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ARTICLE INFO ABSTRACT

Keywords: Greenshell™ mussels (Perna canaliculus) are endemic to New Zealand and support the largest aquaculture in-
Greenshell™ mussels dustry in the country. Photobacterium swingsii was isolated and identified from moribund P. canaliculus mussels
Haemocytes

following a mass mortality event. In this study, a challenge experiment was used to characterise, detect, and
Photobacterium quantify P. swingsii in adult P. canaliculus following pathogen exposure via injection into the adductor muscle. A
Pathogenesis positive control (heat-killed P. swingsii injection) was included to account for the effects of injection and inactive
gPCR bacterial exposure. Survival of control and infected mussels remained 100% during 72-hour monitoring period.
Haemolymph was sampled for bacterial colony counts and haemocyte flow cytometry analyses; histology sec-
tions were obtained and processed for histopathological assessments; and adductor muscle, gill, digestive gland
were sampled for quantitative polymerase chain reaction (PCR) analyses, all conducted at 12, 24, 48 h post-
challenge (hpc). The most profound effects of bacterial injection on mussels were seen at 48 hpc, where
mussel mortality, haemocyte counts and haemolymph bacterial colony forming were the highest. The quanti-
fication of P. swingsii via QPCR showed highest levels of bacterial DNA at 12 hpc in the adductor muscle, gill, and
digestive gland. Histopathological observations suggested a non-specific inflammatory response in all mussels
associated with a general stress response. This study highlights the physiological effects of P. swingsii infection in
P. canaliculus mussels and provides histopathological insight into the tissue injury caused by the action of in-
jection into the adductor muscle. The multi-technique methods used in this study can be applied for use in early
surveillance programs of bacterial infection on mussel farms.

Perna canaliculus

1. Introduction

Perna canaliculus, Greenshell'™ mussels are the most important
aquaculture species in New Zealand, typically sold as a variety of food
products worldwide (Miller et al., 2023, Ericson et al., 2022). Aqua-
culture development and increasing disease occurrences have prompted
interest in studies on aquatic diseases which are likely to keep growing
in the face of future threats from climate change, invasive species and
pollution (Lane et al., 2022). Even though the P. canaliculus mussel in-
dustry has experienced relatively few disease issues, the presence of
pathogens and parasites continue to be reported (Castinel et al., 2019).
Vibrio spp. such as Vibrio splendidus, a Vibrio coralliilyticus/neptunis-like
isolate (Kesarcodi-Watson et al., 2009), Vibrio mediterranei (Azizan et al.,
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2023) and Photobacterium swingsii (Azizan et al., 2022) have been
associated with mortalities in P. canaliculus.

Photobacterium is one of the eight genera in the Family Vibrionaceae
(order Vibrionales, class Gammaproteobacteria) and is the largest genus
after Vibrio (Labella et al., 2017). Several species in this genus, including
P. rosenbergii, P. swingsii, P. jeanii, P. sanctipauli, and P. damselae, have
been shown to cause pathologies in animal hosts, as reviewed by Labella
etal. (2017). Of particular interest for the current research are P. swingsii
infections that have previously been detected in diseased Pacific oysters
(Crassostrea gigas) (Gomez-Gil et al., 2011), wild spider crabs (Maja
brachydactyla) (Gomez-Gil et al., 2011), blue mussels (Eggermont et al.,
2017), abalone (Jiang et al., 2013) and octopus (Fichi et al., 2015).
Additionally, mussels injected with P. swingsii showed high mortality at
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48 h post-challenge, along with expression of virulence genes hsp60, zm,
vepA, toxR, ompU, mshA, chi, lip, and plp, suggesting pathogenesis of this
bacterium to P. canaliculus (Azizan et al., 2022). Despite advances that
have been made, the mechanisms of bacterial pathogenesis of P. swingsii
in P. canaliculus mussels are poorly understood.

Monitoring programs use a variety of diagnostic techniques to assess
the condition and health status of farmed and wild mussel populations
(Webb and Duncan, 2019). The most used methods for disease testing
include bacterial culture, PCR, enzyme-linked immunosorbent assays
(ELISA), histopathology, fluorescent in situ hybridisation (FISH) and
immunohistochemistry, all with advantages and disadvantages (Lane
et al., 2022). Histology can be used in pathogen studies to help char-
acterise the route of colonisation of organisms as it may allow for the
evaluation of the presence, distribution and impact of an organism at
defined time points in the host (Wang et al., 2021). The use of QPCR
allows for discrimination of congeneric pathogens (Piesz et al., 2022,
Rios-Castro et al., 2022), and is useful to monitor the progress of an
infection (Mackay et al., 2002). By monitoring pathogen infections in a
host over an extended period, researchers can better understand the
pathogenesis of the bacterial infection and develop effective strategies
for mitigating its impact (Burge et al., 2016; DeCandia et al., 2018). For
example, in the larvae of M. edulis, various Vibrio spp. and Photo-
bacterium spp. isolates caused mortality after three days of infection, and
genomic analyses identified virulence-related genes in the bacterial
isolates responsible for the highest mortalities (Eggermont et al., 2017).
In P. canaliculus, the effect of co-infection (using P. swingsii and Vibrio
mediterranei) displayed varying responses overtime, with 100% mor-
tality observed in juvenile mussels after 48 h, while adults showed the
same results after 72 h (Azizan et al., 2023). The effect of sampling time
was clearly seen in a study on M. galloprovincialis challenged with
V. splendidus. Herein, two peaks of bacterial colonies were detected at 1
h and 6 h post challenge, demonstrating the recruitment of haemocytes
and implementation of phagocytosis overtime (Parisi et al., 2019). Ul-
timately, strategies implemented by bacterial pathogens to avoid host
defence mechanisms vary amongst species and can be complicated by
different phases of infection (i.e., host-pathogen interactions or host
immune response) (Labreuche et al., 2006).

