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Abstract

As aquaculture expands globally, understanding immune responses in non-traditional
farmed species like Octopus vulgaris under varying environmental conditions is increasingly
important. This study investigated lysozyme activity, a key innate immune marker, in cell-
free hemolymph of O. vulgaris following experimental challenge with four Gram-negative
fish pathogens (Photobacterium damselae subsp. piscicida, P. damselae subsp. damselae, Vibrio
alginolyticus, and V. anguillarum O1) at two temperatures (21 ± 0.5 ◦C and 24 ± 0.5 ◦C). These
pathogens were selected because octopus farming frequently occurs near fish aquaculture
facilities, raising the potential for pathogen crossover. A total of 216 wild octopuses were
injected intramuscularly or intravenously and sampled on days 0, 3, and 7 post-challenge.
Lysozyme activity varied by pathogen, injection route, sampling time, and temperature.
A significant time- and temperature-dependent increase was observed, especially in IM-
challenged groups exposed to Photobacterium species. Elevated temperatures supported
a more prolonged immune response. These results highlight lysozyme as a responsive
biomarker of innate immunity in O. vulgaris and emphasize the role of environmental
factors in immune modulation. This work provides a foundation for disease monitoring
and health management in cephalopod aquaculture. Future research should examine
long-term lysozyme dynamics, broader pathogen exposure, molecular mechanisms, and
additional environmental stressors such as salinity and pollution.

Keywords: common octopus; cell-free hemolymph; cephalopods immunity response;
aquaculture pathogens; climate change impacts

Key Contribution: Lysozyme activity is a sensitive biomarker of immune response in
Octopus vulgaris. Temperature and pathogen type significantly affect immune modulation
in octopus.

1. Introduction
Aquaculture is the fastest-growing sector of primary production worldwide. However,

disease outbreaks remain a major constraint, posing significant risks to its expansion and
negatively impacting the economy and socio-economic development in regions dependent
on aquaculture and fisheries [1].

The common octopus, Octopus vulgaris Cuvier, 1797, is among the most commercially
valuable cephalopods in terms of landings and market price [2]. In southern Europe, where
octopus is a staple in traditional diets [3], production reached approximately 19 thousand
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metric tons in 2023 [4]. Over the past three decades, demand for O. vulgaris has increased
dramatically [5], outpacing the availability of wild stocks and driving interest in sustainable
farming practices. Consequently, research on the species’ physiology, health, and immune
function has become increasingly relevant. Despite this, knowledge of cephalopod immune
mechanisms remains limited [6].

Unlike vertebrates, cephalopods lack an adaptive immune system and immunological
memory, relying solely on innate immune responses. This renders traditional disease
prevention strategies, such as vaccination, ineffective [6]. Their immune defense is primarily
mediated by hemocytes, which, as complex and multifunctional biological entities, play
critical roles in phagocytosis, encapsulation, inflammation, and wound healing [7].

In addition to cellular mechanisms, humoral factors play a central role in the innate
immune response. Among these, lysozyme is a key and evolutionarily conserved antimicro-
bial enzyme, capable of hydrolyzing the β-(1,4)-glycosidic bonds in bacterial peptidoglycan,
leading to cell lysis. While historically associated with defense against Gram-positive bacte-
ria, lysozyme can also act against Gram-negative species, particularly in synergy with other
immune factors [8–10]. In cephalopods, lysozyme activity has been detected in cell-free
hemolymph, establishing it as a useful biomarker of immune function [9,11].

Because hemolymph circulates systemically, measured lysozyme activity primarily
reflects overall immune function, though localized responses at infection sites may also
contribute [12,13]. This dual origin highlights the complexity of innate immune responses
in cephalopods and other invertebrates.

In addition to O. vulgaris, lysozyme activity has been documented in other inverte-
brates, such as crustaceans (Litopenaeus vannamei) [14], mollusks (Octopus ocellatus) [13],
and insects (Drosophila melanogaster) [15], as well as in vertebrates like fish [16–18]. It is
a highly conserved component of innate immunity across diverse taxa, including many
invertebrates such as mollusks, crustaceans, and insects [10], highlighting its evolutionary
importance in species lacking adaptive immunity [13].

