
Louisiana State University Louisiana State University 

LSU Digital Commons LSU Digital Commons 

Faculty Publications School of Animal Sciences 

3-1-2020 

Heat shock protein 70 levels and post-harvest survival of eastern Heat shock protein 70 levels and post-harvest survival of eastern 

oysters following sublethal heat shock in the laboratory or oysters following sublethal heat shock in the laboratory or 

conditioning in the field conditioning in the field 

Sandra M. Casas 
LSU Agricultural Center 

Jerome F. La Peyre 
LSU Agricultural Center 

Follow this and additional works at: https://digitalcommons.lsu.edu/animalsciences_pubs 

Recommended Citation Recommended Citation 
Casas, S., & La Peyre, J. (2020). Heat shock protein 70 levels and post-harvest survival of eastern oysters 
following sublethal heat shock in the laboratory or conditioning in the field. Cell Stress and Chaperones, 
25 (2), 369-378. https://doi.org/10.1007/s12192-019-01056-1 

This Article is brought to you for free and open access by the School of Animal Sciences at LSU Digital Commons. 
It has been accepted for inclusion in Faculty Publications by an authorized administrator of LSU Digital Commons. 
For more information, please contact ir@lsu.edu. 

https://digitalcommons.lsu.edu/
https://digitalcommons.lsu.edu/animalsciences_pubs
https://digitalcommons.lsu.edu/animalsciences
https://digitalcommons.lsu.edu/animalsciences_pubs?utm_source=digitalcommons.lsu.edu%2Fanimalsciences_pubs%2F793&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1007/s12192-019-01056-1
mailto:ir@lsu.edu


SHORT COMMUNICATION

Heat shock protein 70 levels and post-harvest survival of eastern
oysters following sublethal heat shock in the laboratory
or conditioning in the field

Sandra M. Casas1 & Jerome F. La Peyre1

Received: 21 August 2019 /Revised: 20 November 2019 /Accepted: 25 November 2019 /Published online: 8 January 2020
# Cell Stress Society International 2020

Abstract
A major problem of storing and shipping eastern oysters (Crassostrea virginica) from the Northern Gulf of Mexico in summer
and early fall is their elevated mortality. A study was therefore conducted to determine whether heat shocking the oysters or
conditioning them to aerial exposure prior to harvest could reduce their mortality during cold storage. Increasing the levels of
stress proteins in bivalves has been shown to reduce their mortality when exposed to additional stressors. In this study, the levels
of heat shock protein 70 (HSP70) proteins and cumulative mortality during cold storage, out of water, of market-sized oysters
were measured, in summer, following (1) sublethal heat shocks (41 °C, 1 h) in the laboratory or (2) 3 weeks to 6 weeks of daily
exposures to air (0 h, ~ 10 h, or ~ 18 h) in the field. In total, four heat shock and two aerial exposure studies were done.
Consistently, heat shocks or 6 weeks of daily aerial exposures increased HSP70 levels in oysters but did not reduce their mortality
during cold storage. Three weeks of daily aerial exposure did not increase HSP70 levels and only marginally reduced mortality; a
significant reduction in cumulativemortality occurred in one of the aerial exposure studies after 7 days of cold storage (0 h [26%],
~ 18 h [8%]). In conclusion, upregulation of HSP70 proteins or aerial exposure during grow-out was not an effective tool in
reducing the mortality of oysters harvested in summer and held in cold storage.

Keywords Aquaculture .Crassostrea virginica . Intertidal emersion . Aerial survival

Introduction

A major problem for the oyster industry of the Northern Gulf
of Mexico (NGoM) is the elevated mortality of oysters out of
the water in cold storage following their harvest in summer
and early fall. During storage and shipping, those oysters start
to gape and die earlier and at higher rates than in the rest of the
year. Solutions for extending the refrigerated shelf life gener-
ally involve using post-harvest processing technologies such
as high hydrostatic pressure, heat-cool pasteurization, individ-
ually quick freezing, or irradiation (Baker 2016; Ronholm
et al. 2016). These processes reduce the oyster bacterial num-
bers and consequently increase their shelf life by preventing
microbial spoilage (Hesselman et al. 1999; Andrews et al.

2000); however, they have the disadvantages of killing the
oysters, which may reduce their palatability with time, and
the industry has to invest in expensive equipment that may
be used only in summer (Kingsley 2014; Baker 2016). The
idea that exposing oysters to air during their grow-out could
extend their post-harvest survival was suggested in one study
in which European (Ostrea edulis) and eastern (Crassostrea
virginica) oysters were cultured in the intertidal zone (Gillmor
1978). Exposing oysters to air during their grow-out is also
widely used by the Australian oyster industry because, in ad-
dition to controlling biofouling and mudworm infestation, it
hardens shell edges and adductor muscles which are thought
to improve post-harvest survival during storage and shipping
(Crawford 2016). In a recent study, it was found that adductor
muscles had firmer texture in refrigerated eastern oysters that
had been exposed to air daily, prior to harvest, compared to
those continuously immersed (Zhang et al. 2017). The harder
shell edges and firmer textures of the adductor muscles might
indicate a better ability of the oysters to stay closed longer out
of the water, preventing loss of shell cavity liquid and desic-
cation. Oysters growing in the intertidal zone experience
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prolonged periods of valve closure during their emersion and
may be better adapted to the stress of cold storage out of water
than oysters that have been continuously immersed prior to
harvest.