The aim of this study was to evaluate the association between
P. swingsii and adverse effects on the mussel, P. canaliculus overtime.
Photobacterium swingsii DNA load and distribution in digestive gland,
adductor muscle and gill tissues were evaluated over a 48-hour
period post-challenge using qPCR and histopathology assessments.
The mussel immune response was evaluated by haemolymph response
(i.e., total haemocyte count and haemocyte viability) over the same
period. We envision that these data will aid further studies into the
pathological significance of P. swingsii and potential disease control
alternatives.

2. Materials and methods
2.1. Animal husbandry, bacterial exposure, and sampling

Adult P. canaliculus (n = 300) were obtained from Kaiaua Marine
Farms Ltd. (Firth of Thames, New Zealand) and transported to the
aquaculture facility at the Auckland University of Technology, Auck-
land, New Zealand. Upon arrival, animals were labelled, weighed (mean
+ SE, 53.8 & 7.9 g) and measured along their length (90.5 + 5.5 mm),
and then housed for a 7-day acclimation period in a recirculating
seawater system (16 °C; 35 ppt; pH 8.2).

Photobacterium swingsii was isolated from P. canaliculus during a 2018
mortality event (Nguyen and Alfaro, 2020), and grown to a pure culture
on thiosulfate-citrate-bile salts sucrose (TCBS) agar plates, then cultured
in marine broth (Difco™) and incubated at 22 °C for 24 h, as previously
described by Azizan et al. (2022). For the present study, the bacterium
was harvested, washed, and suspended in marine broth (Difco™) me-
dium at a concentration of 10’ colony forming units (CFU)/mL for
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injection treatments. To control for the effects of the handling and the
act of injection, a second group of P. swingsii served as a heat-killed
control group, where the inoculum of 10 CFU/mL was boiled at
100 °C for 10 min, before storage at 4 °C for 6 days. Inactivation of the
bacteria was confirmed by culturing broth on TCBS agar plates for 6 days
at 22 °C (Ciacci et al., 2009). No growth was observed over that period.
Additional experimental groups included a group of untreated mussels
(no injection control) and a group of mussels injected with marine broth
(injection control).

A total of 75 mussels were allocated to each group (Fig. 1). At the
onset of the experiment (time 0), 100 pL of either marine broth (G2),
heat-killed P. swingsii suspended in marine broth (G3), or live P. swingsii
suspended in marine broth (G4) (107 CFU/mL) were injected into the
posterior adductor muscle of each individual mussel using a 25-gauge 1
mL syringe. In order to facilitate the injection, mussels were gently
opened on the ventral posterior side of the shell using a blunt knife
(Ericson et al., 2022). The presence of the injected bacterial isolate in the
haemolymph samples was confirmed using the Sanger sequencing
method (see Table S1). After injection, all mussels including the no in-
jection controls (G1) were placed into individual 2-L tanks with
seawater and air supply. Mussel survival was monitored for 4 days, using
the British Standard Squeeze method which classified a mussel as dead if
the animal was unable to adduct valves following 10 rapid squeezes
(Dunphy et al., 2015; Powell et al., 2017; Nguyen et al., 2020). Dead
mussels were removed from the system and sexed accordingly. Daily
water exchanges (50% of total volume) were performed along with
water quality assessment of four parameters, namely, pH, ammonia,
nitrite, and nitrate using a Marine Saltwater Master Test Kit (API Ma-
rine) (Azizan et al., 2022). The survival rate was calculated as the sur-
vival probability at any particular time (St) (Goel et al., 2010),
determined by the equation:

St = (Numberofsubjectslivingatthestart — Numberofsubjectsthatdied) x 100

After 12 hpc (time 1), 24 hpc (time 2) and 48 hpc (time 3), a total of
10 mussels per group were sampled (apart from the no-injection control
which was only tissue sampled at the end — 48 h). Mussels were opened
to collect a haemolymph sample from the adductor muscle (Ericson
et al., 2023). For bacterial plating, a 10 pL aliquot of haemolymph was
spread onto a TCBS agar plate using the spread plate technique (Demann
and Wegner, 2019). All plates were incubated at 22 °C for 24-48 h
before being counted to obtain CFU/mL of Vibrionaceae load in the
haemolymph (Azizan et al., 2022). Following haemolymph collection, 5
individual mussels were used for histological sample collection, while a
second set of 5 mussels were used for tissue collection for qPCR testing.

For flow cytometric analyses, a working haemolymph stock was first
prepared with 50 pL of haemolymph diluted equally with the same
volume of autoclaved filtered seawater. A total of 20 uL of the working
haemolymph stock was added to 380 pL of Muse® Count & Viability Kit
(200X, MCH100104; Luminex). The sample was vortexed, incubated at
18 °C for 5 min before analysis using a Muse Cell Analyzer (Ericson et al.,
2021).