The intensification of aquaculture raises concerns about pathogen transmission be-
tween farmed species [19]. In particular, teleost fish farming in adjacent facilities may
pose a threat to octopus mariculture via waterborne pathogen transfer [9,19,20]. Successful
industrial farming of octopus requires understanding infectious diseases transmitted from
wild and cultured populations [21,22]. Given the rising interest in commercial-scale O.
vulgaris farming, understanding the species’ immune response to potential pathogens
is essential for sustainable aquaculture development [21,22]. Since octopuses are often
cultured near fish farms, bacterial pathogens affecting fish may also threaten octopus
health [20]. The genera Photobacterium and Vibrio have been reported in the literature as
being involved in infections of cephalopods [22]. Mortality in octopuses has been recorded
following infections with Vibrio carchariae and Vibrio lentus. In addition, Vibrio alginolyticus
was isolated from skin lesions in cultured Octopus vulgaris [23].

Temperature is a key environmental factor shaping immune function in mollusks, in-
cluding cephalopods. In Octopus maya, individuals from warmer habitats (>27 ◦C) showed
reduced hemocyte counts and hemocyanin concentrations but elevated phenoloxidase
activity, while plasma lysozyme remained low—indicative of effector-specific thermal
sensitivities [24,25]. Experimental infections in O. vulgaris demonstrated that phagocytosis
rates vary with both temperature and pathogen species, revealing that modest thermal
changes within culture ranges can significantly modulate cellular responses in a pathogen-
specific manner [26,27]. Similar patterns occur in bivalves: in Ruditapes philippinarum,
challenge with Vibrio tapetis at different temperatures (8–21 ◦C) significantly impacted
disease progression, hemocyte counts, and lysozyme activity, with improved immune per-
formance at higher temperatures (21 ◦C) associated with lower disease prevalence [28]. In
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Mytilus edulis, elevated temperature enhanced antibacterial activity of cell-free hemolymph,
but lysozyme responses remained stable across 5–20 ◦C, highlighting that not all humoral
components share the same thermal sensitivity [29]. These findings suggest that warming
can differentially modulate humoral and cellular arms of immunity, with effects depending
on the effector measured, the assay matrix, and the pathogen involved, factors directly
relevant to interpreting lysozyme activity in O. vulgaris under Gram-negative challenge.

In this context, lysozyme activity offers a reliable biomarker for assessing the in-
nate immune status of O. vulgaris under pathogenic challenge. This study evaluates
lysozyme response in cell-free hemolymph following exposure to Gram-negative fish
pathogens at different temperatures, providing insights into the temperature-dependent
dynamics of octopus immunity and informing future strategies for health management in
cephalopod aquaculture.

2. Materials and Methods
2.1. Subjects

Octopuses (O. vulgaris) of both sexes (n = 216) were collected alive by a fisherman using
pots during the legally permitted fishing periods, in accordance with national fisheries
legislation. Specimens were obtained from the southeastern waters of the Mytilene Strait,
Lesvos Island, Greece, during the periods indicated in Table 1 [9,30,31].

Table 1. Sampling periods of O. vulgaris specimens [9,30,31].

Bacterial Pathogen Sampling Period

Photobacterium damselae subsp. Piscicida
21 ± 0.5 ◦C or 24 ± 0.5 ◦C

October 2017 (n = 27; 21 ± 0.5 ◦C)

November 2017 (n = 27; 24 ± 0.5 ◦C)

Photobacterium damselae subsp. Damselae
21 ± 0.5 ◦C or 24 ± 0.5 ◦C

April 2019 (n = 27; 21 ± 0.5 ◦C)

May 2019 (n = 27; 24 ± 0.5 ◦C)

Vibrio alginolyticus
21 ± 0.5 ◦C or 24 ± 0.5 ◦C

February 2018 (n = 27; 21 ± 0.5 ◦C)

March 2018 (n = 27; 24 ± 0.5 ◦C)

Vibrio anquillarum O1
21 ± 0.5 ◦C or 24 ± 0.5 ◦C

October 2019 (n = 27; 21 ± 0.5 ◦C)

November 2019 (n = 27; 24 ± 0.5 ◦C)

Following collection, specimens were transferred to the wet laboratory facilities
within 10 min in separate containers with continuous aeration to ensure adequate oxy-
genation throughout transport. The wet laboratory is part of the Laboratory of Ichthyol-
ogy, Aquaculture and Aquatic Animal Health (ICHTHYAI) (Government Gazette Issue
1255/28-4-2016) [9,30,31].

ICHTHYAI holds all necessary permits for the production (EL83 BIObr01), supply
(EL83 BIOsup01), and experimentation (E83 BioExp01) on aquatic organisms, in accordance
with Presidential Decree 56/2013 and Directive 2010/63/EU (Decision No. 4053/14-3-2017
issued by the competent Regional Veterinary Authority). Additionally, specific permits were
granted by the Directorate of Rural Affairs of North Aegean, Department of Agricultural
Farms and Fishery, Decentralized Administration of Aegean (permits 29623/19-5-2017,
51948/5-9-2018, and 20564/11-4-2019) to cover the needs of this experimental study.

