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Abstract 

Hemolymph is vital for bivalves, contributing to their innate immune system, nutrient 

transport, waste elimination, and hormone regulation. Yet, traditional sampling meth-

ods are often invasive or fatal to the organisms. In this study, we evaluated the effects 

of repeated, non-lethal hemolymph sampling on adult Pacific oysters (Magallana 

gigas). Five- year-old oysters were relaxed with magnesium sulphate, and hemo-

lymph was extracted from half of the individuals, while the other half with relaxation 

served as controls. Sampling took place during gonad maturation in two groups: one 

laboratory conditioned (approximately three months in indoor tanks with controlled 

environment), and one naturally conditioned (approximately seven months at the 

bay in Yaquina Bay, Oregon, USA). Total mortalities ranged from 10% in the labo-

ratory groups (after four samplings) and 22% (after seven samplings) in the natural 

groups; most of the mortalities took place after the last sampling. Sex ratio was similar 

between the sampled (66%) and control groups (63%) in the laboratory setting. In the 

natural setting, the final sex ratio was male biased in the group that was repeatedly 

sampled for hemolymph (58%) compared to the non-sampled controls (28%). Our 

findings highlight that repeated hemolymph sampling can be performed with minimal 

mortality, allowing non-lethal monitoring of hemolymph physiology over time.

1.  Introduction

Hemolymph in bivalve mollusks is analogous to blood in vertebrates, consisting of 
immune cells (i.e., hemocytes) and plasma [1]. Hemolymph carries important proteins, 
minerals, nutrients, and hormones as well as hosting a diverse set of microorgan-
isms including bacteria, protists, and viruses [2]. Studies of oyster hemolymph and its 
components have enhanced our understanding of bivalve innate immunity [3], disease 
dynamics such as that of Ostreid herpesvirus (OsHV-1) infection [4], effects of pollut-
ants [5], importance of the microbiome on health [6], and sexual phenotypes [7].
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The Pacific oyster, Magallana gigas (previously Crassostrea gigas), is the second 
most valuable aquaculture shellfish species by weight in the US, generating nearly 
150 million dollars in sales annually [8]. The highly valued shellfish industry, however, 
faces challenges due to unpredictable mass mortalities usually associated with high 
seawater temperatures. Over the past two decades, mass mortalities in oyster farms 
have been reported in China [9], France [10], Australia [11], New Zealand [12], and 
in the United States [13,14]. Since hemolymph and its components are vital to the 
innate immune system in bivalves, there is continued interest in studying hemolymph 
in Pacific oysters.

Hemolymph sampling in oysters is often lethal or invasive [15–17]. Destructive 
sampling, such as shucking, prevents tracking changes in hemocyte composition, 
morphology, and function from individual animals over time. Invasive sampling, such 
as drilling through the shells or clipping the shell edges, are non-lethal but can result 
in high mortality. Few studies have attempted repeated sampling of hemolymph in 
Magallana spp. and Crassostrea spp.; all involving physical damage to the shell 
[3,6,18]. Mortality rates ranged from 15–20% [18] to as high as 41% [3]. Although 
oysters can repair their shells [19], repeated drilling or cutting of the shells makes 
these methods both labor-intensive and time-consuming.

A widely used non-lethal sampling method in bivalves involves the use of a muscle 
relaxant such as magnesium sulfate or magnesium chloride. Here, magnesium ions 
(Mg2+ ) can block the synaptic transmission of action potentials temporarily relax-
ing muscle tissue and causing the oysters to open [20]. This method was used for 
repeated sampling of mantle in Crassostrea virginica [21] and to sample gonads from 
Magallana gigas [22–24] with one study achieving nearly a 100% survival rate after 
three monthly sampling events [24].

The effect of combining magnesium-based relaxation with repeated sampling 
of hemolymph in Pacific oysters has not yet been tested. We conducted two sepa-
rate experiments, one in a laboratory setting and one in a natural setting. The two 
experiments are fully independent of each other given the different experimental set 
up, duration, and number of samplings. While survival was the primary parameter 
assessed, we also quantified sex ratios as a proxy for sublethal physiological stress, 
since gonad maturation is an energy-intensive process and cohort sex ratios can 
reflect environmental and physiological conditions [25–27].