For histological assessments, mussels (n = 50) were shucked and
placed in 10 % formalin in seawater for 48 h, whereafter the animals
were cut into 2 histology sections, the first containing the adductor
muscle (point of injection) tissue and the second section containing all
the major organs (gill, mantle, digestive gland, gonad, connective tissue,
and foot). Once cut and placed in histology cassettes, standard histo-
logical processing followed (Muznebin et al., 2022). The mussels were
examined by a veterinary pathologist and examined blind with no
knowledge of the study groups. Body condition scoring was scored as
follows: 1+ indicated poor condition, 2+ denoted moderate to good
condition, and 3+ signified excellent condition. Scoring for all organ
systems evaluated was a subjective, semi-quantitative assessment. In
judging body condition consideration was given to the degree of
expansion of storage cells, width of storage cell trabeculae and the
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Fig. 1. Experimental setup: Perna canaliculus mussels were assigned four groups, including G1 = no injection control, G2 = control injected with marine broth, G3 =
control injected with heat-killed bacteria, and G4 = treatment injected with live bacteria. Mussels were sampled after 12-, 24- and 48-hours post-challenge. At each
sampling point, haemolymph was collected for flow cytometry and bacterial quantification and tissue samples for QPCR and sections for histological assessments
(note, tissue samples for no injection control group were only collected at 48 hpc). Abbreviations: X = a total of 10 mussels per group were sampled, except for the no
injection control, which was only tissue sampled at the end (48 hpc); O = a total of 5 individual mussels were used for histological sample collection, while a second

set of 5 mussels were used for tissue collection for qPCR testing.

presence, absence, and width of intercellular and vascular spaces be-
tween storage cell trabeculae and connective tissues. The digestive
glands were evaluated for tubular uniformity, cell composition and
structure of the tubular and ductular epithelium, presence or absence of
epithelial degeneration or changes, presence of inflammatory cells
within the epithelium and lumen of tubules and ducts, presence,
absence, density, extent, and pattern of haemocyte infiltrates within
supporting connective tissue around digestive gland tubules and ducts
and surrounding the intestinal tract.

For qPCR testing, mussels from each treatment were shucked and the
digestive gland, adductor muscle and gill tissues were removed. Tissue
samples of about 3 x 3 mm in size were placed into separate micro-
centrifuge tubes containing 200 uL RNAlater® and refrigerated for an
hour to permeate the solution into tissue before storage in a —80 °C
freezer until DNA extraction was performed.

2.2. TagMan qPCR for Photobacterium swingsii

2.2.1. DNA extraction

Tissues (adductor muscle, gill, digestive gland) from 50 mussels were
extracted using the simple workflow of the MagMAX™ Core Nucleic
Acid Purification Kit (Applied Biosystems™) executed on an automated
KingFisher™ Flex system. Prior to extraction, tissues were removed from

RNAlater, washed in phosphate buffered saline (PBS) and then homo-
genised in the same, using 1.4 mm diameter ceramic beads in a MagNA
Lyser (Roche Diagnostics, Basel, Switzerland), 6500 rpm, 30 s. The
weight data was collected to enable comparative measurements of copy
numbers across individuals. Tissue input weights ranged from 23.4 to
32.4 mg, with an average of 26 mg. Each sample corresponded to 2 pL of
DNA template obtained from a specified tissue input amount. No-
injection control, marine broth injection control and bacteria-infected
mussel (killed P. swingsii and live P. swingsii) samples were then tested
with a PCR specific for the P. swingsii 16S rRNA gene.

2.2.2. gPCR design and procedure

Primers and hybridising probe were designed using the Geneious
Prime software (Dotmatics) to target the P. swingsii 16S rRNA genes.
Geneious Prime and Primer BLAST were used to assess in-silico the spec-
ificity of the assay. PCR mix comprised of 12.5 pL SsoAdvanced™ Uni-
versal Probes Supermix (Bio-Rad), 8 pL nuclease free water, 1 pL (400
nM) of each primer, P. swingsii — 229F-5'GGTCCATTTTCTGGCATGGC3'
and P. swingsii — 324R-5TTGTGGCGACGATACACCAAS'; 0.5 pL of the
probe (200 nM), P. swingsii-282P FAM-AGTTGACGGCGTACTCCTTG-
BHQ1; and 2 pL of DNA template. The reaction was run on a CFX96
(Bio-Rad) thermocycler with the following conditions: 1 cycle of 95 °C for
3 min, followed by 40 cycles of 95 °C for 30 s and 60 °C for 30 s (Caraguel
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et al., 2011). Results were analysed using CFX Manager™ software.

Each gPCR included a set of standards prepared using P. swingsii
genomic DNA (dilutions from known CFU concentrations) and no-
template controls. A PCR run was considered valid when the standards
were detected, and the no-template controls were not detected. All
samples from valid runs showing a Cq before the 40 cycles cut-off were
considered positive. Quantification of P. swingsii in samples was calcu-
lated by the software based on the standard curve.

2.3. Statistical analysis

A two-way ANOVA was performed to assess the combined effects of
time and treatment on experimental data (including bacterial load, total
haemocyte counts, cell viability, and qPCR). Subsequently, Bonferroni
post-hoc tests were then used to compare experimental groups at specific
timepoints, considering the significant influence of time. PCR quanti-
tative data was log-transformed to deal with the wide range of results
due to natural variations in the data. For the log transformation, the
lowest copy number result for any sample was added to all results to
remove the impossibility of transformation for values = 0. All data met
assumptions for normality (Shapiro-Wilk Test, p > 0.05) and for ho-
mogeneity of variances (Levene’s test, p > 0.05). A p-value < 0.05 was
considered statistically significant. Statistical analyses were performed
in GraphPad Prism® version 9 (San Diego, CA).