Intertidal and sessile bivalves are exposed to a number of
environmental stressors during emersion, especially in sum-
mer, from large changes in body temperature to high temper-
ature, anoxia, and desiccation. Organisms from bacteria to
humans protect their cells from the damages caused by envi-
ronmental stressors by producing stress or heat shock proteins
(HSPs) (Lindquist and Craig 1988; Feder and Hofmann
1999). In unstressed cells, constitutive HSPs are involved in
folding, transportation, regulation, and degradation of pro-
teins. Under environmental stressors, cells also produce induc-
ible HSPs, increasing their total HSP levels, to protect proteins
from denaturation and to refold or eliminate denatured pro-
teins (Sanders 1993; Feder and Hofmann 1999). Among
HSPs, the 70 kDa family (HSP70) is the most temperature
sensitive and conserved, accounting for much of the transla-
tional activity in cells responding to environmental stressors
(Kregel 2002; Fabbri et al. 2008). In bivalves, numerous stud-
ies have demonstrated that a sublethal heat shock results in a
temporary increase of tolerance to an otherwise lethal temper-
ature, and this induced thermotolerance is associated with el-
evated levels of HSP70 proteins (Clegg et al. 1998; Encomio
and Chu 2007; Brun et al. 2009). Other stressors such as
hydrocarbons, anoxia, or low salinity can also increase
HSP70 protein levels (Cruz-Rodriguez and Chu 2002;
Monari et al. 2011), and the upregulation of HSP70 proteins
enhances the tolerance to a wide range of additional stressors
including hypoxia, acidosis, and pollutants (Lindquist and
Craig 1988; Sanders 1993). Increasing the levels of HSP70
proteins has also been suggested as a potential method to
enhance the shelf life of harvested bay scallops, Argopecten
irradians irradians (Brun et al. 2009).

Eastern oysters are well adapted to survive in the intertidal
zone, as historically, their populations formed large and struc-
turally complex intertidal reefs (Hargis and Haven 1999).
Moreover, air exposure has also been reported to increase
oyster survival and growth and possibly reduce the impacts
of pathogens (Gillmor 1982; Littlewood et al. 1992; La Peyre
et al. 2018). An inducible (hsp69) and one (hsc72) or two
constitutive (hsc72, hsc77) isoforms, depending on the anti-
body used, have been reported to make up eastern oyster
HSP70 proteins (Encomio and Chu 2007; Ueda et al. 2009;
Jackson et al. 2011). The sum of the isoforms is considered the
most reliable metric of thermotolerance, and the accumulation
of these HSP70 proteins correlates with an overall increase of
stress tolerance (Fabbri et al. 2008; Jackson et al. 2011). Our
objectives were therefore to determine whether increasing the
levels of HSP70 proteins through their upregulation or induc-
tion by exposing eastern oysters to (1) a sublethal heat shock
in the laboratory (41 °C, 1 h) or (2) temporary (3 weeks or

6 weeks) daily aerial exposure in the field, in summer, could
reduce oysters’ mortality during their refrigeration in cold air.

Materials and methods

Oysters

Market-size oysters (≥ 75 mm shell height) were obtained
from the Louisiana Sea Grant Oyster Hatchery where they
were grown in bags (1.2 cm mesh, 76 cm × 20.5 cm ×
21.7 cm) held subtidally on an adjustable longline system
(ALS) built in shallow waters off the northwest side of
Grand Isle, Barataria Bay, Louisiana, an area with diurnal
tides averaging 0.3 m (La Peyre et al. 2018). The height at
which the oyster bags were suspended could be adjusted by
moving the longline along riser posts placed about 3 m apart
(http://www.bstoysters.com).

Study 1: HSP70 protein levels and cumulative
mortality during cold storage of oysters exposed
to heat shock in the laboratory

About 120 oysters were collected from ALS bags; transported
to Louisiana State University Agricultural Center (LSU),
Baton Rouge; and placed in a 700-L tank with recirculating
artificial seawater (Crystal Sea, Marinemix; Marine
Enterprises International, Baltimore, MD, USA). The salinity
(~ 20 ppt to 25 ppt) and temperature (~ 27 °C to 30 °C) of the
tank were adjusted to the conditions in Grand Isle at the time
of collections. Oysters were fed daily at ~ 5% of their meat dry
weight with Shellfish Diet 1800® (Reed Mariculture Inc.,
Campbell, CA, USA) and acclimated for 2 weeks prior to heat
shocking to reduce the effects of handling and changes of
environmental conditions from field to laboratory. After accli-
mation, 60 oysters were heat shocked by placing them for 1 h
in 50-L aquaria filled with aerated artificial seawater heated to
41 °C. At the same time, another group (control) of 60 oysters
was placed for 1 h in aquaria filled with aerated artificial
seawater maintained at room temperature. All oysters were
then returned to the 700-L tank and fed daily. After a week,
eight oysters from each group were shucked and their gills
were stored at − 80 °C until used to measure HSP70 protein
levels with an enzyme-linked immunosorbent assay (ELISA)
following La Peyre et al. (2014). The remaining oysters, about
50 per group, were placed in trays and stored in a walk-in
cooler at ~ 4 °C for 21 days. The number of dead oysters
was recorded every other day, dead oysters were removed,
and cumulative mortalities were calculated on days 7, 15,
and 21. While Gulf oysters can stay alive longer than 21 days
at ~ 4 °C, a maximum shelf life of 21 days is recommended
because of changes in flavor and texture quality during storage
(Wang 2015; Zhang et al. 2017). The study was repeated four
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times in October 2007, September 2008, June 2009, and
August 2009.

