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A B S T R A C T   

The New Zealand Greenshell™ mussel (Perna canaliculus) is an economically important aquaculture species. 
Prolonged increases in seawater temperature above mussel thermotolerance ranges pose a significant threat to 
mussel survival and health, potentially increasing susceptibility to bacterial infections. Using challenge experi-
ments, this study examined the combined effects of increased seawater temperature and bacterial (Photo-
bacterium swingsii) infection on animal survival, haemocyte and biochemical responses of adult mussels. Mussels 
maintained at three temperatures (16, 20 and 24 ◦C) for seven days were either not injected (control), injected 
with sterile marine broth (injection control) or P. swingsii (challenged with medium and high doses) and 
monitored daily for five days. Haemolymph and tissue samples were collected at 24, 48, 72, 96, 120 h post- 
challenge and analysed to quantify bacterial colonies, haemocyte responses and biochemical responses. Mus-
sels infected with P. swingsii exhibited mortalities at 20 and 24 ◦C, likely due to a compromised immune system, 
but no mortalities were observed when temperature was the only stressor. Bacterial colony counts in haemo-
lymph decreased over time, suggesting bacterial clearance followed by the activation of immune signalling 
pathways. Total haemocyte counts and viability data supports haemocyte defence functions being stimulated in 
the presence of high pathogen loads at 24 ◦C. In the gill tissue, oxidative stress responses, measured as total 
antioxidant capacity and malondialdehyde (MDA) levels, were higher in infected mussels (compared to the 
controls) after 24h and 120h post-challenge at the lowest (16 ◦C) and highest temperatures (24 ◦C), indicating 
the presence of oxidative stress due to temperature and pathogen stressors. Overall, this work confirms that 
Photobacterium swingsii is pathogenic to P. canaliculus and indicates that mussels may be more vulnerable to 
bacterial pathogens under conditions of elevated temperature, such as those predicted under future climate 
change scenarios.   

1. Introduction 

Endemic greenlipped mussels (Perna canaliculus Gmelin 1791; 
commercially branded as “Greenshell™“) are the most valuable aqua-
culture species exported in New Zealand (NZ) (Castinel et al., 2019), 
with annual revenues of over $303M NZD in 2021 (Miller et al., 2023). 
Environmental changes in NZ coastal areas, such as marine heatwaves 
(MHWs), are increasingly common and result in mortalities and 

increased disease outbreaks on aquaculture farms (Heasman et al., 
2020). Shellfish mortalities associated with increasing summer tem-
peratures (termed ‘summer mortalities’) have been reported in different 
bivalve species, including P. canaliculus (Newton and Webb, 2019), 
Mytillus galloproviancialis (Anestis et al., 2010; Lattos et al., 2022), 
Chamelea gallina (Monari et al., 2007), Crassostrea gigas (Malham et al., 
2009; Samain, 2011), and C. virginica (Encomio and Chu, 2005). The 
exact causes of summer mortalities often remain unclear, but thermal 
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stress caused by increasing seawater temperatures along with pathogen 
proliferation at these temperatures often contributes significantly to 
mussel mortality events (Li et al., 2020). Mussel-growing areas along the 
Coromandel coast (north-eastern NZ) and in other northern regions of 
NZ have been experiencing higher sea surface temperatures (SSTs) in 
recent years (Stevens et al., 2021). Depending on the thermal intensity 
and duration, this warming can lead to MHWs, which are periods where 
SSTs exceed the seasonally varying 90th percentile for at least five 
consecutive days (Oliver et al., 2017). In the Marlborough Sounds (a key 
NZ mussel farming area located on the northern coast of the South Island 
of NZ), SSTs above 20 ◦C are currently recorded during summer months 
(Broekhuizen et al., 2021), and optimum mussel growth and survival 
start to decline once seawater temperatures exceed 22 ◦C (Ericson et al., 
2023a). Notably, the projected increase in warming events in the coming 
decades will impact mussel aquaculture across most regions of NZ 
(Srinivasan et al., 2021). 

The physiological effects of thermal stress on mussels are complex 
and have been widely studied. For example, M. galloprovincialis accli-
mated at 18 and 25 ◦C showed significant differences in certain me-
tabolites specific to environmental temperature variations (Frizzo et al., 
2021). In a short-term (24h) laboratory experiment, P. canaliculus 
showed signs of physiological stress at 24 ◦C (Ericson et al., 2022). In a 
chronic (15-month) heat stress exposure experiment, the overall physi-
ological performance of P. canaliculus was impacted by elevated tem-
perature, with a survival tipping point noted between 21 and 24 ◦C 
resulting in net mortality of 6, 10, and 100% at 17, 21, and 24 ◦C, 
respectively (Ericson et al., 2023b). Additionally, Delorme et al. (2021c) 
reported the accumulation of non-viable haemocytes in P. canaliculus 
following exposure to severe heat stress (30 ◦C for 60 min). These studies 
reveal that seawater temperatures above 24 ◦C exceed the optimum 
limits of fitness and survival of Greenshell™ mussels (Ericson et al., 
2023b). As the temperature exceeds optimal ranges, mitochondrial 
shifts in mussels are increasingly induced as reported by Sokolova 
(2023), affecting ATP synthesis efficiency, maintenance costs, antioxi-
dant defence and ultimately death of the shellfish organism (Eymann 
et al., 2020). Understanding these responses is crucial for deciphering 
the physiological effects of thermal stress on mussel performance. Few 
studies have investigated the combined impact of heat-stress and other 
drivers on Greenshell™ mussel physiology. For example, food limitation 
in juvenile P. canaliculus had been shown to reduce the ability of mussels 
to cope with a subsequent heat stress (Delorme et al., 2020). However, 
further investigation is needed to elucidate the precise nature of in-
teractions among stressors, particularly the interacting effects of tem-
perature and pathogens. 

Field and laboratory studies have demonstrated that increased 
seawater temperature influences the susceptibility of bivalves to path-
ogens, such as Ostreid Herpes virus (OsHV-1) (Segarra et al., 2010) and a 
range of Vibrio species (Newton and Webb, 2019). The thermal window 
of Photobacterium and Vibrio bacteria varies among species and strains, 
with optimal growth temperatures typically ranging from 15 ◦C to 37 ◦C 
(Waters and Lloyd, 1985; Hauton et al., 2001; Thorvaldsen et al., 2007; 
Yung et al., 2015). Some strains exhibit psychrophilic behaviour, 
growing at lower temperatures, while others are more thermophilic and 
can thrive at higher temperatures. Understanding these thermal pref-
erences is important for assessing bacterial infection risks in aquacul-
ture. Microbe pathogenicity such as bacterial virulence factors and 
innate host immune response are thought to play a major role in the 
survival and growth of wild mussel populations (Alfaro et al., 2019). In 
contrast, at high seawater temperatures, certain bivalve species may 
present adaptations that allow them to improve their survival in the face 
of certain pathogens (Delisle et al., 2018). Previous laboratory studies 
have identified Vibrio spp. (Vibrio splendidus and a Vibrio coralliilyticus 
neptunis-like isolate [DO1]) as pathogenic to P. canaliculus larvae 
(Kesarcodi-Watson et al., 2009). In addition, Photobacterium swingsii 
(family: Vibrionaceae) isolated from moribund mussels were used in a 
laboratory challenge experiment which confirmed that this bacterium 

causes high mortalities in adult P. canaliculus (Azizan et al., 2022). Of 
particular interest for the current research are P. swingsii also implicated 
in infections of diverse aquatic organisms in aquaculture, including 
molluscs (Fichi et al., 2015), bivalves (Gomez-Gil et al., 2011; Egger-
mont et al., 2017), and crustaceans (Gomez-Gil et al., 2011), causing 
significant economic losses. Considering that mussel aquaculture areas 
are often cultivated near aquatic organism’s, the potential exposure to 
pathogenic bacteria from these units is considerable. Furthermore, 
thermal stress and Vibrio sp. DO1 stressors resulted in oxidative stress, 
inflammation, and changes in amino acid metabolism in adult 
P. canaliculus (Ericson et al., 2022). These studies provide new insights 
into the effects of pathogenic bacteria on P. canaliculus. However, the 
rate of bacterial proliferation and the host’s response to bacterial stress 
over time is currently unknown. 