3. Results
3.1. Mussel survival

During the 72-hour monitoring period, mussel survival remained
100% for the no-injection control group (G1), the marine broth injection
group (G2), and the heat-killed bacterial injection group (G3). Within
the group injected with live P. swingsii (G4), mortalities started to occur
24 h post-challenge (hpc), with a 63.5% survival rate seen at the end of
three days. Statistically, G4 differed from the other experimental groups
(log-rank test, p < 0.001; Fig. 2, as denoted by lowercase letters).

100 x- X o

901 G2
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Fig. 2. Survival curves for Perna canaliculus mussel following no injection (G1 —
IN *), injection with marine broth (G2 — MB v), injection with heat-killed
bacteria (G3 — HKB ¢), and injection with live P. swingsii bacteria (G4 — LB
@). Significant differences of log-rank (Mantel-Cox) test are indicated by
different lowercase letters next to each survival curve when comparing the live
bacteria injection group to the other groups (p < 0.001).
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3.2. Bacterial quantification

The number of bacterial colony forming units (CFU) counted with
characteristics of Vibrionaceae, within samples of mussel haemolymph
within treatments (G1-G4) at 12, 24 and 48 hpc, are reported in Fig. 3.
Amongst treatment groups, at all sampling timepoints, haemolymph
from mussels injected with live P. swingsii (G4) showed the largest
number of CFU. Within G4, after 12 hpc, 43 CFU were detected. At 24
hpc, this value was two-fold higher with 109 CFU detected, and at 48
hpc the largest number of bacterial counts, of 273 CFU were detected.
These changes were statistically significant when comparing the bacte-
rial concentrations within G4 between timepoints 12 hpc and 48 hpc (p
< 0.001) and between 24 hpc and 48 hpc (p < 0.001). Moreover, there
was an interaction effect among treatment groups and sampling time-
point (Timepoint*Treatment, p < 0.001, 2-way ANOVA).

3.3. Haemocyte count and haemocyte viability

The total number of haemocytes (THC) and haemocyte viability (%
live haemocytes) detected in mussel haemolymph after 12, 24 and 48
hpc are shown in Fig. 4a and 4b, respectively. Within the first three
control groups, samples at 12 hpc resulted in the greatest haemocyte
counts when mussels were not treated (G1 = mean = SE, 3.9 x 106 +5.7
x 10° cells/mL), injected with marine broth (G2 = 3.6 x 10°+8.7x10°
cells/mL), and injected with heat-killed bacteria (3 x 10 + 5.9 x 10°
cells/mL). A decrease in haemocyte counts was determined as time
progressed with 48 hpc showing the lowest number of haemocytes.

Contrastingly, the group injected with live P. swingsii (G4) displayed
a noticeable trend over time, with numerical fluctuations. While it is
notable that the lowest number of haemocytes were detected at 12 hpc,
and the highest number of haemocytes detected at 48 hpc (Fig. 4a),
multiple comparisons (Bonferroni’s test) revealed no statistically sig-
nificant differences within the group injected with P. swingsii (G4). Two-
way ANOVA revealed no significance related to treatment (p = 0.3126),
whereas sampling timepoint had a statistically significant effect (p =
0.0310). There was a significant interaction between treatment groups
and time (p = 0.0343, 2-way ANOVA) as seen in the no injection control
group at 48 hpc.

For haemocyte viability, similar levels of haemocytes were measured
at 12 hpc within all treatments (G1: 72 + 3.3%; G2: 75 + 2.8%; G3: 66
+ 3.7%; G4: 66 + 4.1%). All treatments (G1-G4) showed similar pat-
terns as time progressed with an increase in haemocyte viability seen at
24 hpc followed by a decrease at 48 hpc (Fig. 4b). The 2-way ANOVA
revealed a non-statistically significant effect of the treatment group (p =
0.3529) and the sampling timepoint (p = 0.2144) for the percentages of
cell viability. The effect of treatment did not differ between timepoints
(Timepoint*Treatment, p = 0.942).

3.4. qPCR

Following qPCR analyses, positive amplification signals were ob-
tained from adductor muscle tissue (Fig. 5a) at 24 hpc in mussels
injected with heat-killed P. swingsii (G3), and at 12, 24 and 48 hpc in
mussels injected with live P. swingsii (G4). In the gill tissue (Fig. 5b),
positive amplification signals were seen at 24 hpc in mussels injected
with marine broth, at 24, and 48 hpc in G3, and at 12, 24 and 48 hpc in
G4. The digestive gland tissue (Fig. 5¢) showed positive amplification
signals at 24 hpc in G3 and at 12, 24 and 48 hpc in G4. The bacterial
DNA in mussel tissues injected with heat-killed bacteria (G3) was on
average 5.81 gene copies per mussel (across tissues collected = 76.25
copies per mg of tissue) for all samples collected through the experi-
ment. In mussels injected with live P. swingsii (G4), the average bacterial
load was 29-fold greater — 163.2 copies per sample (2,141 copies per mg
of tissue).