A total of 34 females and 182 males were used in the study, with weights ranging from
0.450 to 1.115 kg (mean ± SD: 0.725 ± 0.137 kg). Due to the wild origin of the specimens,
no separation based on sex or weight was performed. Therefore, the experimental groups
were formed randomly, based on availability at the time of collection. The experimental
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challenge protocol was approved by Decision No. 5379/4-4-2017 of the competent Regional
Veterinary Authority [9,30–32].

2.2. Aquaria Systems

All specimens were maintained in a recirculating, UV-treated seawater tank system
at ICHTHYAI and acclimatized for 10 days [9,30–32]. They were fed once daily with
defrosted or fresh crabs and teleost fish at a rate of 5% of their biomass [8,33–35]. Water
temperature was controlled at either 21 ± 0.5 ◦C or 24 ± 0.5 ◦C, depending on experimental
requirements. Aeration was provided by air pumps, and salinity was maintained between
36–39‰. Ammonia, nitrite, and nitrate levels were monitored daily [9,30–32]. The selected
temperature points (21 ± 0.5 ◦C and 24 ± 0.5 ◦C) are based on current sea temperature
averages in the Mytilene Strait region [36] and projected increases due to climate change,
with estimates of a rise between 1.8 ◦C and 3.5 ◦C by 2100 in the Eastern Mediterranean [37].
This design allows the simulation of both present and near-future conditions. Moreover,
both temperatures fall within the thermal tolerance range of octopods (13–28 ◦C) and
are close to their optimum for metabolic efficiency (~20 ◦C) [38,39], ensuring ecological
relevance and biological validity of the experimental setup. The animals were maintained
under strictly controlled conditions, using sterilized seawater and equipment to minimize
external contamination and environmental stressors.

2.3. Bacteria, Media, and Culture Conditions

For experimental purposes, four fish pathogenic bacterial species were used: Photobac-
terium damselae subsp. piscicida (Phdp hereafter), Photobacterium damselae subsp. damselae
(Phdd hereafter), Vibrio alginolyticus (VA hereafter), and Vibrio anguillarum O1 (VAO1, here-
after). Pathogen isolates were stored at −85 ◦C using the Microbead Cryoprotect® system
(Protect Microorganism Preservation System; Technical Service Consultants Ltd., Microbiol-
ogy House, Fir Street, Heywood, Lancashire OL10 1NW, UK). To revive the stored bacteria,
a microbead was added to culture medium [40] composed of Brain Heart Infusion (BHI)
agar (HiMedia Laboratories GmbH, Modautal, Germany) supplemented with 2% NaCl
and incubated for at least 48 h at room temperature with mild shaking. Then, a colony of
each pathogen was inoculated into BHI broth supplemented with 2% NaCl (Sigma-Aldrich,
St. Louis, MO, USA) and incubated for 48 h at either 21 ± 0.5 ◦C or 24 ± 0.5 ◦C with mild
shaking. The cultures were then centrifuged at 1750× g for 45 min at 4 ◦C (Thermo Fisher
Scientific; Heraeus Megafuge 16R; Centrifuge Thermo Electron LED, GmbH, Zweignieder-
lassung Osterode Am Kalkberg, 37520 Osterode Am Harz Germany) to pellet the bacterial
cells. The supernatants were discarded, and bacterial cell suspensions were prepared in
sterile 2% NaCl at an optical density (OD) of ~1 at 605 nm (Hitachi, U-2900 Spectrometer,
Hitachi High-Tech Science Corporation, Minato-ku, Tokyo 105-8717, Japan), corresponding
to approximately 109 bacterial cells/mL, as previously determined by plate count assay [9].

2.4. Challenge/Injections of Octopods

The octopods were challenged either intramuscularly (IM, hereafter) at the second
right arm or intravenously (IV, hereafter) at the right branchial heart ventricle with injection
volume 100 µL; of a bacterial suspension containing 109 cells/mL (Phdp, Phdd, VA, or
VAO1), or with 100 µL of sterile 2% NaCl as negative controls via the same routes [41].
Pathogen injection challenge was chosen as the infection method to ensure accurate dosing
and to simulate either an injury scenario (IM infection) or systemic pathogen presence (IV
infection) [9,30–32]. For clarity, the following abbreviations were used: I for challenged
specimens; C for control specimens; M for IM injected; and V for IV injected. The days post
challenge/injection were denoted as D0, D3, and D7. Three different octopods were used
for each challenge/injection route and sampling point, totaling 27 octopods per tempera-
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ture and bacterial treatment. Specimens were monitored daily for behavioral changes, skin
lesions, food intake, and mortality [9]. D0 group samples were collected from untreated,
healthy octopuses prior to any injection, serving as true baseline controls. Different indi-
viduals were sampled at each time point (D0, D3, D7) to avoid handling stress and ensure
independent measurements. Hemolymph was collected from three animals at D0, and
from 12 per group at D3 and D7. Only visibly healthy specimens were included, following
established protocols to minimize individual variation and experimental bias [9,30–32].