Key physiological responses to pathogens and thermal stress occur 
within the fluidic (haemolymph) and cellular (haemocytes) components 
of the invertebrate circulatory system (Muznebin et al., 2022). Hae-
molymph and haemocytes are responsible for supplying organs and 
tissues with essential nutrients and are crucially involved in immuno-
logical responses and homeostatic processes (Rolton and Ragg, 2020). 
Biomarkers such as total haemocyte counts (THC) and haemocyte 
viability have been used to monitor changes due to temperature varia-
tions in M. edulis (Mackenzie et al., 2014), M. coruscus (Wu et al., 2016), 
P. viridis (Wang et al., 2011) and P. canaliculus (Delorme et al., 2021c). In 
addition, THC and haemocyte viability have been widely applied to 
evaluate the health state of animals in response to pathogen exposure, in 
both natural environments and laboratory experiments (Ford et al., 
1993; Oubella et al., 1996; Paillard et al., 2004; Allam et al., 2006; 
Nguyen et al., 2019a; Ericson et al., 2022). Haemolymph also contains 
antibacterial factors and lysosomal components, which function 
together with the haemocyte cytotoxic and phagocytic process to ensure 
the clearance of pathogenic bacteria (Bettencourt et al., 2009). In 
mussels (M. galloprovincialis) infected with V. splendidus, no bacteria 
were observed in the haemolymph after 24-h, which highlights the 
bacterial clearance efficiency of mussels (Parisi et al., 2019). In addition, 
Allam et al. (2002) reported bacterial clearance in the clam, Ruditapes 
decussatus, after three days of being infected with V. tapetis. In contrast, 
bacterial clearance in Crassostrea virginica and R. philippinarum has been 
reported to take around two weeks (Froelich and Oliver, 2013). Data on 
bacterial removal efficiency of mussels when exposed to multiple 
stressors remains scarce but adds value when evaluating a change in 
pathogenic resistance within mussel haemolymph. 

Combined exposure to suboptimal temperatures and pathogen in-
fections exacerbates cellular oxidative stress in marine invertebrates and 
fish (Abele and Puntarulo, 2004; Delorme et al., 2021c). Mussels can 
control increasing levels of reactive oxygen species (ROS) by activating 
cellular antioxidant defence systems (Boukadida et al., 2017), while 
antioxidants also protect cells from the negative effects of oxidative 
stress (Lesser, 2006). Oxidative stress biomarkers are frequently used in 
mussel studies to determine imbalances in the production of ROS (Azi-
zan et al., 2023a; Delorme et al., 2021b). Antioxidants, such as super-
oxide dismutase, catalase and glutathione peroxidase help protect 
mussels against oxidative stress (Wenning and Di Giulio, 1988; Delorme 
et al., 2020, 2021a). Measurements of total antioxidant capacity (TAC) 
are useful for evaluating the overall ability of a biological system to 
counteract ROS (Namiesnik et al., 2008) and effectiveness of different 
antioxidants in mussels to reduce oxidative stress (Fraga et al., 2014). In 
previous reports, P. canaliculus has been shown to have decreased TAC in 
response to heat stress (Delorme et al., 2021c) and Vibrio sp. infection 
(Ericson et al., 2022). 

Typically, ROS generated in infected cells are associated with the 
formation of lipid peroxides in cell membranes (Farmer and Mueller, 
2013). When the free radical formation surpasses their rate of elimina-
tion by the antioxidant system, oxidative damage such as lipid peroxi-
dation (LPO) occurs (Gutteridge and Halliwell, 2006). LPO breakdown 
products (e.g. malondialdehyde [MDA], lipofuscin particles) can thus be 
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used as effective oxidative damage biomarkers (Taylor et al., 2017). 
Changes in lipid composition in severely stressed organisms may indi-
cate changes in lipid fluidity and permeability, altering ion transport 
capacity, and eventually inhibiting metabolic processes in shellfish 
(Jimenez et al., 2016). Reports in the freshwater mussels, Coelatura 
aegyptiaca, Mutela rostrata and Chambardia rubens (Said and Nassar, 
2022) and green marine mussels, Perna viridis (Wang et al., 2018) 
indicated that elevated levels of LPO products following thermal stress 
were indicative of high oxidative assault on cellular components. While 
temperature stress and pathogenic bacteria are both factors that induce 
oxidative stress in shellfish, it is unclear how the combination of these 
stressors’ effects mussel oxidative phosphorylation. 

The aim of the present study was to investigate the combined effect 
of temperature and bacterial infection (P. swingsii) on P. canaliculus 
survival, bacterial clearance, total haemocyte count, and haemocyte 
viability over a five-day challenge experiment. Additionally, oxidative 
stress markers (total antioxidant capacity and lipid peroxidation) were 
assessed to infer the redox biology of mussels when exposed to multiple 
stressors. This experiment provides insight into the potential resilience 
or vulnerability of mussels to bacterial pathogens under elevated tem-
perature. It is envisaged that the findings of this work will advance our 
knowledge of bivalve health, particularly from a risk forecasting 
standpoint, which will assist the development of animal health strategies 
and policies for mitigating the impacts of future summer mortality 
events. 

2. Methods and materials 

2.1. Experimental setup 

The experimental setup consisted of a group of mussels that were 
used to monitor mortalities over a seven-day period (collectively 
referred to as the ‘survival cohort’), and a separate group of mussels used 
for destructive sampling over a five-day period (referred to as the 
‘sampling cohort’). The two groups of animals were treated in the same 
manner, except where stated otherwise. 

2.1.1. Animal husbandry 
Adult P. canaliculus (n = 1200; mean shell length [±SD] = 74 ± 6 

mm) were collected from a Marlborough Sounds mussel farm in May 
2022 (seawater temperature at the time of collection was ~16 ◦C). The 
animals were transported to marine biocontainment facilities operated 
by the Cawthron Institute in Nelson, New Zealand. In the laboratory, the 
mussels were randomly assigned to three recirculating systems of 36 X 8 
L tanks (108 tanks in total housing 11 mussels per tank) equipped with a 
UV filter, individual tank airlines and continuously recirculating 
seawater (34 ppt, 1 μm filtered). Water temperature was kept at an 
ambient 16 ◦C for six days to allow mussel recovery after collection and 
transport. Mussels were fed with a mixture of 50:50 Tisochrysis lutea and 
Chaetoeceros muelleri microalgae. Water ammonia (< 0.1 ppm), nitrite 
(< 0.1 ppm), and nitrate (< 5 ppm) levels were monitored throughout 
the recovery and the experimental period. Mortalities of the monitoring 
and sampling cohorts were checked and recorded daily. Mussels dis-
playing uncontrolled gaping were assessed using the British Standard 
Squeeze method, i.e. if the posterior adductor muscle remained unre-
sponsive (mussels’ shells stayed apart) after 10 gentle squeezes to 
stimulate valve closure, the animals was classified as dead and removed 
from the system (Dunphy et al., 2015). 