2.  Materials and methods

2.1.  Animal husbandry

Adult Magallana gigas (n = 200) were randomly selected from 5-year-old cohorts 
at the Oregon State University (OSU) Hatfield Marine Science Center, in Newport, 
Oregon [28]. The oysters were randomly assigned into Laboratory Control (LC), 
Laboratory Treatment (LT), Natural Control (NC), and Natural Treatment (NT) (n = 50 
each). Oysters in both treatment groups (LT and NT) were individually labeled using 
Glue-On shellfish tags (Hinchinbrook, lnc.) and coral glue (Polyp Lab, lnc.). Each 
oyster was a biological replicate. All procedures were performed in compliance with 
OSU’s guidelines on animal research.
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Oyster hatcheries use either naturally conditioned oysters or artificially conditioned oysters for spawning. The latter 
takes less time and can be performed year-round [29]. The “laboratory” groups (LC and LT) underwent a standard con-
ditioning protocol used in oyster hatchery to induce gonad maturation [28]. Seawater was pumped from Yaquina Bay, 
Oregon and filtered down to 10 µm using a combination of sand filters and bag filters. The seawater was also UV steril-
ized before reaching the animal-holding tanks. Both laboratory groups were first kept at 6 °C in a chiller to induce oysters 
to resorb their gametes from the previous spawning season [29]. Starting on day 33, both groups were transferred to 
130 L shallow flow through tanks (0.9 m x 0.96 m x 0.15 m). Here, the temperature was increased by 2 °C each day until 
it reached 20 °C, which was then maintained for 8 weeks. From the time the water temperature reached 20 °C, oysters 
were fed a mix of Chaetoceros muelleri (~60%) and Tisochrysis lutea (~40%) continually dosed into a common head 
tank and manifolds delivered algae-enriched seawater at a rate 2L/min and an inflow algal density of ~125,000 cells/mL. 
The National Center for Marine Algae (NCMA) provided the C. muelleri (CCMP 1316) and T. lutea (CCMP 463). Sterile 
cultures of both algae species were grown in F/2 medium (Pentair Aquatic Eco-Systems, USA) with a salinity of ~34 ppt 
and held at 21 °C in photobioreactors (Industrial Plankton Photobioreactors Inc, Victoria BC, Canada) with a light intensity 
of ~ 1,500 µmol m-2s-2 without a photoperiod. Algal concentrations were quantified using a hemocytometer with a Leica 
DM1000 LED microscope. The laboratory group experiment lasted 100 days.

The “natural” groups (NC and NT) were kept in cages (SEAPA, USA) hanging off a floating dock at the MBP repository 
in Yaquina Bay, Oregon (From November 2023 to May 2024, mean salinity = 25 ppt, mean water temperature = 8.7 °C) and 
brought onshore monthly for relaxation and hemolymph sampling from November 2023 to May 2024. This natural group 
experiment lasted 245 days.

2.2.  Hemolymph extraction

Oysters were relaxed using magnesium sulfate USP (heptahydrate 100%) dissolved in a natural seawater/deionized water mix 
(1:1) at a final concentration of 8% (w/v) with constant aeration. Prior to relaxation, oysters were air exposed for 1 h at room tem-
perature. This was demonstrated in our pilot trials to enhance the efficiency of shell opening. During relaxation, the laboratory 
group was maintained at the respective conditioning temperature: day 22: 6 °C; day 36: 18 °C; day 51: 20 °C; day 79: 20 °C, 
and the natural group was brought onshore and relaxed in the magnesium sulphate bath at room temperature (20°C).

For hemolymph collection, oysters were individually removed from the magnesium bath after 18 h. Oysters were placed 
either horizontally with the cup side facing down or vertically in a dissecting tray (Fig 1), allowing hemolymph to concen-
trate on the distal side of the sampler due to gravity. A sterile 1 ml syringe and needle (30G, 25 mm, BD, USA) was used to 
collect the hemolymph, from each oyster. The needle was inserted into the adductor muscle perpendicular to the edge of 
the shell, and the plunger pulled gently to the 0.1 ml mark and left there for a few seconds until opaque hemolymph started 
flowing. After collection, each hemolymph sample was transferred to an individually pre-labeled 1.5 ml microcentrifuge 
tube. Efforts were made to obtain at least 100−200 µl of hemolymph from each oyster. To verify the presence of hemo-
cytes, subsamples of the hemolymph (10 µl) were visualized under a light microscope on a hemocytometer. The extracted 
hemolymph was then immediately frozen in liquid nitrogen and transferred to a −80 °C freezer for long-term storage. 
Efforts were made to keep each oyster out of water for a maximum of 5 min, or after 5 needle insertions were made, 
whichever came first to minimize stress from prolonged air exposure while gaping.

Hemolymph from the LT oysters was collected on days: 22, 36, 51, and 79. Hemolymph from the NT oysters was 
collected every 30 days from November 2023 to May 2024 for a total of seven samplings. Oysters in LC and NC were 
relaxed following the same protocol as described above but no hemolymph was collected from them.