2.5. Hemolymph Sampling

Hemolymph was collected from specimens using syringes pre-filled with Alsever’s
solution (0.50 g/L (2.6 mM) Citric Acid (Alfa Aesar, Ward Hill, MA, USA), 4.2 g/L (0.72 M)
Sodium Chloride (Penta, Chrudim, Czech Republic), 7.98 g/L (27 mM) Tri-Sodium Citrate
2aq (Chem-Lab, Zedelgem, Belgium), 20.5 g/L (113.8 mM) D-glucose (Merck, Darmstadt,
Germany), pH: 6.5–6.9. as an anticoagulant on days 0, 3, and 7 post-challenge. Following
collection, the hemolymph was transferred to sterile glass vials and stored at 4 ◦C. Cell-free
hemolymph was then obtained by centrifugation at 750× g for 3 min at 4 ◦C (Thermo
Scientific™ Pico™ 21 Microcentrifuge; Cat. No. 75002477; Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA), aliquoted, and stored at −85 ◦C until analysis [9,30–32].

Octopuses were anesthetized by immersion in 5% magnesium chloride (Chem-Lab,
Zedelgem, Belgium) seawater solution (pH 7.5–8) for 9–12 min under aeration before
handling and hemolymph sampling, which were both performed according to previously
published protocols [9,30–32]. Non-lethal hemolymph sampling was performed on all
animals except those sampled on day 7, which were euthanized for tissue collection [9];
surviving octopuses were monitored for 15 days and then released back into their natural
habitat in accordance with local regulations and animal welfare guidelines [9,31].

Individual hemolymph samples were collected separately from each octopus specimen
to capture biological variability among wild-caught animals. Three biological replicates
per treatment and time point were analyzed. Sampling began after a stabilization period
of more than ten days to ensure animal acclimation and minimize temporal bias. This
approach allowed us to preserve individual immune response differences, avoiding the
masking effects of sample pooling, and provided a robust basis for statistical analysis.

2.6. Lysozyme Activity (Test)

Lysozyme activity was quantified by assessing the enzyme’s capacity to hydrolyze
the bacterial cell wall of Micrococcus lysodeikticus following the protocol of Ellis [42] with
minor modifications. Briefly, in a 96-well microtiter plate, 100 µL aliquots of hemolymph,
subjected to three twofold serial dilutions in phosphate buffer (0.05 M, pH 6.2), (PBS was
prepared using NaH2PO4·2H2O (Sigma-Aldrich, St. Louis, MO, USA), Na2HPO4·2H2O
(Merck, Darmstadt, Germany), and NaCl (Sigma-Aldrich, St. Louis, MO, USA), were
combined with an equal volume (100 µL) of a 0.4 mg/mL suspension of M. lysodeikticus
(Sigma-Aldrich, St. Louis, MO, USA) in the same buffer. The reaction mixtures were
incubated at 30 ◦C, and the optical density at 450 nm (OD450) was measured immediately
(time 0) and after 5 min of incubation. Hen egg white lysozyme (HEW) (HEW; Sigma-
Aldrich, St. Louis, MO, USA) served as a positive control, prepared in serial dilutions
starting at 1.6 mg/mL in phosphate-buffered saline (PBS), while phosphate buffer alone
was used as a negative control in place of hemolymph.

Lysozyme activity was expressed in units per milliliter (Units/mL), defined as the
amount of enzyme; one unit of enzyme causes a decrease in absorbance of 0.001 per minute
at 450 nm [43]. The process can be represented as [44]:

M. lysodeikticus cells → (Lysozyme) → M. lysodeikticus cells (lysed)



Fishes 2025, 10, 428 6 of 15

The following equation was applied for activity calculation [43]:

Lysozyme activity (units/mL) = (∆A450 × df × 0.1)/0.001

where

• ∆A450 is the change in absorbance between 0 and 5 min;
• df represents the dilution factor;
• (mL) corresponds to the volume of the M. lysodeikticus (0.4 mg/mL) suspension in the

reaction mixture;
• Corresponds to the absorbance decrease defined as one Unit of lysozyme activity (one

unit of lysozyme causes a decrease in absorbance ∆A450 of 0.001/min).