2.1.2. Temperature exposure 
Experimental temperature conditions were adjusted to achieve three 

stable temperature regimes (16, 20 and 24 ◦C), each incorporating 36 
tanks containing 11 animals per tank. The 16 ◦C temperature repre-
sented the control (mean summer temperatures in the Marlborough 
Sounds, and the temperature of the seawater at the time of mussel 
collection). The 20 ◦C and 24 ◦C temperature conditions were achieved 

by progressively increasing the seawater temperature of 1 ◦C per day 
over 4 days. Temperatures were regulated via a heat exchanger con-
nected to a hot/cold loop, controlled by solenoid valves, and monitored 
daily (Fig. 1). Once the experimental temperatures of 20 ◦C and 24 ◦C 
were achieved (seawater temperatures reach the desired level on day 14 
for monitoring cohort and day 15 for sampling cohort), the bacterial 
administration section of the experiment started. 

2.1.3. Bacterial injection challenge 
Prior to starting the injection challenge, a P. swingsii culture, ob-

tained during austral summer of 2017–2018, during a mass mortality 
event (Azizan et al., 2022) was prepared using CRYOBANK® bead cul-
tures (Mast Group Ltd., UK) stored in glycerol and previously frozen at 
− 80 ◦C. A bead containing the P. swingsii culture was transferred into 50 
mL marine broth (made up using 37.4 g of 2216 medium (Difco, USA), 1 
L water; autoclaved for 15 min at 121 ◦C). The culture was incubated at 
22 ◦C for 24h, then diluted in sterile fresh marine broth to obtain a 
suspension with an optical density (OD) of 1 at 600 nm. The culture was 
also plated on thiosulfate citrate bile sucrose agar (TCBS) plates up to 
dilutions of 1 × 1010 and plates were incubated for an additional 24h at 
22 ◦C to verify the density (CFU/mL) of the bacterial stock culture 
(Azizan, et al., 2022). This was done on day 13 to prepare a stock for 
injection into the monitoring cohort as well as on day 14 to prepare a 
stock for injection into the sampling cohort. 

For the challenge experiment four experimental groups were 
implemented: 1) no injection control, 2) marine broth injection control, 
3) injection of a medium dose of bacteria (107 CFU/mL), and 4) injection 
of a high dose of bacteria (109 CFU/mL) [as determined per previous 
publication (Azizan et al., 2022)]. After 2-weeks of acclimation at the 
different temperature regimes, P. swingsii bacteria were injected into the 
posterior adductor muscle (bacterial administration starting on day 14 
for injection of the monitoring cohort and on day 15 for injection of the 
sampling cohort). The no injection group was handled in the same 
manner as the injection groups, i.e., shells were opened and mantle 
water was drained out, but no injection was administered (n = 33 for 
monitoring cohort [11 mussels X 3 tanks] and n = 66 for the sampling 
cohort [11 mussels X 6 tanks]). The marine broth (MB) injection control 
group was injected with 100 μL sterile marine broth into the posterior 
adductor muscle following careful 2 mm opening of the valves with a 
blunt knife (n = 33 for monitoring cohort and n = 66 for the sampling 
cohort). The bacterial injection groups were injected with 100 μL of 
medium (1.3 × 107 CFU) and high (1.5 × 109 CFU) P. swingsii suspen-
sions (in both instances n = 33 for monitoring cohort and n = 66 total for 
the sampling cohort) (Fig. 1). 

After injection, each animal was returned to its tank. Mussels were 
treated in a block-wise manner to facilitate standardisation of subse-
quent sampling intervals; the no injection control group was followed by 
the marine broth injection group, the medium dose and, lastly, the high 
dose bacterial injection groups. The sequence was repeated for 16, 20 
then 24 ◦C. As soon as infected mussels were placed back into their 
tanks, the recirculating water system was diverted to waste (i.e., flow- 
through configuration), to mitigate the compounding influence of 
reinfection by expelled bacteria. 

2.2. Mussel sampling 

Within the sampling cohort a total of eight animals were sampled 
from the no injection, marine broth injection, and high dose bacterial 
injection groups, housed at low and high temperatures (16 and 24 ◦C) at 
5 timepoints; (24h, 48h, 72h, 96h and 120 h h post-challenge [hpc]). At 
the time of sampling, mussels (following the same sampling sequence) 
were blotted dry with paper towels, weighed to the nearest 1 g and the 
shell lengths were measured to the nearest 1 mm along the longest axis, 
using callipers. The valves were carefully prised 2 mm apart to access the 
posterior adductor muscle. Using a pre-chilled 23-gauge needle attached 
to a 1 mL sterile syringe, approximately 500 μL haemolymph were 
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collected from each individual mussel and transferred to a pre-chilled 
microcentrifuge tube and split into a sub-sample for flow cytometry 
analyses and a sub-sample for bacterial plating (Fig. 1). For bacteria 
culturing, haemolymph was chosen as the sample source. Given the size 
of many bacteria, including P. swingsii, which can be 1 μm or less, they 
may not be efficiently captured by the bivalve gill sieve when in free- 
living form (Rosa et al., 2018). Selecting haemolymph allows for the 
detection and quantification of pathogens circulating in the host’s sys-
tem, indicating systemic infections or pathogen dissemination 
throughout the organism (Parisi et al., 2019; Yang et al., 2023). For the 
biochemical analyses, gills were selected as the primary tissue of inter-
est. Gills are directly exposed to aquatic environmental stressors, mak-
ing them sensitive indicators of oxidative stress and overall mussel 
health (Saco et al., 2020; Yang et al., 2021; Xu et al., 2021). The gill 
tissues (3 × 3 mm) of 8 mussels were dissected, placed in separated 
aluminium tin foils, and stored at − 80 ◦C for later total antioxidant 
capacity and lipid peroxidation analyses. Additionally, the sex of indi-
vidual mussels sacrificed for haemolymph and gill sampling was iden-
tified by observing the colour of the gonad (Nguyen et al., 2018). 

For flow cytometry analyses, 50 μL haemolymph were diluted with 
the same volume of autoclaved filtered seawater to create a working 
haemolymph stock. 50 μL of working haemolymph stock was added to 
150 μL autoclaved filtered seawater, followed by 1 μL of concentrated 
Muse® Count & Viability Kit (200X, MCH100104; Luminex). The sam-
ple was vortexed, incubated at 18 ◦C for 5 min, then analysed using a 
Muse Cell Analyzer (Ericson et al., 2021). 