After sampling, all animals were first returned to a same flow-through recovery tank supplied with filtered seawater 
with conditions close to ambient in Yaquina Bay. Survival of oysters was checked after three hours by gently touching the 
upper shells to ensure shell closure before being returned to their respective holding tanks (laboratory group) or floating 
cages (natural group). Mortality was monitored daily for the laboratory group and monthly for the natural group.
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2.3.  Hemocyte density and oyster sexing

Oysters from the laboratory group were sexed 20 days after the last sampling (day 99 of the experiment). Due to logistical 
constraints, oysters from the natural group were sexed 2 months after the last sampling (on July 16 and 17, 2024). For 
sexing, animals were again relaxed, and micro-hematocyte capillary tubes (1.1 mm I.D., VWR) were used to take a sam-
ple of the gonad adjacent to the adductor muscle. The sample was placed on a glass slide with a drop of filtered seawater 
and viewed under a Leica DM1000 LED microscope at 100X-400X magnification. The sex of each oyster was recorded 
as either male, female, hermaphrodite, or N/A (if neither oocytes nor sperm were observed) [30]. To investigate whether 
sampling stress was reflected in the hemolymph, the hemocyte density in hemolymph samples taken from oysters that 
perished between the last sampling and sexing (N = 8, NT group) and from the ones that survived until sexing (N = 8, NT 
group) were compared. Samples from the final sampling date were retrieved from the −80 °C freezer, thawed on ice, and 
hemocyte counts were obtained using a hemocytometer with a Leica DM1000 LED microscope at 200X magnification 
equipped with a phase contrast objective. We did not measure hemocyte density in the LT group because of the low sam-
ple size of the perished oysters (N = 4) between the last sampling and sexing (Table 1).

2.4.  Statistical analyses

The Kaplan-Meier estimates [31] were compared between the control and treatment groups using a log-rank test with the 
survival package v3.5-7 [32] in R [33]. The null hypothesis was that there was no difference in survival between the control 

Fig 1.  Hemolymph withdrawal from the adductor muscle of a relaxed Pacific oyster (Magallana gigas).

https://doi.org/10.1371/journal.pone.0333208.g001

https://doi.org/10.1371/journal.pone.0333208.g001
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and treatment groups (within laboratory or natural groups). Statistical significance was set at α = 0.05. A Chi-square test 
was used to evaluate the association between sex and treatment in the laboratory groups and natural groups (N/A and 
dead excluded, α = 0.05). Mann-Whitney U test [34] was used to compare hemocyte densities between the “dead” and 
“live” groups (α = 0.05).

3.  Results

The magnesium sulfate solution was effective in relaxing adult Pacific oysters across all groups. Most of the oysters 
remained open during the 5-minute sampling period, while a few slowly started to close during that time. Noticeably, one 
oyster in LT failed to open on two of the four sampling days. The amount of hemolymph collected ranged from 100–200 µl, 
but up to 2 ml of hemolymph could be obtained for some oysters. We also observed both granulocytes and hyalinocytes, 
in the extracted hemolymph samples (Fig 2). After being returned to their holding tanks, all oysters had closed their shells 
within three hours.

3.1.  Laboratory groups

By the end of the fourth hemolymph sampling, only one mortality was observed in LC. In LT, one mortality was observed 
between the third and fourth sampling events, and four additional mortalities occurred during the period after the final 
hemolymph sampling but before sexing. The difference between survival probabilities was not statistically significant 
between LC and LT (P = 0.1, χ2 = 2.7, df = 1). LC and LT had identical numbers of females (14 each), and a similar number 
of males (24 and 27, respectively) (Table 1). Sex was not associated with treatment (χ2 = 1.98, P = 0.37) in these laboratory 
groups.

3.2.  Natural groups

Four mortalities were recorded in NC: two by the end of the seventh sampling event and two from the holding period 
before sexing. The highest total mortality rate was seen in NT (11 of 50, Table 1): Three mortalities were observed by 
the seventh hemolymph sampling event, and eight additional mortalities occurred during the holding period before sex-
ing. The difference between survival probabilities was not statistically significant between NC and NT (P = 0.06, χ2 = 3.6, 
df = 1) (Fig 3). NC had a higher number of females than NT (26 and 14, respectively). Sex was associated with treatment 
(χ2 = 6.28, P = 0.04) in these natural groups. Hemocyte density ranged from 1.65 x 105 to 1.59 x106 per ml in hemolymph 
taken during the last sampling from oysters that died before the end of the experiment, and from 1.43 x105 to 7.78 x105 

Table 1.  Sex of Pacific oysters in “laboratory” and “natural” groups. Control groups received relaxation only. Treatment groups received both 
relaxation and were sampled for hemolymph.