This method provides a reliable quantitative measure of lysozyme enzymatic activity
in hemolymph [42].

2.7. Statistical Analysis

All measurements were performed in triplicate. Data were assessed for normality
using the Kolmogorov–Smirnov test and Shapiro–Wilk tests, as the latter is particularly
suitable for small sample sizes [45]. The results of both tests were consistent, confirming
the robustness of the normality assessment. Data analysis and graphing were conducted in
IBM SPSS Statistics v20. Comparisons were made across the following:

(i) Temperatures for the same bacterium, day, and injection route;
(ii) Time points for the same bacterium, route, and temperature;
(iii) Challenged vs. control (non-challenged) specimens at the same route, day, and

temperature.

Results are reported as mean ± standard deviation (text), and as mean ± standard
error (graphic). A p-value ≤ 0.05 was considered statistically significant.

3. Results
No mortality was recorded during the experimental challenges with any of the tested

pathogens (Phdp, Phdd, VA, or VAO1). However, certain behavioral alterations were
observed, including reduced appetite, lethargy, and hyperpnea in some individuals. Ap-
proximately 25% of octopods intramuscularly (IM) challenged with Vibrio species exhibited
transient discoloration, characterized by a pale grey tone, at the injection site, lasting for 1
to 2 h post-injection. Moreover, self-amputation of the injected arm was observed in 8.3%
of IM-injected individuals following Vibrio exposure [9,30–32].

3.1. Lysozyme Activity (Results)
3.1.1. Challenge with Phdp

Cell-free hemolymph lysozyme activity was detected in all samples and is illustrated
in Figure 1a,b at 21 ± 0.5 ◦C και 24 ± 0.5 ◦C, respectively. Baseline lysozyme levels in D0
controls were calculated at 43.99 ± 12.42 and 79.33 ± 16.61 Units/mL at 21 ± 0.5 ◦C and
24 ± 0.5 ◦C, respectively.

At 21 ± 0.5 ◦C (Figure 1a), lysozyme activity in the CIM control group showed a
significant decrease over time, whereas activity levels in the CIV group remained stable
between D3 and D7. Conversely, at 24 ± 0.5 ◦C (Figure 1b), lysozyme activity remained
constant in the CIM group, while a significant decline was observed in the CIV group
between D3 and D7 (Supplementary Table S1a).

In the challenged groups at 21 ± 0.5 ◦C, lysozyme activity decreased significantly over
time in the IM group, whereas it remained relatively stable in the IV group. Importantly,
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both challenged groups exhibited significantly higher lysozyme activity compared to their
respective control groups (Supplementary Table S1b).

 
Figure 1. Hemolymph lysozyme activity of O. vulgaris after IM or IV injection with either Phdp
or NaCl. Results are expressed as the Units/mL of hemolymph from 3 octopus per group:
(a) at 21 ± 0.5 ◦C and (b) at 24 ± 0.5 ◦C. D: day; CIM: controls injected IM; CIV: controls injected
IV; IM: challenged IM; IV: challenged IV. Mean values (±SE); same letter indicates no significance
(p > 0.05): identical letters are shared only by groups that do not differ significantly (p > 0.05). Groups
without letters are significantly different from all others. One unit of lysozyme activity was defined
as a reduction in absorbance of 0.001/min.

At 24 ± 0.5 ◦C (Figure 1b), lysozyme activity in the IM group showed a slight de-
creasing trend from D3 to D7, though not statistically significant. In contrast, the IV group
demonstrated a significant reduction over the same period.

A significant shift in lysozyme activity was observed between D0 and D3 in the
control groups at 21 ± 0.5 ◦C, and in the IV control and challenged groups at 24 ± 0.5 ◦C,
with notably lower activity levels at D3. In contrast, lysozyme activity remained stable
in the challenged groups at 21 ± 0.5 ◦C and in the IM control and challenged groups at
24 ± 0.5 ◦C.

Finally, a comparison of challenged specimens between temperatures on D7 indi-
cated that temperature influenced lysozyme activity, depending on the route of challenge
(Supplementary Table S1d).

3.1.2. Challenge with Phdd

Lysozyme activity in hemolymph was detected in all samples and is illustrated in
Figure 2a,b, respectively. Baseline lysozyme levels in D0 controls were calculated at
115.63 ± 10.67 and 60.46 ± 26.24 Units/mL at 21 ± 0.5 ◦C and 24 ± 0.5 ◦C, respectively.