For bacterial plating, a 10 μL aliquot of pure haemolymph was spread 
onto TCBS agar using the spread plate technique (Demann and Wegner, 
2019). All plates were incubated at 22 ◦C for 24–48h before being 

counted manually to obtain CFU/mL of Vibrionaceae (presumed to be 
predominantly introduced P. swingsii) in the haemolymph. 

For biochemical analyses (TAC and MDA, Section 2.3), gill samples 
from two biological replicates were pooled to increase the overall 
biomass, resulting in four pooled samples per treatment. 

2.3. Biochemical assays 

2.3.1. Total antioxidant capacity assay 
Total antioxidant capacity (TAC) in gill tissue was analysed using a 

microplate antioxidant assay kit (CS0790, Sigma-Aldrich), following the 
manufacturer instructions and methods described previously by 
Delorme et al. (2021c). Frozen gill tissue samples from two biological 
replicates were homogenised using a liquid nitrogen-cooled mini mortar 
(Z756377, Merck). Approximately 100 mg of frozen tissue powder from 
each sample were then transferred to pre-chilled 2 mL polypropylene 
bead-beating tubes containing ten 2.3 mm zirconia/silica beads. A vol-
ume of 500 μL of cold assay buffer was added to each sample and 
homogenised at low temperature using a MiniG bead beater and a 
cryo-block, which was chilled at − 80 ◦C before the homogenisation 
process. Samples were homogenised via two cycles of 45 s at 1500 rpm, 
then centrifuged at 4 ◦C for 15 min at 17,000×g. The supernatant was 
collected, placed in a new prechilled 1.7 mL microcentrifuge tube, and 
used for TAC analysis following the assay kit instructions. Absorbance 
was measured at 405 nm using a microplate reader. Calculations of 
antioxidant capacity in gill tissue were performed using a five-point 
calibration standard curve using Trolox (15–420 mM, R2 = 0.995), 
and results are expressed as Trolox-equivalent antioxidant capacity 
(TEAC). 

Fig. 1. Experimental design for the thermal stress and Photobacterium swingsii challenge trial. Mussels were exposed to three different temperature regimes and 
exposed to a medium and high dose of bacteria, along with comparative controls. Haemolymph and gill samples from three treatment groups (no injection, marine 
broth injection, high dose of bacterial injection) at two different temperatures (16 ◦C and 24 ◦C) were collected from mussels at 24, 48, 72, 96, 120 hours post 
challenge (hpc), with total sampling numbers n = 238. Haemolymph samples were utilised for bacterial quantification and flow cytometry analyses. Gill samples 
were used for biochemical analyses. The lighter coloured tanks referred to the monitoring mussels and the darker ones are the sampling mussels. 
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2.3.2. Lipid peroxidation assay 
Lipid peroxidation (LPO) in gill tissue was measured according to the 

procedure of (Barrick et al., 2018). Frozen gill tissue samples (approxi-
mately 100 mg) were transferred to prechilled 2 mL polypropylene 
bead-beating tubes containing ten 2.3-mm zirconia/silica beads. A vol-
ume of 500 μL of cold assay Tris-HCl buffer was added to each sample to 
maximise the volume and was homogenised at low temperature using a 
cryo-block, which was chilled at − 80 ◦C before the homogenisation 
process to avoid oxidation process. Homogenisation was performed 
through two cycles of 45 s at 1500 rpm, then samples were centrifuged 
at 4 ◦C for 15 min at 17,000 g. For each homogenate 90 μL were split in a 
0.5 mL microcentrifuge tube for bicinchoninic acid (BCA) protein assay, 
and the remaining was divided into different microcentrifuge tubes for 
thiobarbituric acid reactive substance (TBARS) assay. 

The protein concentration (mg/mL) was measured using the Pierce™ 
BCA Protein Assay Kit from ThermoFisher Scientific (23225). In brief, 
the BCA reaction mix was made according to the kit instructions (50:1, 
BCA Reagent A: B). A serial dilution of bovine serum albumin (BSA, 10 
mg/mL) was used as protein standard. One μL of each BSA standard 
dilution or sample was pipetted in a transparent 96-well plate in tripli-
cate. Then, 50 μL of BCA reaction mix were added to each well with a 
multichannel pipette and briefly mixed using a plate shaker. Then, the 
plate was incubated at 37 ◦C for 30 min. Finally, the protein concen-
tration was measured spectrophotometrically at an absorbance of 560 
nm. All measurements (standards and samples) were performed in 
triplicate in each plate to evaluate the intra-assay variability. 

The LPO in gill tissues was determined using TBARS as described by 
(Barrick et al., 2018). The tissue homogenate (210 μL) was added to 1.2 
mL of 1.2% phosphoric acid, 300 μL 154 mM potassium chloride (KCl) 
and 0.5 ml of 0.003M TBA. The mixture was made up to 2.2 mL then 
incubated for 45 min at 90 ◦C. After cooling to room temperature, 300 μL 
of mixture were pipetted into a 96-well microplate and the absorbance 
was measured at 540 nm. A 1,1′, 3,3′-tetramethoxy propane (TMP) 
standard was used and treated in a similar way to the test mixture. The 
lipid peroxide concentration was expressed as nmoles TBARS relea-
sed/mg. All measurements (standards and samples) were conducted in 
triplicate in each plate to evaluate the intra-assay variability. 

2.4. Statistical analyses 

Statistical analyses for survival, bacterial load, total haemocyte 
count, haemocyte viability and biochemical analyses data were carried 
out RStudio version 4.2.3 and a significance level of 0.05. 

2.4.1. Kaplan-Meier survival analysis 
Survival was analysed using a Kaplan-Meier analysis from the binary 

data (died or censored) of all mussels and treatments relating to the 
monitoring cohorts. To assess the significant differences (α = 0.05) in 
survival probability curves among treatments, tests based on Chi- 
squared distribution (Log rank test) and pairwise comparisons were 
performed. A coxme model was also run with tank as a random factor, to 
test whether experimental tank influenced the results. 

2.4.2. General linear model analyses 
Mixed linear model tests were used to investigate the effect of tem-

perature, treatment, timepoint and sex on the average bacterial load, 
total haemocyte count, haemocyte viability, and the oxidative stress 
response variables (TAC and LPO) investigated. In a preliminary analysis 
‘tank’ was added as a random effect in generalised mixed effect models 
but did not show any significant effect so it was removed from subse-
quent models. We then constructed general linear models (GLM) with 
the same structure, and the model selection via AIC preferred the 
simpler GLMs. Therefore, all remaining analyses of the relationship 
between biological responses of the mussel [bacterial load, total hae-
mocyte count, haemocyte viability, and the oxidative stress response 
variables (TAC and LPO)] and treatments, temperature and timepoints, 

were completed using general linear modelling (GLM). With the GLM 
models, if significant differences were found among treatments, a 
Tukey’s posthoc test was performed. All data met assumptions for 
normality (Shapiro-Wilk Test, p > 0.05) and for homogeneity of vari-
ances (Levene’s test, p > 0.05). The following packages were used for 
visualising the data and modelling: ‘tidyverse’ (Wickham and Wickham, 
2017), ‘ggplot2’ (Wickham et al., 2016), ‘nlme’ (Pinheiro et al., 2017), 
‘rstatix’ (Kassambara, 2021), ‘MASS’ (Ripley et al., 2013) and ‘dplyr’ 
(Jockers et al., 2020). The power of the experiments (the likelihood that 
our tests would have detected a biologically meaningful effect had it 
existed) was determined by power analysis using the using pwr.f2.test in 
‘pwr’ (Champely et al., 2018) package. The Pearson correlation coeffi-
cient was used in the correlation matrix. Differences were statistically 
significant when p < 0.01 and p < 0.05. 