Laboratory Natural

Control Treatment Control Treatment

Male 24 27 10 19

Female 14 14 26 14

Hermaphrodite 4 1 2 2

N/A 7 3 8 4

Total mortalities 1 (1) 5 (1) 4 (2) 11 (3)

Total 50 50 50 50

Percent males (%) 0.63 0.66 0.28 0.58

N/A = sex could not be determined. Number in parentheses show mortalities by the last hemolymph sampling event. Percent males (%) calculations 
excluded hermaphrodites, N/A, and mortalities.

https://doi.org/10.1371/journal.pone.0333208.t001

https://doi.org/10.1371/journal.pone.0333208.t001
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per ml in that from oysters that survived until the end of the experiment. Hemocyte densities were not significantly different 
between surviving and groups according to Mann-Whitney U test (W = 39.5, P = 0.4619).

4.  Discussion

In this study, we demonstrated the effectiveness of a method for repeated hemolymph sampling in Pacific oysters 
(Magallana gigas). We evaluated the effects of magnesium-based relaxation for repeated hemolymph sampling on sur-
vival, sex ratios, and hemocyte density in an artificial, laboratory-controlled gonad conditioning setting, and in a natural 
setting where the animals experienced ambient fluctuations in water temperatures and food availability. Both laboratory 
and natural experimental contexts are presented here to offer insights that may be useful to researchers with varying 
access to animal husbandry resources, whether limited to laboratory or natural environments. The repeated relaxing and 
sampling resulted in minimal mortality in both settings, with extracted hemolymph volumes comparable to those from ear-
lier invasive shell-damaging studies [6,18].

Mortality was low by the end of the last hemolymph sampling for all groups (2% — 6%) but increased to 10% and 22% 
by the final sexing. The low mortality result aligns with those of Suquet et al. [24], who observed only one mortality after 

Fig 2.  Live hemocytes of Pacific oyster (Magallana gigas). Top panels: granulocytes; bottom panels: hyalinocytes. Scale bars as shown.

https://doi.org/10.1371/journal.pone.0333208.g002

https://doi.org/10.1371/journal.pone.0333208.g002
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three monthly samplings of gonad tissue in M. gigas. The total number of oysters sampled in that study was not reported, 
limiting our ability to make direct mortality rate comparisons.

We observed higher mortality after the final hemolymph sampling in both LT and NT compared to their respective 
controls. In general, sampling can cause physiological stress in animals [35], and hemolymph sampling has been shown 
to cause short-term stress in M. gigas within 24 h [36]. Hemocyte density has been correlated with physiological stress in 
bivalves [37]. The hemocyte density obtained here was lower than the one found in previous studies in bivalves [38,39], 
likely due to freezing and thawing without a cryoprotectant. We did not detect a significant difference in hemocyte density 
between the oysters that survived until sexing and those that perished between the last hemolymph sampling and sex-
ing in the naturally conditioned group. Other hemolymph parameters, such as enzymatic and phagocytic activity, could 
potentially serve as more reliable indicators of sampling stress and subsequent survival. Previous studies [18,24] did not 
monitor mortality for an extended period post-experiment, which may have led to underreported mortality rates.

Environmental conditions and stress have been associated with sex outcomes in sequential hermaphroditic 
bivalves [29,40]. In M. gigas, nutrition, temperature, and photoperiod during gonad development could affect sex ratios 
[27,29,41,42]. We monitored sex ratios as a proxy for sublethal physiological stress of repeated sampling.

In the natural group, the energetic demands of repairing repeated tissue damage to the adductor muscles could have 
diverted resources from female gametogenesis—a process requiring more energy than male gametogenesis [25–27]—
and might have contributed to the observed sex imbalance. While this result suggests that repeated hemolymph sampling 
in our natural treatment may have disrupted gametogenesis, particularly in females, we lack direct proof of a causal rela-
tionship. Manila clams (Ruditapes philippinarum) held in natural conditions showed no significant changes in hemocyte 
density or protein concentration between hemolymph samplings [39]. However, this does not eliminate the possibility of 
delayed effects, which remain unknown since the clams were not monitored beyond the experiment. Only the NC group 
had a female-biased sex ratio in line with expectations for a five-year-old cohort, suggesting that those oysters might have 
experienced the most favorable growing conditions without injuries from sampling.

In the laboratory groups, sex outcome was not associated with hemolymph sampling. A male-biased sex ratio was 
observed in these groups, not in line with the expectations for five-year-old cohort. Based on current knowledge, 
food availability [27], temperature [29,43], and age [43], could all affect sex ratios in Pacific oysters. The three-month 
conditioning period in the laboratory groups was shorter than the typical gametogenesis period for oysters in the 

Fig 3.  Cumulative survival plots of Pacific oysters (Magallana gigas) in a laboratory conditioned group (left) and a naturally conditioned group 
(right) subjected to repeated hemolymph withdrawal. Survival probability was not significantly different between LC and LT (P = 0.1, χ2 = 2.7, df = 1), 
nor between NC and NT (P = 0.06, χ2 = 3.6, df = 1).

https://doi.org/10.1371/journal.pone.0333208.g003

https://doi.org/10.1371/journal.pone.0333208.g003
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Yaquina Bay, Oregon, which typically spans from March to September [44,45]. In addition, food availability and qual-
ity in the laboratory were likely inferior to what is normally available in the natural environment [39]. Thus, the shorter 
conditioning period, and food availability and quality likely negatively influenced the natural reproductive physiology 
of the oysters.