As shown in Figure 2a, at 21 ± 0.5 ◦C, lysozyme activity in the CIM control group
increased significantly between time points (Supplementary Table S2a). In contrast,
at 24 ± 0.5 ◦C, activity showed a significant decrease. Interestingly, in the CIV group,
lysozyme activity remained stable from D3 to D7 at both temperatures (21 ± 0.5 ◦C and
24 ± 0.5 ◦C).

In the IM-challenged group at 21 ± 0.5 ◦C, lysozyme activity decreased significantly
over time, whereas in the IV-challenged group, it increased significantly. At 24 ± 0.5 ◦C,
lysozyme activity levels in the IM- and IV-challenged groups remained stable between
sampling points.
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Figure 2. Hemolymph lysozyme activity of O. vulgaris after IM or IV injection with either Phdd
or NaCl. Results are expressed as the Units/mL of hemolymph from 3 octopus per group: (a) at
21 ± 0.5 ◦C and (b) at 24 ± 0.5 ◦C. D: day; CIM: controls injected IM; CIV: controls injected IV; IM:
challenged IM; IV: challenged IV. Mean values (±SE); same letter indicates no significance (p > 0.05):
identical letters are shared only by groups that do not differ significantly (p > 0.05). Groups without
letters are significantly different from all others. One unit of lysozyme activity was defined as a
reduction in absorbance of 0.001/min.

A notable shift in lysozyme activity was observed between the D0 and D3 samplings
for both control and challenged specimens at 21 ± 0.5 ◦C, with lower activity levels
recorded, except for the D3 IM group, where no significant decrease was detected. Similarly,
at 24 ± 0.5 ◦C, lower activity levels were also recorded in the D3 groups, with statistically
significant differences observed only in the challenged groups.

Comparing challenged specimens between temperatures revealed that, at D3, lower
temperature had a positive effect on the immune response of the IM-challenged group, as
indicated by lysozyme activity levels in the hemolymph (Supplementary Table S2d).

3.1.3. Challenge with VA

Lysozyme activity in hemolymph was detected in all samples and is illustrated in
Figure 3a,b, respectively. Baseline lysozyme levels in D0 controls were calculated at
40.95 ± 6.00 and 50.47 ± 8.91 Units/mL at 21 ± 0.5 ◦C and 24 ± 0.5 ◦C, respectively.

As shown in Figure 3a, at 21 ± 0.5 ◦C, lysozyme activity in the CIM group remained
stable across sampling points. In contrast, the CIV group showed a significant increase
from D3 to D7 (Supplementary Table S3a). At 24 ± 0.5 ◦C (Figure 3b), lysozyme activity
levels in the control CIM and CIV groups remained unchanged between sampling points.

Lysozyme activity in both challenged groups at 21 ± 0.5 ◦C remained relatively stable
across time points. However, the effect of temperature was notable, as all groups exhibited
high lysozyme activity. At 24 ± 0.5 ◦C, lysozyme levels in the IM-challenged group
remained unchanged between sampling points, whereas a significant decrease in activity
was observed in the IV control group (Supplementary Table S3a).

A comparison of lysozyme activity levels between D0 and D3 for both control and
challenged specimens at 21 ± 0.5 ◦C revealed a notable decrease in D3 specimens, except
for the D3 IM group. Conversely, at 24 ± 0.5 ◦C, all groups showed an increase in activity,
except for the D3 IV group, which did not follow this trend.
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Consistent with these findings, a comparison between challenged specimens at both
temperatures indicated that lower temperature negatively affected the lysozyme activity
response in all challenged specimens (Figure 3a,b, and Supplementary Table S3d).

 

Figure 3. Hemolymph lysozyme activity of O. vulgaris after IM or IV injection with either VA or NaCl.
Results are expressed as the Units/mL of hemolymph from 3 octopus per group: (a) at 21 ± 0.5 ◦C
and (b) at 24 ± 0.5 ◦C. D: day; CIM: controls injected IM; CIV: controls injected IV; IM: challenged
IM; IV: challenged IV. Mean values (±SE); same letter indicates no significance (p > 0.05): identical
letters are shared only by groups that do not differ significantly (p > 0.05). Groups without letters are
significantly different from all others. One unit of lysozyme activity was defined as a reduction in
absorbance of 0.001/min.

3.1.4. Challenge with VAO1

Lysozyme activity in hemolymph was detected in all samples and is illustrated in
Figure 4a,b, respectively. Baseline lysozyme levels in D0 controls were calculated at
101.35 ± 10.95 and 74.00 ± 21.83 Units/mL at 21 ± 0.5 ◦C and 24 ± 0.5 ◦C, respectively.