3. Results 

3.1. Survivability of mussels 

For mussels within the monitoring cohorts, no mortalities occurred 
in the no injection or marine broth injected groups at any of the target 
temperatures (data not shown). The survival rate of different injection 
groups differed between seawater temperatures (Temperature*Group 
Log-rank: X2 = 127, p < 0.001). At the medium bacterial dose, mussel 
survival at the end of the experiment was lower for the 24 ◦C seawater 
treatment (52 ± 9 % survival rate (mean ± SE)) compared to 16 ◦C 
seawater (88 ± 6 % survival rate; p = 0.004) which, in turn, was not 
significantly different to net survival at 20 ◦C (73 ± 8 %; p = 0.209. 
Fig. 2a). Within the high bacterial dose group, similar patterns were seen 
as in the medium injection group. Pairwise comparisons determined that 
mussel survival rates at 24 ◦C (49 ± 9 %) were significantly different 
compared to the 20 ◦C (79 ± 7 %) and 16 ◦C groups (88 ± 6 % survival 
rate; p = 0.016 and p < 0.001, respectively. Fig. 2b). While significant 
differences were not detected between mussel survival at 16 ◦C and 
20 ◦C (Fig. 2b; p = 0.067). The output from the coxme model showed 
that the variance attributed to tank as a random effect was ~0. 

3.2. Effects of P. swingsii and temperature on P. canaliculus 

3.2.1. Bacterial counts 
Haemolymph from mussels in the no injection and marine-broth 

injected groups showed no bacterial colonies on TCBS agar at any of 
the sampling points (Fig. 3). Colony forming units (CFU) within the 
medium and high injection groups were significantly higher (p < 0.05) 
when compared to the no injection control treatment. Significant in-
teractions were observed in the CFU data between mussel haemolymph 
collected within the medium injection group at 48, 96, and 120 hpc, in 
comparison to the mussels in the no injection group sampled at 24 hpc 
(Table S1, Fig. 3). Also, significant interactions were observed for CFUs 
in mussels within the high injection group collected at 48 and 120 hpc. 

3.2.2. Total haemocyte count (THC) 
THCs from the medium and high injection group were significantly 

different (p < 0.05) when compared to the no injection control group. 
Mussels exposed to 24 ◦C showed significant differences when compared 
to the baseline temperature at 16 ◦C. The THC of mussels collected at 
120 hpc were significantly lower (p < 0.05) compared to 24 hpc 
(baseline). Significant interaction of THC was demonstrated between 
mussels held at temperature 20 ◦C and collected at 120 hpc (Table S2, 
Fig. 4). 

3.2.3. Haemocyte viability 
The proportion of viable haemocytes in the medium and high in-

jection groups were significantly lower (p < 0.05) compared to the no 
injection group. No significant interaction was observed (Table S3, 
Fig. 5). 
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3.2.4. Correlation among haemocyte parameters 
The correlation analysis was illustrated in Fig. S1. There was no 

significant correlation between THC and bacterial counts (r = − 0.01, p 
= 0.90). A moderate negative correlation observed between haemocyte 
viability and bacterial counts (r = − 0.31, p < 0.05). The correlation 
between THC and haemocyte viability was not statistically significant (r 
= − 0.05, p = 0.27). 

3.3. Effects of sex on selected measurements 

The sex of individual mussels was assessed, documenting 206 fe-
males, 228 males and 46 not identified mussels (mantle shows glycogen 
accumulation but no gonad tissue that can be differentiated by colour. 
Fig. 6a). Unidentified mussels had more CFU (178 ± 183 CFU) than 

males (24.7 ± 77.1 CFU) and females (20.4 ± 69.7 CFU) although this 
difference was not statistically significant (Fig. 6b). No significant dif-
ference in the THC (Fig. 6c) and haemocyte viability (Fig. 6d) were 
found between sexes (p < 0.05). 

3.4. Biochemical analyses 

3.4.1. Total antioxidant capacity (TAC) 
The mean total antioxidant capacity (calculated as Trolox-equivalent 

antioxidant capacity [TAC]) of gill tissues was highest in mussels 
injected with a high dose of P. swingsii (compared to the no injection and 
marine broth injection controls), at both 24 and 120 hpc and both 16 
and 24 ◦C (Fig. 7). TACs within the marine broth injection group were 
significantly lower (p < 0.05) than the no injection control treatment. 

Fig. 2. Kaplan-Meier survival trajectories (±SE) for P. canaliculus after injection with a) medium and b) high doses of Photobacterium swingsii at three different 
seawater temperatures. 
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TAC levels in mussels exposed to 24 ◦C were significant higher (p < 0.05) 
than at 16 ◦C. A significant interaction (p < 0.05) was demonstrated for 
TACs in mussels within the high injection group collected at 120hpc 
(Table S4, Fig. 7). 

3.4.2. Lipid peroxidation (LPO) 
Malondialdehyde concentrations (representative of TBARS concen-

tration) were highest in gill tissues obtained from mussels injected with 
a high dose of P. swingsii at both temperatures (16 and 24 ◦C) and 
timepoints (24 and 120 hpc) (Fig. 8). MDA levels within the high in-
jection group were significantly increased (p < 0.05) when compared to 
the no injection control treatment. A significant interaction (p < 0.05) 
was observed in the MDA levels of mussels held at 24 ◦C and subjected to 
a high infection dose in the gill tissues sampled at 120 hpc, as compared 
to mussels held at 16 ◦C (Table S5, Fig. 8). 

4. Discussion 

4.1. Survival response 

Temperature interactions with pathogenic bacteria and bivalve hosts 
have previously been associated with summer mortalities (Le Roux 
et al., 2015; Baker-Austin et al., 2017; Lupo et al., 2021). Also, bacterial 
(Photobacterium sp.) growth, adherence, and virulence factors are 
directly influenced by temperature (Reverchon and Nasser, 2013; 
Labella et al., 2017). Photobacterium tends to thrive in warmer 

temperatures, with optimal growth occurring between 15 ◦C (Waters 
and Lloyd, 1985) to 37 ◦C (Matanza and Osorio, 2020). Lower temper-
atures can slow down bacterial growth, while temperatures above the 
optimal range can hinder bacterial growth, virulence and viability. In 
the current study, significant mussel mortalities occurred at 20 and 
24 ◦C when P. swingsii was present, suggesting that the presence of 
bacteria drives mortality once thermal stress is already in place. It is 
know that temperatures in this range cause mussel mortality over long 
time periods (> four weeks) (Ericson et al., 2023b; Venter et al., 2023), 
opposed to short term exposures, which result in few or no mortalities 
(Delorme et al., 2021c; Ericson et al., 2022). This is confirmed in the 
current experiment where mussels subjected to temperature stress alone 
survived the five-day exposure period. The use of P swingsii as an in-
fectious agent (at doses of 107 and 109 CFU/mL) in P. canaliculus has 
previously resulted in mortalities when mussels were kept at 16 ◦C 
(Azizan et al., 2022), supporting the notion that the bacterial 
(P. swingsii) challenge is primarily responsible for the mortalities 
observed. In this study, injection of P. swingsii bacteria directly into the 
mussels adductor muscle was chosen as infection method, rather than 
relying on natural exposure through seawater, as a means to control the 
dosage and exposure duration, enhancing the reproducibility of the 
bacterial administration in laboratory trials. While recognising the 
ecological importance of natural exposure, our approach prioritises 
targeted examination of host responses. Yet, from the current investi-
gation it is apparent that higher mortality occurs at higher temperatures, 
suggesting a synergistic effect when temperature stress and P. swingsii 