This difference in bacterial DNA between G3 and G4 was highly
significant across all sampling times (12, 24 and 48 h) for all tissues
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Fig. 3. Quantification of Vibrionaceae colony forming units (CFU per 10 pL of haemolymph) obtained from haemolymph of the G1 - no injection (control), G2 —
marine broth (injection control), G3 heat-killed and G4 live bacteria challenged groups at 12, 24, 48-hpc. All values represent average of 10 replicates per treatment.
Error bars represent standard error of means (SEM). The hatching bracket between 2 bars represent significant differences between groups at the same timepoint. The
single asterisk (*) represents a significant difference at p < 0.05, double asterisks (**) are for a difference at p < 0.001 and triple asterisks (***) are for a difference at
p < 0.0001. The different letters (e.g., a and b) indicate comparisons between timepoints within the same groups.

analysed (2-way ANOVAs; p < 0.001, respectively). Across treatments,
time did not have a significant effect on bacterial load and there was no
significant interaction between time and treatment (2-way ANOVA; p >
0.05). Similarly, the bacterial load was not significantly different for the
tissue types evaluated, adductor muscle, gill, and digestive gland (2-way
ANOVA; p-value > 0.05).

3.5. Histopathology

Histopathological assessments were performed on all P. canaliculus
mussels sampled over time (12, 24 and 48 hpc) and across treatment
groups (G1-G4), as summarised in Table 1. In brief, the histopatholog-
ical assessments focused on the body condition, distribution, and in-
tensity of inflammation in the tissues, gonad development, digestive
gland, connective tissues, gills, and mantle.

Variable infiltrates of inflammatory cells and haemocytes were pre-
sent within the connective tissues of all mussels examined during the
study, as seen within the control group (Fig. 6a), the marine broth
injected control group (Fig. 6¢), the heat-killed bacterial injection group
(Fig. 6e), and the live bacterial injection group (Fig. 6j). The digestive
glands in all mussels examined had non-specific changes consisting of
variable digestive gland atrophy and early degenerative changes
affecting the basophilic cells of the digestive glands with occasional
inflammation affecting the glands directly (Fig. 6b, d, f). The gill tissues
across treatments presented normal with occasional low levels of hae-
mocyte infiltrates (Fig. 6k). The adductor muscle of mussels subjected to
experimental injection (G2, 3 and 4) showed evidence of tissue

degeneration and haemocyte infiltration presumed to be associated with
the site of injection (Fig. 6h). The mantle showed variable inflammation
with scattered nodular to diffuse haemocyte infiltrates (Fig. 6g, j) across
all treatments. One mussel sampled (1/5) (G4T1) from the live P. swingsii
injection group at 48 hpc had a focal area of marked inflammation
within the connective tissue associated with short rod-shaped bacteria
(Fig. 6h), and one mussel (G4T2) had an incidental finding of birefrin-
gent organism resembling microsporidian like organism (Fig. 61). Oc-
casional bacteria were recognised within areas of muscle necrosis
associated with the injection site of the live P. swingsii (Fig. 6h). Mussels
within G4 also showed moderate to good body condition and female
gonadal tissue (Fig. 6i) and normal gills (Fig. 6k).

4. Discussion

Herein we discuss for the first-time results based on bacterial pro-
gression of a P. swingsii challenge in Greenshell™ mussels, P. canaliculus.
Our study revealed that injection with P. swingsii induced host response
and mortalities while mussels injected with heat-killed P. swingsii and
marine broth survived. This further supports the hypothesis that
P. swingsii is pathogenic to mussels and despite the limitations posed by
the challenge of mussels using injection of the adductor muscle, we
found that live bacteria induced pathogenesis, while heat-killed bacteria
did not. This indicates that the mortalities are due to bacterial prolif-
eration rather than the injury caused by the injection itself.
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asterisks (***) are for a difference at p < 0.0001. The different letters (e.g., a and b) indicate comparisons between timepoints within the same groups. All values
represent average of 10 replicates per treatment. Error bars represent standard error of means (SEM).

4.1. Mussel response

No mortalities were observed in the control groups investigated in
the current study, as previously seen in control treatments utilising
P. canaliculus as an animal model (Azizan et al., 2022). Haemocyte
viability was measured to quantify the amount of live or dead cells in a
haemocyte population of mussels (Tresnakova et al., 2023), and our
results found no major changes in haemocyte viability status recorded
amongst control groups or timepoints. Similarly, insignificant changes
were detected in haemocyte viability profiles in P. canaliculus subjected
to temperature and pathogen stress, along with the corresponding con-
trols (Azizan et al., unpublished results).