Lysozyme activity at 21 ± 0.5 ◦C (Figure 4a) decreased significantly in the CIM
groups but remained unchanged in the CIV groups between time points D3 and D7. At
24 ± 0.5 ◦C (Figure 4b), lysozyme activity in the CIM group remained relatively stable
between sampling points, whereas in the CIV group, a significant increase was observed
over time (Supplementary Table S4a).

As shown in Figure 4a, lysozyme activity in both challenged groups at 21 ± 0.5 ◦C in-
creased significantly between sampling points. In contrast, at 24 ± 0.5 ◦C, the elevated tem-
perature resulted in consistently high levels of lysozyme activity at both sampling points.

Comparison of lysozyme activity levels between D0 and D3 in both control and
challenged specimens at 21 ± 0.5 ◦C revealed notably lower activity levels in all D3
specimens. The opposite trend was observed at 24 ± 0.5 ◦C in all groups except for the D3
CIV group.

A comparison of challenged specimens at different temperatures showed that higher
temperatures positively influenced the immune response of the IM-challenged group on
D3. Specifically, lysozyme activity in this group was significantly higher at 24 ± 0.5 ◦C
compared to the IM-challenged group at 21 ± 0.5 ◦C (Supplementary Table S4d). The
opposite pattern was observed in the IV group on D7, as extremely high lysozyme activity
was recorded at the lower temperature.
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Figure 4. Hemolymph lysozyme activity of O. vulgaris after IM or IV injection with either VAO1
or NaCl. Results are expressed as the Units/mL of hemolymph from 3 octopuses per group: (a) at
21 ± 0.5 ◦C and (b) at 24 ± 0.5 ◦C. D: day; CIM: controls injected IM; CIV: controls injected IV; IM:
challenged IM; IV: challenged IV. Mean values (±SE); same letter indicates no significance (p > 0.05):
identical letters are shared only by groups that do not differ significantly (p > 0.05). Groups without
letters are significantly different from all others. One unit of lysozyme activity was defined as a
reduction in absorbance of 0.001/min.

4. Discussion
According to our findings, the levels of lysozyme activity detected in the cell-free

hemolymph of O. vulgaris were lower than those reported in challenged marine teleosts (at
levels of 100–1000 Units/mL in Nile tilapia, Oreochromis niloticus and 600–900 Units/mL
in striped bass Morone chrysops × Morone saxatilis) [18,46], yet higher than those found in
other fish species (29.40 Units/mL in red seabream, Pagrus major, and 76.3 Units/mL in
Japanese eel, Anguilla japonica) [47,48]. Nevertheless, our results align with a recent study
that demonstrated significant time- and temperature-dependent variation in both control
and challenged groups [18]. Additional variability in lysozyme activity was observed in
relation to the pathogen species and the route of administration.

As noted by Saurabh & Sahoo [49], hemolymph lysozyme levels may fluctuate due to
several intrinsic and extrinsic factors, including sex, reproductive status, seasonal variation,
and stress. In the present study, although direct measurements of all such factors were not
performed, appropriate controls were implemented to minimize their potential impact on
the experimental results. The sex of each individual was recorded during sampling, as
documented in our previous studies [9,30–32]; however, sex-specific comparisons were not
statistically tested in this study. This was primarily due to the use of wild-caught specimens,
which made it logistically challenging to obtain a balanced number of males and females.
As a result, the unbalanced sex distribution limited the feasibility of conducting meaningful
statistical analyses based on sex.

Nonetheless, we acknowledge that sex may influence immune and physiological
responses and recognize it as an important factor for future research. We therefore recom-
mend that future studies utilize aquaculture-reared individuals, where sex ratios can be
controlled, to enable a more comprehensive assessment of sex-related differences [9,30–32].

Similarly, a study of Locatello et al. [12] reported variation in lysozyme activity in
the hemolymph of both control and lipopolysaccharide (LPS)-challenged O. vulgaris in-
dividuals, reinforcing the complexity of interpreting this biomarker. A comparable trend
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was identified in our data, whereby baseline lysozyme levels at D0 were typically lower
than those at D3 and D7 in both challenged and control animals, indicating a time-and
temperature-dependent immune modulation. This increase over time suggests that the
octopus’s innate immune system likely utilizes lysozyme to mitigate microbial threats or to
respond to tissue injury caused by injection [50].

