta Parasitol. 46 (2001) 164–170. 

[11] H. Khaleghzadeh-Ahangar, M. Malek, T. Valinasab, First record of the parasitic 
copepod, Brachiella trichiuri gnanamuthu, 1951 (Crustacea: Lernaeopodidae) on 
Trichiurus lepturus L. (Osteichthyes: trichiuridae) in the Persian gulf, Iranian 
Journal of Animal Biosystematics 5 (2) (2009) 17–21. 

[12] O. Benkirane, F. Coste, A. Raibaut, On the morphological variability of the 
attachment organ of Lernaeopodidae (Copepoda: siphonostomatoida), Folia 
Parasitol. 46 (1) (1999) 67–75. 

[13] G. Boxshall, Copepoda: copepods. In klaus rohde (ed). Marine parasitology, CSIRO 
Publishing (2005) 121–133. 

[14] K. Nagasawa, Infection of Brachiella thynni (copepoda, Lernaeopodidae) on pacific 
bluefin tuna, Thunnus orientalis (actinopterygii, Scombridae), cultured in Japan, 
Crustaceana 88 (2015) 945–948. 

[15] K. Nagasawa, T. Sato, K. Okamoto, Brachiella thynni (Copepoda: Lernaeopodidae) 
parasitic on wahoo, Acanthocybium solandri, from off Japan, with an observation 
of its infection in the pectoral-fin axil of the host, Nature of Kagoshima 45 (2019) 
163–165. 

[16] N. Fasten, The behavior of a parasitic copepod, Lernaeopoda edwardsii Olsson. 
Journal of Animal Behavior 3 (1913) 36–60. 

[17] Z. Kabata, B. Cousens, Life cycle of Salminicola californiensis (dana 1852) copepoda: 
Lernaeopodidae), J. Fish. Res. Board Can. 30 (1973) 881–903. 
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I.L. Pleić et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1050-4648(20)30561-1/sref19
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref19
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref19
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref20
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref20
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref21
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref21
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref21
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref22
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref22
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref22
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref23
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref23
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref23
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref23
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref24
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref24
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref24
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref25
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref25
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref25
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref25
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref26
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref26
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref27
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref27
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref27
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref28
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref28
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref28
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref29
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref29
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref29
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref30
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref30
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref30
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref31
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref31
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref32
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref32
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref33
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref33
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref34
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref34
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref34
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref35
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref35
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref36
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref36
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref37
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref37
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref37
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref38
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref38
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref38
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref39
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref39
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref39
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref39
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref39
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref40
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref40
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref40
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref41
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref41
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref41
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref41
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref42
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref42
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref42
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref43
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref43
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref43
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref43
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref44
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref44
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref44
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref45
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref45
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref45
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref46
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref46
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref46
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref46
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref46
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref47
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref47
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref47
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref48
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref48
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref48
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref49
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref49
http://refhub.elsevier.com/S1050-4648(20)30561-1/sref49
https://doi.org/10.3389/fimmu.2018.02055
https://doi.org/10.3389/fimmu.2018.02055
https://doi.org/10.3389/fmed.2018.00030

	In vivo and in vitro assessment of host-parasite interaction between the parasitic copepod Brachiella thynni (Copepoda; Ler ...
	1 Introduction
	2 Materials and methods
	2.1 Atlantic bluefin tuna sample collection
	2.2 Parasite protein extracts (PE)
	2.3 Establishment and stimulation of primary cell culture
	2.4 Expression analysis of immune-related genes
	2.5 Tissue preparation for semi-thin sections and transmission electron microscopy (TEM)

	3 Results
	3.1 Histopathology at the B. thynii attachment site

	4 Discussion
	CRediT authorship contribution statement
	Acknowledgments
	Appendix A Supplementary data
	References