Total haemocyte counts (THC) in molluscs are generally an indicator
of organism health and immune status (Ericson et al., 2023), with
increasing circulating haemocytes associated with the presence of a
stressor (Venter et al., 2021). At the first sampling point, (12 hpc), the
number of haemocytes in the three control groups were the highest,
potentially because of experimental holding (husbandry stress), while
the lowest THC were detected at 48 hpc. Interestingly, the opposite THC
response was seen in the group of mussels infected with live P. swingsii,
where the lowest number of haemocytes were detected at 12 hpc, and
the highest at 48 hpc. A previous study on Greenshell™ mussels reported
a decrease in haemocyte concentration in the Vibrio spp. treated group
(compared to controls) after 24 h of infection (Ericson et al., 2022). Then
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Fig. 5. Bar graphs of log-transformed bacterial loads, which represents the
concentration + 0.70 copies/sample (0 values replaced with minimum dataset
value, followed by data transformation to log scale as measured by qPCR an-
alyses from (a) adductor muscle, (b) gill and (c) digestive gland tissue samples
across treatments (G1 — no injection control, only sampled at 48 h; G2 - marine
broth injection; G3 - heat-killed bacterial injection, and G4 - live bacteria in-
jection) at 12, 24, 48-hpc. Each sample corresponds to 2 pL of DNA template
obtained from a specified tissue input amount.
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again, when injecting clams, Ruditapes philippinarum, with live bacteria a
loss of haemocytes was seen in the early phase of infection (Parisi et al.,
2019). A loss of haemocytes at the onset of infection are believed to be
due to the clearance of high initial bacterial loads, migration of hae-
mocytes from the haemocoel to the injection site, lysis of haemocytes, or
apoptosis of haemocytes after phagocytosis of bacteria (Mateo et al.,
2009, Parisi et al., 2019). However, in the current study, as time pro-
gressed, the THC increased after exposure to bacterial infection, sug-
gesting that the haemocytes multiplied as a systemic response to stress
(i.e., P. swingsii injection).

Colony forming units (CFU) were counted as a key predictor of
bacterial presence (Quinn et al., 2022). Greenshell™ mussels injected
with a live dose of P. swingsii displayed the highest CFU (compared to the
other three groups), with CFU also increasing with time, resulting in the
highest concentrations of bacterial colonies at 48 hpc. Thus, by two days
post-challenge, bacteria within the haemolymph of P. canaliculus had
not been cleared from the mussels’ circulation system. It has been pre-
viously reported that V. splendidus bacteria were present in the haemo-
lymph of M. galloprovincialis for 24 hpc, while V. anguillarum was still
present in the haemolymph of the same species at 48 hpc (Parisi et al.,
2008). Ultimately, the kinetics of bacterial clearance remains variable
based on the bacteria and bivalve species (Canesi et al., 2001). It should
also be kept in mind that CFU were only measured in the mussels that
survived the infection process, making the results a measure of mussels
that are in the process of fighting the P. swingsii injection.

Mussel survival is a primary determinant of relative fitness (Shields
et al., 2008). It is used as an end-point measure in the current study to
determine the effect of P. swingsii on mussel physiology. The higher
mortality observed in mussels injected with live P. swingsii potentially
occurred due to the inability of mussels to clear bacteria from the hae-
molymph. In contrast, heat-killed bacteria did not cause any mussel
mortalities in the current study. This outcome of zero mortality has been
previously reported in Ruditapes philippinarum injected with heat-killed
V. tapetis, while the mortality of clams injected with live bacteria was
attributed to the actions of the bacteria rather than influence of extra-
cellular virulence factors (Allam et al., 2002).

4.2. Quantifying P. swingsii

For the first time, bacterial quantification from P. swingsii-specific
PCR is reported in this study. Herein, mussels injected with live and
heat-killed P. swingsii showed detectable levels of bacteria, albeit higher
in the group receiving the live dose of P. swingsii. Variations of P. swingsii
DNA loads were detected within the adductor muscle, gill and digestive
gland tissues investigated at all timepoints, indicating that P. swingsii
spread into the internal organs potentially resulting in systemic infec-
tion. The quantification of P. swingsii DNA loads before 12 hpc remains
an interesting aspect for future studies. In the current study we did not
observe any clear trend of reduced or increased quantified bacteria
overtime, as only three time points were studied, making it impossible to
declare links to bacterial clearance as time continues. It is believed that a
longer exposure duration, larger sample sizes, or shorter sampling
timepoints would allow for a more precise quantification of bacterial
loads which can be used to establish changes in bacterial load overtime.
Amongst the tissues analysed in the present study, the bacterial DNA
detected in the gill tissue was the greatest, which might hint at its
important role in the immune response during pathogen challenge (Li
etal., 2017). Indeed, the quantification of P. swingsii DNA loads in tissue
samples will aid future research on this topic considering mussel tissues
role in antimicrobial mechanisms (Bachere et al., 2015).

4.3. P. swingsii within mussel tissues
Histological findings from this study showed aggregation of hae-

mocytes along with haemocyte infiltration, in the cross-section of the
whole animal, suggestive of inflammatory cells migrating to a point in
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Summary of the histopathological assessments of Greenshell™ mussel tissues from four treatment groups (no injection control, only sampled at 48 h; marine broth
injection; heat-killed Photobacterium swingsii injection and live P. swingsii injection) across sampling timepoints per 5 mussels observed (x/5).