Fig. 3. The combined effects of temperature, treatment and time (hours post-challenge) on bacteria count. Each panel compares the mean TCBS agar (Vibrionaceae) 
bacterial counts (CFU per 10 μL of haemolymph sample) from P. canaliculus haemolymph from the no injection control, the marine browth (MB) injection control, 
and bacterial injections of medium and high doses of P swingsii, at low and high seawater temperatures (16, 20 and 24 ◦C), across five timepoints (24, 48, 72, 96, 120 
hpc). All values represent average of 8 replicates per treatment at each specified timepoint. Refer to Supplementary Excel File S1 for detailed pairwise comparisons 
based on the emmeans post-hoc test results. 
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are presented together. This current study parallels findings on Pacific 
oysters (Crassostrea gigas) where oysters infected with Vibrio alginolyticus 
at high temperatures 33 ◦C), had a higher mortality rate than oysters at 
an optimal temperature (23 ◦C) (Li et al., 2023). 

4.2. Bacterial quantification from host haemolymph 

From literature is it hypothesised that mussels that survive infection 
have likely cleared the infecting pathogen from their system (Duneau 
et al., 2017). From the current experiment, there was variability or 
differences in the results obtained from each of the eight replicates for 
some groups, particularly in cases like high injection, 16 ◦C, 96 hpc; 
medium injection, 24 ◦C, 24 hpc; medium injection, 24 ◦C, 72 hpc and 
high injection, 24 ◦C, 24 hpc. This variation is a common occurrence and 
can be attributed to natural variability (biological variability, dynamics 
of bacterial infections, variations in individual host responses, and 
stages of infection) (Ben Cheikh et al., 2017). 

Additionally, mussels injected with a high dose of P. swingsii kept at 
16 ◦C showed quantifiable numbers of bacterial colonies up to 120 hpc, 
suggesting that P. canaliculus can retain viable pathogens for up to five 
days after infection when kept at 16 ◦C. Little is known about the long- 
term survival of pathogens inside bivalves or the impact of their pres-
ence on the health status of the host. Previous studies have reported that 
P. swingsii can be lethal for adult and juvenile P. canaliculus (Azizan 
et al., 2022, 2024) and larval M. edulis (Eggermont et al., 2017). Bac-
terial quantification from mussel haemolymph kept at 24 ◦C in this study 
showed quantifiable bacterial colonies up to 96 hpc. In line with 

previous research indicating Photobacterium’s preference for tempera-
tures within the range of 15–37 ◦C, this study observed a decline in 
bacterial counts within the first three sampling timepoints at 24 ◦C. This 
finding suggests that P. swingsii clearance occurs at this temperature 
when subjected to a high bacterial dose, highlighting its unique response 
within this thermal window (15–37 ◦C) (Waters and Lloyd, 1985; 
Thorvaldsen et al., 2007; Yung et al., 2015; Matanza and Osorio, 2020). 
The faster clearance of P. swingsii at higher temperatures may be due to 
the bacterial susceptibility to haemolymph defence mechanisms or the 
stimulation of the haemocyte phagocytic reaction initiated by the 
mussels’ immune response in the early hours of the experiment (Canesi 
et al., 2002; Parisi et al., 2008). Infection of M. galloprovincialis with 
V. splendidus, (bacterial suspension 107 CFU/ml) at 20 ◦C showed an 
increase in bacterial CFU at 1- and 6-h post infection, with very few 
colonies subsequently detected at 24, 48 and 72 hpc (Parisi et al., 2019). 
The bacterial count showed an increase in mussels exposed to 16 ◦C after 
96 hpc in the current study and decrease at 24 ◦C at all sampling times 
when compared to 24 hpc may be due to the slower metabolic rate of 
mussels at lower temperatures. This slower metabolic rate might result 
in delayed cellular responses and slower clearance of bacteria from the 
haemolymph (Eisenreich et al., 2013). Moreover, the higher bacterial 
counts in the medium injection group at 24 and 72 hpc compared to the 
high injection group may be attributed to several factors. These include 
a potential dose-response relationship (Xia et al., 2015), where the 
medium injection group received an effective initial bacterial dose, 
while the high injection group may have faced an overwhelming dose 
initially, slowing bacterial growth. Additionally, variations in the host’s 

Fig. 4. The combined effects of temperature, treatment and time (hours post-challenge) on total haemocyte count. Each panel compares the mean haemocyte counts 
from P. canaliculus haemolymph from the no injection control, the marine browth (MB) injection control, and bacterial injections of medium and high doses of P 
swingsii, at 16, 20 or 24 ◦C, across five timepoints (24, 48, 72, 96, 120 hpc). Refer to Supplementary Excel File S1 for detailed pairwise comparisons based on the 
emmeans post-hoc test results. 
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immune response could play a role, with the high injection group 
initially limiting bacterial growth but potentially succumbing to adap-
tation by the bacteria over time (Boulo et al., 1991). Mussels in the 
current study were not sampled within the first 24h, raising some in-
terest for future studies targeting shorter sampling times. Yet, at the 
timepoints when sampling took place in the current study, different 
bacterial quantities were detected, confirming that the kinetics of bac-
terial clearance may occur in a variable manner according to the 
particular Vibrio/bivalve interactions (Canesi et al., 2002). 

It is worth noting from the results of bacterial quantification, that the 
choice of infection route whether through injection or bath infection, 
can influence the specific sites of invasion of pathogens (Chiang et al., 
1999), mortality rate (Romero et al., 2014) and bacterial clearance 
measurement. For mussels, the gills are suggested as possible routes for 
infection when exposed to bacteria in the surrounding seawater, as these 
organs come into direct contact with the microbial environment (Saco 
et al., 2020). Additionally, intramuscular injections revealed bacterial 
pathogens can potentially be penetrated when injected directly (Romero 
et al., 2014). Bacterial injection may lead to more extensive and rapid 
mortality, making it an efficient method for ensuring pathogen infection 
in mussels (Xia et al., 2015). However, it can also have drawbacks, such 
as potential stress on the mussels, increased labour and time re-
quirements, and safety concerns for researchers (Xia et al., 2015). In 
contrast, immersion mimics natural infection routes and can be effective 
for pathogen colonization and infection in mussels, particularly when 
studying specific target organs and tissues (Saulnier et al., 2000). 
Therefore, the selection of the infection route should align with the 

research objectives and practical considerations of the study. 