5.  Conclusion

Hemolymph can be repeatedly sampled from the adductor muscles of relaxed adult Pacific oysters with minimal mortality, 
making this straightforward method potentially applicable to other bivalve mollusks. We demonstrate the method for both 
laboratory- and natural- gonad conditioning contexts, both of which are used in Pacific oyster hatcheries. Researchers 
planning to adapt this protocol to their study species should carefully evaluate experimental conditions including recovery 
setting, recovery duration, and sampling intervals among others.

Supporting information

S1 File.  R scripts used in this study. 
(ZIP)

Author contributions

Conceptualization: Jingwei Song, Michael A. Banks, Bernarda Calla.

Data curation: Jingwei Song.

Formal analysis: Jingwei Song.

Funding acquisition: Michael A. Banks, Bernarda Calla.

Investigation: Jingwei Song, Alexander A. Langley, Michael A. Banks, Bernarda Calla.

Methodology: Jingwei Song, Michael A. Banks.

Project administration: Bernarda Calla.

Resources: Michael A. Banks.

Supervision: Michael A. Banks, Bernarda Calla.

Validation: Jingwei Song, Alexander A. Langley, Bernarda Calla.

Visualization: Jingwei Song, Alexander A. Langley.

Writing – original draft: Jingwei Song.

Writing – review & editing: Jingwei Song, Alexander A. Langley, Michael A. Banks, Bernarda Calla.

References
	1.	 Cheng TC. Chapter 8. Hemocytes: Forms and Functions. In: The Eastern Oyster Crassostrea virginica. Maryland Sea Grant College; 1996.

	2.	 Dupont S, Lokmer A, Corre E, Auguet J-C, Petton B, Toulza E, et al. Oyster hemolymph is a complex and dynamic ecosystem hosting bacteria, 
protists and viruses. Anim Microbiome. 2020;2(1):12. https://doi.org/10.1186/s42523-020-00032-w PMID: 33499958

	3.	 Chaney ML, Gracey AY. Mass mortality in Pacific oysters is associated with a specific gene expression signature. Mol Ecol. 2011;20(14):2942–54. 
https://doi.org/10.1111/j.1365-294X.2011.05152.x PMID: 21672066

	4.	 de Lorgeril J, Lucasson A, Petton B, Toulza E, Montagnani C, Clerissi C, et al. Immune-suppression by OsHV-1 viral infection causes fatal bacterae-
mia in Pacific oysters. Nat Commun. 2018;9(1):4215. https://doi.org/10.1038/s41467-018-06659-3 PMID: 30310074

	5.	 Gagnaire B, Thomas-Guyon H, Burgeot T, Renault T. Pollutant effects on Pacific oyster, Crassostrea gigas (Thunberg), hemocytes: screening of 23 
molecules using flow cytometry. Cell Biol Toxicol. 2006;22(1):1–14. https://doi.org/10.1007/s10565-006-0011-6 PMID: 16463015

	6.	 Lokmer A, Mathias Wegner K. Hemolymph microbiome of Pacific oysters in response to temperature, temperature stress and infection. ISME J. 
2015;9(3):670–82. https://doi.org/10.1038/ismej.2014.160 PMID: 25180968

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333208.s001
https://doi.org/10.1186/s42523-020-00032-w
http://www.ncbi.nlm.nih.gov/pubmed/33499958
https://doi.org/10.1111/j.1365-294X.2011.05152.x
http://www.ncbi.nlm.nih.gov/pubmed/21672066
https://doi.org/10.1038/s41467-018-06659-3
http://www.ncbi.nlm.nih.gov/pubmed/30310074
https://doi.org/10.1007/s10565-006-0011-6
http://www.ncbi.nlm.nih.gov/pubmed/16463015
https://doi.org/10.1038/ismej.2014.160
http://www.ncbi.nlm.nih.gov/pubmed/25180968


PLOS One | https://doi.org/10.1371/journal.pone.0333208  September 22, 2025 9 / 10

	 7.	 Li Y, Siddiqui G, Wikfors GH. Non-lethal determination of sex and reproductive condition of Eastern oysters Crassostrea virginica Gmelin using 
protein profiles of hemolymph by Proteinchip® and SELDI-TOF-MS technology. Aquaculture. 2010;309(1–4):258–64. https://doi.org/10.1016/j.
aquaculture.2010.09.030

	 8.	 USDA. Census of Aquaculture. National Agricultural Statistics Service; 2023. [Online]. Available from: https://www.nass.usda.gov/Publications/
AgCensus/2022/Online_Resources/Aquaculture/index.php