Time post challenge 12h 24 h 48 h
Treatment G2 G3 G4 G2 G3 G4 G1 G2 G3 G4
Haemocytes infiltrations within tissue types
Gills 2/5 5/5(1 5/5@1 + 5/5(1 + 5/5(1 + 5/5(1 +8S) 4/5 NAD 5/5(1 +8S) 3/5(1+ 5/5
NAD +9S) S) S) S) 1/51+9) S) NAD
3/5(1 2/5
+9) (NAD)
Mantle 2/5 1/5@1 2/5(1 + 3/5(1 + 2/5(1/2 2/51 +M) 2/5(1 +S/ 3/5 (NAD) 3/51 + 2/5@1
NAD +9) S) S) +M) 1/5(1/2 + N) 1/5(1 + 1/5(1/2 + S) +9)
1/5Q 2/51/ 2/50+ 2/5(1/2 1/5(1 + NAD)2/5 (1 S/D) S) 2/5 3/5
+9) 2+ D) M) + M) M) +9) 1/5(2 + D) 1/51/2 + (NAD (NAD
1/5(Q 1/5(1 1/5(1 + 1/5 (2+) 1/5(2/3 + M)
+F) + M) F) 1/5 (2/3 NAD)
1/50 1/5(1/ + M)
+N) 24)
Digestive gland 5/5 4/5 3/5 (HI) 5/5 (NR) 2/5 (HI) 1/5(2+HA)  3/5(HD 4/5 (HI) 2/5 (HI) 1/5 (HI)
(NR) (HD 2/5 (NR) 3/5 (NR) 1/5 (2 + HI) 1/5 (PR) 1/5 (NR) 3/5 (NR) 4/5
1/5 3/5 (NR) 1/5(NR) (NR)
(NR)
Dilation of digestive gland
Mild (1+) 4/5 1/5 3/5 0 2/5 0 3/5 4/5 4/5 4/5
Mild to moderate (1/2+) 0 4/5 1/5 1 2/5 4/5 1/5 1/5 0 0
Moderate (2+) 0 0 0 0 1/5 1/5 1/5 0 0 0
Moderate to heavy (2/3+) 1/5 0 0 0 0 0 0 0 0 0
Heavy (3+) 0 0 1/5 0 0 0 0 0 0 0
Not represented 0 0 0 0 0 0 0 1/5 1/5 1/5
Body condition score
Poor (1+) 0 0 0 0 1/5 1/5 0 0 0 0
Poor to moderate (1/2+) 1/5 4/5 0 1/5 1/5 1/5 0 0 1/5 0
Moderate (2+) 0 0 0 2/5 2/5 2/5 2/5 2/5 1/5 1/5
Moderate to excellent (2/3+) 0 0 3/5 2/5 0 1/5 3/5 1/5 1/5 4/5
Excellent (3+) 4/5 1/5 2/5 0 1/5 0 0 2/5 2/5 0
Inflammation based on connective tissues of mantle and gill (1st area) & digestive gland tubules (2nd area)
Mild (1+) 0 0 4/5 3/5 3/5 0 2/5 4/5 1 4/5
Mild to moderate (1/2+) 2/5 2/5 0 2/5 0 4/5 0 1/5 0 0
Moderate (2+) 3/5 2/5 1/5 0 2/5 0 2/5 0 0 0
Moderate to heavy (2/3+) 0 1/5 0 0 0 1/5 1/5 0 0 0
Heavy (3+) 0 0 0 0 0 0 0 0 0 1/5
Adductor muscle degeneration and necrosis with haemocyte infiltrates
Minimal 1/5 0 3/5 4/5 3/5 1/5 (MDN + 0 0 0 0
(MD + (MDN + (MDN + (MDN + HI)
HI) HI) HI) HID)
Mild (1+) 2/5 0 1/5 0 1/5 4/5 (MDN + 1/5 (MD) 0 1/5(MD 0
(MD + (MDN + (MDN + HI) -+ HI)
HI) HI) HI)
Mild to moderate (1/2+) 0 0 0 0 0 0 0 0 0 0
Moderate (2+) 0 0 1/5 0 0 0 1/5 (MD) 0 1/5(MD  2/5
(MDN + + HI) (MD +
HI) HI)
Moderate to heavy (2/3+) 0 0 0 0 0 0 0 0 0
Heavy (3+) 1/5 0 0 0 0 0 0 0 0
(MD +
HI)
Not represented 1/5 5/5 1/5 1/5 0 0 5/5 3/5 3/5
Presence or absence of bacteria
Absence 5/5 5/5 3/5 1 4/5 1 0 1 4/5 4/5
Presence 0 0 2/5 0 1/5 0 0 0 1/5 1/5
Questionable 0 0 0 0 0 0 0 0 0 0
Apicomplexan-like/Microsporadia 2/5 1/5 2/5 0 0 3/5 1/5 0 0 0

like/Haplosporidian/microcell
like organisms

Abbreviations: G1 = No injection, G2 = Marine broth injection, G3 = Heat-killed bacteria injection, G4 = Live bacteria injection; NAD = Nodular and diffuse; S =
Scattered; F = Focal; N = Nodular; D = Diffuse; M = Multifocal; P = Poorly represented; NR = Not represented; HI = Haemocyte infiltration; HA = Haemocyte

aggregation; MD = muscle degeneration; MDN = muscle degeneration and necrosis.

response to a stimulus. This observation of inflammation is not specific
to a cause, but could indicate an unspecified adaptation response of
mussels to laboratory conditions (Cajaraville et al., 1991), inadequate
nutrition (Sokolova et al., 2012), natural physiological processes, such
as spawning (Wendling and Wegner, 2013) or breakdown products (Van
de Braak et al., 2002). Inflammation can also be a consequence of bac-
terial infection (Buckley et al., 2017, Jarc and Petan, 2019, Pudgerd