4.3. Mussel cellular response 

The number of circulating haemocytes often reflects the magnitude 
of a systemic response to a stressor at a given time (Renwrantz et al., 
2013), as seen in the current study in the presence of a high dose of 
P. swingsii. A decrease in total haemocyte counts (THC) occurred over 
time where, at both 16 and 24 ◦C, THC declined up to 72 hpc within the 
high P. swingsii exposure group. In a previous study where P. canaliculus 
was infected with Vibrio sp. a decrease in haemocyte counts was seen (at 
16 and 24 ◦C), possibly due to the movement of haemocytes to different 
tissues to counter the bacterial infection, resulting in a lower number of 
haemocytes in the haemolymph (Ericson et al., 2022). In a different 
study where P. canaliculus was infected with P. swingsii, an increase in 
THC was seen from 12 to 48 hpc (housed at 16 ◦C), possibly as a sign of 
stress (Azizan et al., 2024"). The current study also revealed an increase 
in THC levels within the evaluated timeframe, which is consistent with 
the findings of the previous study suggesting the crucial role of circu-
lating haemocytes in the encapsulation and phagocytosis of pathogens. 
The control treatments fluctuated within narrow limits, while the high 
dose infection group produced the lowest THC. This could be attributed 
to haemocyte mobilisation to different tissues and resulting in haemo-
cyte count changes after exposure (Allam and Raftos, 2015). Moreover, 
Caza et al. (2020) demonstrated that haemocytes present in the circu-
lation system of M.edulis desolationis can exit the haemolymph after a 
few hours post infection, and move to the mantle fluid before being 

Fig. 5. The combined effects of temperature, treatment and time (hours post-challenge) on haemocyte viability (viable cells as % of total haemocyte population). 
Each panel compares the mean values from P. canaliculus haemolymph from the no injection control, the marine browth (MB) injection control, and bacterial in-
jections of the medium and high doses of P swingsii, at 16, 20 or 24 ◦C, across five timepoints (24, 48, 72, 96, 120 hpc). Refer to Supplementary Excel File S1 for 
detailed pairwise comparisons based on the emmeans post-hoc test results. 
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discharged into seawater. These external haemocytes can survive in 
seawater for a few hours and then enter healthy mussels and spread the 
bacteria within the host (Caza et al., 2020). Whether P. swingsii infected 
haemocytes can enter healthy P. canaliculus remains unknown, but this 
information would be useful to describe systemic infection in mussels. 

In the present study, the haemocyte viability profiles showed small 
changes between treatments. Generally, the number of circulating 
haemocytes is not necessarily a reflection of the total size of the hae-
mocyte population and can change rapidly due to associations between 
haemocytes and host tissues (Sokolova et al., 2004). Within the control 
treatments (no-injection and marine broth injection), the first sampling 
timepoint (24 hpc) typically had the lowest haemocyte viability (at all 
temperatures), potentially due to handling stress. In a transport stress 
study on P. canaliculus, 24 h of acclimation to laboratory conditions was 
deemed insufficient to achieve pre-transport haemocyte viability levels 
(Venter et al., 2021), highlighting that handling of mussels in the current 
study may have affected haemocyte viability. Within the high dose 
P. swingsii challenged group, haemocyte viability had more variation at a 
single sampling point, indicating a diverse response pattern between 
individuals. Yet at both 16 and 24 ◦C, the second timepoint (48 hpc) 
showed the highest haemocyte viability, with lower levels to follow at 
other sampling times. Lower haemocyte viability has been reported in 
bivalves due to V. splendidus (Cheikh et al., 2017), Vibrio sp. DO1 
(V. coralliilyticus/neptunius-like isolate) (Nguyen et al., 2019b) and 
V. tapetis (Allam et al., 2006) infections. The decreasing numbers of 
circulating haemocytes found in the current study could be attributed to 
cell death induced by stressors, or signs of damage to the cell membrane 
(Nogueira et al., 2017; Tresnakova et al., 2023). The ability of bivalves 
to respond to environmental and pathogen stressors largely depends on 
the viability and functional capabilities of haemocytes but also on the 
species of bivalve (Hégaret et al., 2003; Pruzzo et al., 2005). It is also 
suggested that haemocyte responses can be explained by the presence 
and composition of pathogen recognition receptors (PRRs) and 

antimicrobial peptides (AMPs) of mussel species (Le Guernic et al., 
2020). PRRs in mussels may be recognised differently by haemocytes, 
and additional stressors (such as thermal stress), may lead to impairment 
of the recognition process (Canesi and Pruzzo, 2016). Consequently, 
haemocytes undergo a variety of cellular responses, affecting the overall 
viability of the haemocytes, as seen in the current study. Knowledge of 
AMPs and PRRs in Greenshell™ mussels is still considerably lower than 
in blue mussels, and more research is necessary to establish a correlation 
to haemocyte viability. 

In the present study the correlation between THC and bacterial 
counts was very weak and almost negligible correlation. This suggests 
that the abundance of immune cells does not significantly change with 
variations in bacterial counts. However, the correlation between hae-
mocyte viability and bacterial counts is significant, suggesting that there 
is a meaningful relationship between haemocyte viability (the health 
and functionality of immune cells) and bacterial counts. Hence, it could 
be hypothesised a higher bacterial infection load is associated with 
reduced health and functionality of the mussels’ immune cells (Ellis 
et al., 2011). Moreover, these correlations revealed the disorder of 
physiological response of mussels under combined stress and explained 
the association of high mussel mortality in bacterial injection groups (Xu 
et al., 2021). 

4.4. Selected mussel oxidative stress markers 

Total antioxidant capacity (TAC) and malondialdehyde (MDA) as a 
measure of lipid peroxidation (LPO) levels following P. swingsii infection 
at high (24 ◦C) and control (16 ◦C) temperatures provided insight into 
oxidative stress when dual stressors are present. Both TAC and LPO were 
successfully used to monitor oxidative stress in freshwater mussels 
exposed to temperature stress (Said and Nassar 2022), and green-lipped 
mussel spat maintained at different seeding densities (Reyden et al., 
2023). The present study showed increased TAC and MDA 

Fig. 6. a) Proportion of female (F), male (M) and not identified (NI) P. canaliculus in different treatment groups across timepoints. Individual mussel sex data (±SE) 
collected from b) bacterial counts, c) total haemocyte counts and d) haemocyte viability. Within each graph, different letters indicate means that are significantly 
different from each other (p < 0.05). 
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concentrations in the high dose P. swingsii injection group (compared to 
the controls) at 24 and 120 hpc at both 16 and 24 ◦C. Moreover, injected 
mussels at 120 hpc at 24 ◦C had higher TAC and MDA concentrations 
than the injected group at 16 ◦C. An increase in MDA was seen when 
infecting Pinna nobilis, with Haplosporidium pinnae (Box et al., 2020) and 
Crassostrea virginica with Vibrio sp. (Genard et al., 2011). The high levels 
of MDA combined with reduced energy production hindered the mus-
sels’ ability to mount an effective antioxidant response against the 
pathogen challenges in the above-mentioned studies (Genard et al., 
2011; Box et al., 2020). A similar outcome may apply for P. canaliculus 
where increased MDA levels were an outcome of increased LPO, which 
results from oxidative stress damage caused by temperature and path-
ogen stress. Temperature stress is believed to influence the immune 
status of molluscs, leading to increased overproduction of superoxide 
anion radicals (O2

•–), as seen in Perna viridis where increased MDA levels 
were reported due to the generation of ROS in response to thermal stress 
(Wang et al., 2018). 