	 9.	 Yang B, Zhai S, Li X, Tian J, Li Q, Shan H, et al. Identification of Vibrio alginolyticus as a causative pathogen associated with mass summer mortal-
ity of the Pacific Oyster (Crassostrea gigas) in China. Aquaculture. 2021;535:736363. https://doi.org/10.1016/j.aquaculture.2021.736363

	10.	 Garnier M, Labreuche Y, Garcia C, Robert M, Nicolas JL. Evidence for the involvement of pathogenic bacteria in summer mortalities of the Pacific 
oyster Crassostrea gigas. Microb Ecol. 2007;53(2):187–96. https://doi.org/10.1007/s00248-006-9061-9 PMID: 17245611

	11.	 Jenkins C, Hick P, Gabor M, Spiers Z, Fell SA, Gu X, et al. Identification and characterisation of an ostreid herpesvirus-1 microvariant (OsHV-1 
µ-var) in Crassostrea gigas (Pacific oysters) in Australia. Dis Aquat Organ. 2013;105(2):109–26. https://doi.org/10.3354/dao02623 PMID: 23872855

	12.	 Keeling SE, Brosnahan CL, Williams R, Gias E, Hannah M, Bueno R, et al. New Zealand juvenile oyster mortality associated with ostreid herpesvi-
rus 1-an opportunistic longitudinal study. Dis Aquat Organ. 2014;109(3):231–9. https://doi.org/10.3354/dao02735 PMID: 24991849

	13.	 Burge CA, Judah LR, Conquest LL, Griffin FJ, Cheney DP, Suhrbier A, et al. Summer seed mortality of the Pacific oyster, Crassostrea gigas Thun-
berg grown in Tomales Bay, California, USA: The influence of oyster stock, planting time, pathogens, and environmental stressors. J Shellfish Res. 
2007;26(1):163–72. https://doi.org/10.2983/0730-8000(2007)26[163:ssmotp]2.0.co;2

	14.	 Cheney D, MacDonald B, Elston R. Summer mortality of Pacific oysters, Crassostrea gigas (Thunberg): Initial findings on multiple environmental 
stressors in Puget Sound, Washington, 1998. J Shellfish Res. 2000:353–9.

	15.	 Cochennec N, Dominique H, Panatier B, Viviane B, Eric M, Rogier H, et al. A direct monoclonal-antibody sandwich immunoassay for detection of 
Bonamia ostreae (Ascetospora) in hemolymph samples of the flat oyster Ostrea edulis (Mollusca, Bivalvia). Dis Aquat Org. 1992;12:129–34.

	16.	 Lacoste A, Malham SK, Cueff A, Poulet SA. Noradrenaline modulates hemocyte reactive oxygen species production via beta-adrenergic receptors 
in the oyster Crassostrea gigas. Dev Comp Immunol. 2001;25(4):285–9. https://doi.org/10.1016/s0145-305x(00)00067-7 PMID: 11246068

	17.	 Meng J, Zhang G, Wang W-X. Functional heterogeneity of immune defenses in molluscan oysters Crassostrea hongkongensis revealed by 
high-throughput single-cell transcriptome. Fish Shellfish Immunol. 2022;120:202–13. https://doi.org/10.1016/j.fsi.2021.11.027 PMID: 34843943

	18.	 Ford SE. Effect of repeated hemolymph sampling on growth, mortality, hemolymph protein and parasitism of oysters, Crassostrea virginica. Comp 
Biochemi Physiol A Physiol. 1986;85(3):465–70. https://doi.org/10.1016/0300-9629(86)90431-7

	19.	 Sillanpää JK, Ramesh K, Melzner F, Sundh H, Sundell K. Calcium mobilisation following shell damage in the Pacific oyster, Crassostrea gigas. Mar 
Genomics. 2016;27:75–83. https://doi.org/10.1016/j.margen.2016.03.001 PMID: 26992942

	20.	 Namba K, Kobayashi M, Aida S, Uematsu K, Yoshida M, Kondo Y, et al. Persistent relaxation of the adductor muscle of oyster Crassostrea gigas 
induced by magnesium ion. Fish Sci. 1995;61(2):241–4.