Notably, in our study, IM-challenged animals exposed to Photobacterium damselae subsp.
piscicida (Phdp) and Ph. damselae subsp. damselae (Phdd) exhibited elevated lysozyme
activity on D3 at 21 ± 0.5 ◦C, compared to other groups. Furthermore, at 24 ± 0.5 ◦C, IM-
challenged animals maintained relatively stable and elevated lysozyme activity throughout
the experiment, whereas other groups under the same conditions displayed a similar trend
but with a lower magnitude (~50%) across all eight experimental combinations.

Previous studies have yielded mixed results. For example, lysozyme levels increased
following bacterial challenge in the hard clam Mercenaria mercenaria [51], whereas Locatello
et al. [12] reported decreased serum lysozyme activity in O. vulgaris following LPS challenge
compared to controls. Malham et al. [52] observed no temporal changes in tissue lysozyme
levels in control or Vibrio anguillarum-challenged individuals, contrary to our findings. In
contrast, Grimaldi et al. [53] demonstrated a transient spike in lysozyme activity within 4 h
of O. vulgaris exposure to titanium dioxide nanoparticles, with levels normalizing by 24 h,
suggesting a short-lived response. Lysozyme remains one of the most fundamental and
well-studied components of the humoral immune response, due to its broad antimicrobial
activity and evolutionary conservation [54].

The persistent lysozyme response observed in O. vulgaris could indicate mechanisms
of immune priming or tolerance, reflecting a complex regulation of innate immunity. These
findings not only deepen our understanding of the immune response dynamics in O.
vulgaris but also have important implications for cephalopod aquaculture practice.

Although lysozyme is classically known for its lytic activity against Gram-positive
bacteria, it plays a broader role in invertebrate immunity, including signaling functions
and responses to stress or tissue injury. Studies have demonstrated lysozyme activation
in cephalopods and other mollusks following exposure to Gram-negative pathogens, in-
dicating additional immunological roles beyond bacterial lysis [6,9,11–13,16–18]. In the
present study, lysozyme was selected as a general biomarker of humoral immune response,
due to its evolutionary conservation and functional versatility. However, future stud-
ies should include complementary immune markers, such as antimicrobial peptides or
immune-related gene expression, to provide a more comprehensive assessment of the
host–pathogen interaction in cephalopods.

Elevated lysozyme levels may serve as an early biomarker of immune activation and
general health status in cultured cephalopods. Routine monitoring of lysozyme activity in
hemolymph could help detect subclinical infections or stress before clinical signs emerge,
allowing timely interventions that improve disease prevention, reduce mortality, and
enhance welfare and production efficiency. Future studies should consider the use of
aquaculture-sourced animals, where sex and size can be standardized, an approach still
under development for this species, especially in Europe. In addition, to further validate
the infection model, additional trials using immersion-based infection methods over longer
exposure periods are required.

Concerning the statistical analysis, the normality of the data was evaluated using both
Kolmogorov–Smirnov and Shapiro–Wilk tests, which yielded consistent results despite
the small sample size (n = 3 per group). This agreement supports the robustness of
the statistical approach applied in the present study. Given the inherent limitations of
experiments with wild-caught cephalopods, the application of more complex models such
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as repeated measures ANOVA would not increase reliability under these constraints and
may instead yield spurious outcomes.

5. Conclusions
• This study highlights the significance of lysozyme activity as a potential biomarker

of innate immune function in O. vulgaris under pathogenic challenge and varying
environmental temperatures.

• Lysozyme activity in cell-free hemolymph varied significantly depending on the following:

− Pathogen type;
− Route of challenge;
− Time point post-injection;
− Environmental temperature.

• Specimens challenged intramuscularly, especially with Photobacterium damselae subsp.
piscicida and damselae, induce stronger lysozyme responses, especially at 21 ± 0.5 ◦C
on day 3 post-injection.

− The observed peak activity suggests a temperature- and time-dependent activa-
tion pattern of O. vulgaris immunity.

• Notably, lysozyme activity in cephalopods appears to persist longer than expected and
previously assumed, possibly indicating a more prolonged role in immune defense.

− This sustained enzymatic response might be central to bacterial neutralization
in cephalopods.

• Lysozyme serves as a non-specific yet informative immune indicator of immune status,
although environmental land biological variability must be taken into account.

• Future research should focus on the following:

− Long-term patterns of lysozyme activity beyond early-phase responses;
− A wider array of pathogens and challenge methods;
− Molecular pathways regulating lysozyme expression and interaction with other

immune components;
− Additional environmental factors, such as salinity, pollution, and ocean acidification.

• Overall, applying lysozyme activity as a biomarker for health monitoring in octopus
aquaculture could contribute meaningfully to developing sustainable and resilient
farming practices.
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