Likewise, increased TAC concentrations were seen in the current 
study in P. swingsii infected mussels at both temperatures, reflecting a 
compensatory response due to increased oxidative stress levels (Matoo 
et al., 2013). Other studies have reported decreased TAC values due to 
the presence of stressors, suggesting the depletion of antioxidant de-
fences following oxidative stress production (Kaloyianni et al., 2009; 
Rahman et al., 2019; Said and Nassar, 2022). Increase in TAC in 
response to stressors has not been widely reported. Exceptions include 
P. canaliculus juveniles, where increases in antioxidant activities have 
been observed when mussels were exposed to air at different humidity 

levels (Delorme et al., 2021a). In clams (Laternula elliptica), an increase 
in transcription of antioxidant genes were seen in response to heat stress 
(suggesting antioxidant defence against oxidative stress), which results 
in increased antioxidant activity in the clams (Truebano et al., 2010). 
Also, scallops showed higher baseline TAC concentrations than other 
bivalve species and are believed to have higher steady-state ROS pro-
duction. Although, in oysters and clams, increased TAC concentrations 
were reported during oxygen deficient conditions, which appears to be 
an adaptation to tolerate rapid changes in oxygen availability (Ivanina 
and Sokolova, 2016). From the current study, an increase in TAC at the 
highest temperature and pathogen dose can be considered a response 
against oxidative stress, indicating that antioxidant defences were 
upregulated to counter the production of oxidative stress (Franco et al., 
2016). 

4.5. Dual stressors as trigger for summer mortality 

For summer mortality events various biotic and abiotic factors 
(temperature, nutrient levels, turbidity, salinity, bivalve growth rate and 
reproductive effort) have been identified as triggers (King et al., 2019). 
More often than not, mass mortalities are triggered by the synergistic 
effects of two or more factors (Soon and Zheng, 2020). Outcomes from 
the current study indicate that multiple stressors can have a more severe 
impact on mussel survival and oxidative stress responses. Survival data 
from the present study showed higher mortalities in mussels held at the 
highest temperature (24 ◦C) infected with P. swingsii bacteria than the 
control groups. The increase of water temperature may lead to bacterial 

Fig. 7. The combined effects of temperature, treatment and time (hours post-challenge) on Trolox-equivalent antioxidant capacity (TAC) of gill tissue. Each panel 
compares the mean TAC from P. canaliculus haemolymph of the no injection control, the marine broth (MB) injection control and injection with a high dose of P 
swingsii, at low and high seawater temperatures (16 and 24 ◦C), across two timepoints (24 and 120 hpc). Refer to Supplementary Excel File S1 for detailed pairwise 
comparisons based on the emmeans post-hoc test results. 
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proliferation in water and bacterial accumulation in mussel tissues, 
leading to stress and mortality (Rahman et al., 2019). The lack of mor-
tality in the non-injected individuals at 24 ◦C, despite being suboptimal 
for the examined species, could be due to factors such as the relatively 
short 24-h observation period, during which immediate mussel mor-
tality may not occur. Additionally, mussels may exhibit thermal toler-
ance and acclimate to gradual temperature changes, potentially 
explaining their survival under these conditions (Azizan et al., 2023b). 
High levels of bacterial colonies were detected within the first 24 hpc in 
the haemolymph of mussels kept at 24 ◦C when infected with P. swingsii. 
In addition, mussel oxidative stress markers were higher in the treat-
ment groups at the highest temperature. High water temperature is 
known to reduce immune responses of oysters and promote growth and 
virulence of pathogenic bacteria (Cowan et al., 2023). The same can be 
suggested for mussels where an interaction between P. swingsii and 
temperature stress is seen. This study also confirms that P. swingsii is an 
aquatic pathogen that affects P. canaliculus. 

To the best of our knowledge, previous studies on P. canaliculus have 
primarily focused on its antioxidant defence mechanisms in response to 
environmental abiotic factors (Dunphy et al., 2015; Delorme et al., 
2021c), anthropogenic activities (Chandurvelan et al., 2012) or 
handling procedures (Nguyen et al., 2020; Venter et al., 2021). How-
ever, the influence of pathogens, either alone or synergistically with 
abiotic factors, has been relatively understudied. The current research 
aimed to investigate the activity of antioxidant and oxidative response in 
P. canaliculus in the context of summer mussel mortality, particularly 
considering the potential association with elevated temperatures. While 

previous research has extensively examined P. canaliculus populations 
facing mortality, it has mainly concentrated on the impacts of envi-
ronmental stressors related to climate change. Surprisingly, the role of 
potential pathogenic microorganisms contributing to mussel mortality 
in New Zealand’s aquaculture has received less attention. Our findings 
reveal that lipid peroxidation levels in gill tissue samples increased in 
mussels exposed to P. swingsii alone, with a further elevation observed at 
24 ◦C in the presence of P. swingsii. These results are consistent with 
studies on various marine bivalves, suggesting a heightened oxidative 
stress response due to rising temperatures and pathogen presence 
(Rahman et al., 2019; Lattos et al., 2023a, 2023b). Therefore, it can be 
inferred that P. swingsii may induce an oxidative stress response in 
P. canaliculus, particularly under temperature conditions favourable for 
this pathogen’s infestation. This highlights the potential role of patho-
genic microorganism in the mass mortalities observed in this species. 

The current findings are essential to the development of effective 
animal health strategies and policies, required to progress risk assess-
ment and management of aquatic diseases (Castinel et al., 2019). In this 
study, the importance of environmental conditions (i.e., temperature) 
on mussel survival and health is highlighted. Real-time environmental 
monitoring that predicts extreme temperature events remains key to 
mussel aquaculture and can allow stakeholders the opportunity to 
mitigate losses (Zhang et al., 2023). Additionally, the rapid interpreta-
tion of such data in the field via artificial intelligence could be a rapid 
and cost-effective solution to assist with disease management, water 
quality monitoring, and more (Bi et al., 2023). 

In conclusion, this is the first report on the combined effects of 

Fig. 8. The combined effects of temperature, treatment and time (hours post-challenge) on lipid peroxidation (LPO) measured as MDA equivalents normalised by 
total protein (TBARS) determined from mussel gill samples. Each panel compares the mean TBARS from P. canaliculus haemolymph of the no injection control, the 
marine broth (MB) injection control and injection with a high dose of P swingsii, at low and high seawater temperatures (16 and 24 ◦C), across two timepoints (24 and 
120 hpc). Refer to Supplementary Excel File S1 for detailed pairwise comparisons based on the emmeans post-hoc test results. 
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temperature stress and P. swingsii infection on mussel survival, haemo-
cyte parameters and antioxidant parameters, and provides new insights 
about physiological and biochemical responses of mussels exposed to 
two major environmental stressors. This five-day P. swingsii infection 
under elevated temperature exposure resulted in mussel mortality, 
haemocyte alterations and increases of both TAC and LPO levels. High 
temperature stress along with bacterial exposure can impose greater 
costs on mussel’s physiological response and cellular redox status than a 
single stressor. Ultimately, the results will have a positive impact as 
pivotal information assisting with the development of animal health 
strategies and policies for mitigating risks. 
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