et al., 2021), as seen in P. viridis exposed to V. alginolyticus (Laith et al.,
2021), yet the effects of P. swingsii are difficult to discern from the
current data, perhaps reflecting the short duration of the exposure or
injection dose administrated. Incidental histological findings included
detection of birefringent organism within the male gonad germinal cells
and focally in the connective tissue of one mussel. These findings are
likely associated with the fact that mussels were sourced from a
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Fig. 6. Histopathological alterations observed in Perna canaliculus following (a, b) no injection (G1); (c, d) injection with marine broth (G2) and (e, f) injection with
heat killed bacteria (G3). (a) Marked haemocyte infiltration (HI) with nodular distribution in the connective tissues (CT) (20x). (b) Digestive gland disruption (gd)
rounding of basophil cells and digestive epithelial cells detaching from basement membrane, without significant signs of inflammation (20x). (c) Haemocyte
infiltration (HI) with mild to moderate inflammation of the connective tissue (CT). (d) Mild digestive tubule (DT) dilation with focal mild inflammation (HI) affecting
the tubule epithelium and lumen (40x). (e) Mantel with dense haemocyte infiltration (HI) and oedema of the connective tissue. (f) Marked dilation of digestive
tubules (tl, white arrow); with epithelial change and degeneration in various tubules. Mild stromal haemocyte infiltration (HI, black arrow) in the digestive gland
(20x). Fig. 6 cont. Histopathological alterations observed in Perna canaliculus injected with live bacteria (G4). (g) Necrotic tissue (TN) with haemocyte (hm) ag-
gregation, and fluid accumulation within the adductor muscle (20x). (h) Tissue degeneration (white arrows), haemocyte (hm) aggregation around the infection site.
Inset; bacteria free in connective tissue (40x). (i) Example of mussel with moderate to good body condition and female gonadal tissue (4 ). (j) Haemocyte infiltration
(HI) and mild inflammation of the connective tissue (CT) (20x). (k) Normal gills (20x). (1) Birefringent organism (BO), viewed with polarising filter (polarisers)

(40x). Scale bar used for figures a, c, e, f, g, j, k = 200 pM; for figures b, d, h, I = 100 uM and figure i = 500 pM.

commercial open seawater aquaculture facility and not a pathogen-free
colony/culture. They do not appear to have adversely affected the
findings of this study.

In this study, inflammation in the gills was minimal within all
experimental groups with no significant differences between them. The
occurrence of gill inflammation, has been reported in clams with no link
to damage to gill epithelia, but rather as a consequence of environmental
variables (e.g., waterborne particles) (Costa et al., 2013). Resultantly,
small changes in gill structure are to be expected, as seen in the current
study, as gills are delegate structures, directly affected by external
stimuli. Changes within the digestive glands, associated with dilation of
the digestive lumen, atrophy of the gland epithelium and dissociation of

the cells were detected across treatments and timepoints. Within bi-
valves the disruption of some digestive cells are considered a normal
physiological process of digestion (Usheva et al., 2006). Also the housing
of mussels in an aquarium setup has previously shown disintegration of
digestive cells within the epithelium due to manipulation and aerial
exposure (Dimitriadis and Koukouzika, 2003). Thus, the morphological
changes expressed by the digestive gland from all the mussels in the
current study can be attributed to the disintegration phase of digestion
and/or the effect of holding in the laboratory.

The adductor muscle tissues around the site of injection across
treatments were characterised by muscle degeneration and necrosis with
haemocytic infiltration. Such changes can be due to trauma from the
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Fig. 6. (continued).

injection where the possible hydrostatic pressure of injecting material/
fluid, results in sterile tissue degradation (Wang, 2018). The same le-
sions were evident in all treatments without any specific link to
P. swingsii injection. Bacterial injections into adductor muscle are known
to cause local inflammation at the injection site (Allam et al., 2002).
Previous studies on Macrobrachium rosenbergii, Litopenaeus vannamei and
Crassostrea gigas reported necrosis of the muscle cells infiltrated with
accumulating  haemocytes following infections with  Vibrio
(V. alginolyticus and V. splendidus) (Gay et al., 2004, Liu and Chen, 2004,
Ajadi et al., 2019). Injuries to tissue are seen as a breach of the first
defence barrier (Gay et al., 2004), resulting in a general stress response
as seen in the adductor muscle samples of the injected mussels under
investigation. In M. galloprovincialis a recruitment of haemocytes along
with changes in the volume of muscular fibres were reported at the
bacterial site of injection. Yet, recovery of the muscle tissue organisation
followed by 48 h of injection (Parisi et al., 2019). In P. canaliculus the
effect of injection was still evident following 48 h, requiring more
research to define the tissue recovery period.

In conclusion, this evaluation of P. swingsii pathogenesis in Perna
canaliculus shows physiological changes due to bacterial injection
overtime. At 48 hpc, mussels injected with P. swingsii showed the highest
mortality rates, haemocytes counts and bacterial colony forming units.
The bacterial quantification supported systemic infection of mussel

10

tissues with P. swingsii overtime. The histopathological results showed
injury obtained due to injection of treatments to the adductor muscle,
along with the activation of an unspecific inflammatory response or the
activation of defence mechanisms via cell proliferation. No clear link
was established between the qPCR results (P. swingsii DNA load) and the
presence of inflammatory cells.

To gain a better understanding on the susceptibility of mussels to-
ward P. swingsii infection, further studies will require an assessment of
the entire immune system including humoral factors, since cellular
factors alone do not provide a complete picture of infection outcomes.
The species-specific qPCR developed in this study can potentially be
used for wider surveillance programmes to study the epidemiology of
P. swingsii on mussel farms. Ultimately, this study supports efforts to
strengthen biosecurity management and aquatic surveillance
workstreams.
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