	21.	 Proestou DA, Delomas TA, Sullivan ME, Markey Lundgren K. Sex‐specific gene expression in eastern oyster, Crassostrea virginica, gonad and 
mantle tissues. Invertebr Biolo. 2024;143(1):e12418. https://doi.org/10.1111/ivb.12418

	22.	 Sun D, Yu H, Li Q. Early gonadal differentiation is associated with the antagonistic action of Foxl2 and Dmrt1l in the Pacific oyster. Comp Biochem 
Physiol B Biochem Mol Biol. 2023;265:110831. https://doi.org/10.1016/j.cbpb.2023.110831 PMID: 36681266

	23.	 Yasuoka N, Yusa Y. Effects of size and gregariousness on individual sex in a natural population of the Pacific oyster Crassostrea gigas. J Mollus 
Stud. 2016;82(4):485–91. https://doi.org/10.1093/mollus/eyw020

	24.	 Suquet M, de Kermoysan G, Araya RG, Queau I, Lebrun L, Le Souchu P, et al. Anesthesia in Pacific oyster, Crassostrea gigas. Aquat Living 
Resour. 2009;22(1):29–34. https://doi.org/10.1051/alr/2009006

	25.	 Amemiya I. Effect of gill excision upon the sexual differentiation of the oyster (Ostrea gigas). Rept Jap Ass Adv Sci. 1935;10:1023–6.

	26.	 Coe WR. Sexual phases in the American oyster (Ostrea virginica). Biol Bull. 1932;63(3):419–41. https://doi.org/10.2307/1537344

	27.	 Sun D, Yu H, Li Q. Starvation-induced changes in sex ratio involve alterations in sex-related gene expression and methylation in Pacific oyster 
Crassostrea gigas. Comp Biochem Physiol B Biochem Mol Biol. 2023;267:110863. https://doi.org/10.1016/j.cbpb.2023.110863 PMID: 37164224

	28.	 Langdon C, Evans F, Jacobson D, Blouin M. Yields of cultured Pacific oysters Crassostrea gigas Thunberg improved after one generation of selec-
tion. Aquaculture. 2003;220(1–4):227–44. https://doi.org/10.1016/s0044-8486(02)00621-x

	29.	 Fabioux C, Huvet A, Le Souchu P, Le Pennec M, Pouvreau S. Temperature and photoperiod drive Crassostrea gigas reproductive internal clock. 
Aquaculture. 2005;250(1–2):458–70. https://doi.org/10.1016/j.aquaculture.2005.02.038

	30.	 Guo X, Hedgecock D, Hershberger WK, Cooper K, Allen SK Jr. Genetic determinants of protandric sex in the Pacific oyster, Crassostrea gigas 
Thunberg. Evolution. 1998;52(2):394–402. https://doi.org/10.1111/j.1558-5646.1998.tb01640.x PMID: 28568342

	31.	 Kaplan EL, Meier P. Nonparametric Estimation from Incomplete Observations. J Am Stat Assoc. 1958;53(282):457–81. https://doi.org/10.1080/016
21459.1958.10501452

	32.	 Therneau T. A Package for Survival Analysis in R [Online]. 2024. Available from: https://CRAN.R-project.org/package=survival

	33.	 R Core Team. R: A Language and Environment for Statistical Computing [Online]. Vienna, Austria: R Foundation for Statistical Computing; 2023. 
Available from: https://www.R-project.org/

https://doi.org/10.1016/j.aquaculture.2010.09.030
https://doi.org/10.1016/j.aquaculture.2010.09.030
https://www.nass.usda.gov/Publications/AgCensus/2022/Online_Resources/Aquaculture/index.php
https://www.nass.usda.gov/Publications/AgCensus/2022/Online_Resources/Aquaculture/index.php
https://doi.org/10.1016/j.aquaculture.2021.736363
https://doi.org/10.1007/s00248-006-9061-9
http://www.ncbi.nlm.nih.gov/pubmed/17245611
https://doi.org/10.3354/dao02623
http://www.ncbi.nlm.nih.gov/pubmed/23872855
https://doi.org/10.3354/dao02735
http://www.ncbi.nlm.nih.gov/pubmed/24991849
https://doi.org/10.2983/0730-8000(2007)26[163:ssmotp]2.0.co;2
https://doi.org/10.1016/s0145-305x(00)00067-7
http://www.ncbi.nlm.nih.gov/pubmed/11246068
https://doi.org/10.1016/j.fsi.2021.11.027
http://www.ncbi.nlm.nih.gov/pubmed/34843943
https://doi.org/10.1016/0300-9629(86)90431-7
https://doi.org/10.1016/j.margen.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/26992942
https://doi.org/10.1111/ivb.12418
https://doi.org/10.1016/j.cbpb.2023.110831
http://www.ncbi.nlm.nih.gov/pubmed/36681266
https://doi.org/10.1093/mollus/eyw020
https://doi.org/10.1051/alr/2009006
https://doi.org/10.2307/1537344
https://doi.org/10.1016/j.cbpb.2023.110863
http://www.ncbi.nlm.nih.gov/pubmed/37164224
https://doi.org/10.1016/s0044-8486(02)00621-x
https://doi.org/10.1016/j.aquaculture.2005.02.038
https://doi.org/10.1111/j.1558-5646.1998.tb01640.x
http://www.ncbi.nlm.nih.gov/pubmed/28568342
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1080/01621459.1958.10501452
https://CRAN.R-project.org/package=survival
https://www.R-project.org/


PLOS One | https://doi.org/10.1371/journal.pone.0333208  September 22, 2025 10 / 10

	34.	 Bauer DF. Constructing Confidence Sets Using Rank Statistics. J Am Stat Assoc. 1972;67(339):687–90. https://doi.org/10.1080/01621459.1972.10
481279

	35.	 Balcombe J, Barnard N, Sandusky C. Laboratory routines cause animal stress. Am Assoc Lab Anim Sci. 2004;43(6).

	36.	 Jones TO, Bourne NF, Bower SM, Iwama GK. Effect of repeated sampling on haemolymph pH, PO2 and haemocyte activity in the Pacific oyster, 
Crassostrea gigas (Thunberg). J Exp Mar Biol Ecol. 1993;167(1):1–10. https://doi.org/10.1016/0022-0981(93)90179-r

	37.	 Oubella R, Maes P, Paillard C, Auffret M. Experimentally induced variation in hemocyte density for Ruditapes philippinarum and R. decussatus 
(Mollusca, Bivalvia). Dis Aquat Org. 1993;15:193–7. https://doi.org/10.3354/dao015193

	38.	 Ishikawa H, Takahashi KG, Mori K. Annual Changes in Maturation of the Gonad and Phagocytic Activity in Hemocytes of the Pacific Oyster, Cras-
sostrea gigas, in Onagawa Bay, Miyagi Prefecture. Japanese Soc Aqua Sci. 1999;4. https://doi.org/10.11233/aquaculturesci1953.47.519

	39.	 Ford SE, Paillard C. Repeated sampling of individual bivalve mollusks I: intraindividual variability and consequences for haemolymph constituents 
of the Manila clam, Ruditapes philippinarum. Fish Shellfish Immunol. 2007;23(2):280–91. https://doi.org/10.1016/j.fsi.2006.10.013 PMID: 17175171

	40.	 Parker LM, O’Connor WA, Byrne M, Dove M, Coleman RA, Pörtner H-O, et al. Ocean acidification but not warming alters sex determination in the 
Sydney rock oyster, Saccostrea glomerata. Proc Biol Sci. 2018;285(1872):20172869. https://doi.org/10.1098/rspb.2017.2869 PMID: 29445023

	41.	 Deslous-Paoli J-M, Heral M, Berthome J-P, Razet D, Garnier J. Reproduction Naturelle De Crassostrea gigas Thunberg Dans Le Bassin 
De Marennes-Oléron En 1979 Et 1981: Aspects Biochimiques Et Énergétiques. Rev Trav Inst Peches Marit. 1982;45(4):319–27. https://doi.
org/10.1093/oxfordjournals.mollus.a065752

	42.	 Steele S, Mulcahy MF. Gametogenesis of the oyster Crassostrea gigas in southern Ireland. J Mar Biol Ass. 1999;79(4):673–86. https://doi.
org/10.1017/s0025315498000836

	43.	 Broquard C, Martinez A-S, Maurouard E, Lamy J-B, Dégremont L. Sex determination in the oyster Crassostrea gigas - A large longitudinal study of 
population sex ratios and individual sex changes. Aquaculture. 2020;515:734555. https://doi.org/10.1016/j.aquaculture.2019.734555

	44.	 de Melo CMR, Durland E, Langdon C. Improvements in desirable traits of the Pacific oyster, Crassostrea gigas, as a result of five generations of 
selection on the West Coast, USA. Aquaculture. 2016;460:105–15. https://doi.org/10.1016/j.aquaculture.2016.04.017

	45.	 Lannan J, Robinson A, Breese WP. Broodstock management of Crassostrea gigas II: Broodstock conditioning to maximize larval survival. Aquacul-
ture. 1980;21:337–45.

https://doi.org/10.1080/01621459.1972.10481279
https://doi.org/10.1080/01621459.1972.10481279
https://doi.org/10.1016/0022-0981(93)90179-r
https://doi.org/10.3354/dao015193
https://doi.org/10.11233/aquaculturesci1953.47.519
https://doi.org/10.1016/j.fsi.2006.10.013
http://www.ncbi.nlm.nih.gov/pubmed/17175171
https://doi.org/10.1098/rspb.2017.2869
http://www.ncbi.nlm.nih.gov/pubmed/29445023
https://doi.org/10.1093/oxfordjournals.mollus.a065752
https://doi.org/10.1093/oxfordjournals.mollus.a065752
https://doi.org/10.1017/s0025315498000836
https://doi.org/10.1017/s0025315498000836
https://doi.org/10.1016/j.aquaculture.2019.734555
https://doi.org/10.1016/j.aquaculture.2016.04.017