Study 2: HSP70 protein levels and cumulative
mortality during cold storage of oysters after being
continuously immersed or exposed to air daily
for either a moderate (~ 10 h) or long (~ 18 h) time
interval over a 3-week or 6-week period in the field

The ALS was used to maintain oysters under the following
three conditions: (1) exposure to air daily for approximately
8–12 h at low tide (~ 10 h or ~ 42%), (2) exposure to air daily
for approximately 16–20 h at low tide (~ 18 h or ~ 75%), and
(3) continuous immersion (subtidal). Under each condition,
four bags, with 25 oysters per bag, were placed on the ALS
for either 3 weeks or 6 weeks. Bags held for 3 weeks were
placed on the ALS 3 weeks after placing the bags held for
6 weeks so that all oysters were sampled and compared at
the same time. At sampling, all bags were collected and the
numbers of dead and live oysters were counted. Eight oysters
per treatment were shucked, and their gills were stored in dry
ice, transported to LSU, and stored at − 80 °C until HSP70
protein measurement. About 50 oysters per treatment were
transported to LSU and stored in a walk-in cooler for 21 days,
and their mortalities were recorded as described above. The
study was repeated twice, in June and August 2009.

Temperatures in the subtidal bags and the bags exposed
daily to air for ~ 10 h or ~ 18 h were monitored every
30 min using ACR Smart Button data logger temperature
recorders (ACR Systems Inc., Surrey, B.C., Canada). ACR
buttons were protected from seawater with parafilm sealing
film and were placed in the bags, inside a 3-in.-long, 1-in.-
wide polyvinyl chloride pipe with caps at both ends that were
drilled to let seawater in. Additionally, for the studied period
and the same 30-min intervals, water temperatures were ob-
tained from the USGS Barataria Pass monitoring station at
Grand Isle (USGS recorder 073802516) and air temperatures
were obtained from the NOAA station at Grand Isle (GISL-1).

Statistical analysis

All statistical analyses were done using SigmaStat (version
3.5; Systat Software Inc., Chicago, IL, USA). Gill HSP70
protein levels and temperatures were analyzed for normality
using the Kolmogorov-Smirnov test and for equal variance
using the Levene median test. Gill HSP70 protein levels and
temperatures were compared with a one-factor ANOVA
followed by Tukey’s multiple comparison tests when signifi-
cant differences were found (P < 0.05). The cumulative mor-
talities of oysters held in cold storage for 7 days, 15 days, or
21 days were analyzed with a series of chi-square tests. The
mortalities of oysters at the end of their field deployment were

also analyzed with chi-square tests. All data are reported as
means ± standard deviation.

Results

Study 1: HSP70 protein levels and cumulative
mortality during cold storage of oysters exposed
to heat shock in the laboratory

HSP70 protein levels in control oysters ranged between 400 ±
105 ng mg−1 protein in August 2009 and 672 ± 154 ng mg−1

in June 2009. Heat shocking the oysters for 1 h at 41 °C
significantly increased their HSP70 protein levels in the stud-
ies done in October 2007 (P = 0.002), September 2008 (P =
0.003), and August 2009 (P < 0.001), but not in June 2009
(P = 0.411) (Fig. 1). HSP70 protein levels of heat-shocked
oysters were between 1.4 and 2.4 times greater than those of
control oysters.

No difference in cumulative mortalities could be shown in
the October 2007, September 2008, June 2009, and August
2009 studies between control and heat-shocked oysters after
they were placed in the walk-in cooler for 7 days, 15 days, or
21 days (Fig. 1, Table 1).

Study 2: HSP70 protein levels and cumulative
mortality during cold storage of oysters after being
continuously immersed or exposed to air daily
for either a moderate (~ 10 h) or long (~ 18 h) interval
over a 3-week or 6-week period in the field

At the end of the June 2009 field deployment, significant
differences in oyster mortalities were found among treatments.
The mortality of oysters exposed to air for ~ 18 h daily over
6 weeks (21%) was significantly greater than the mortalities of
oysters exposed to air for ~ 10 h daily over 6 weeks (7%) and
of all oysters held over 3 weeks (0 h [3%], ~ 10 h [3%], ~ 18 h
[3%]). The mortality of oysters immersed for 6 weeks was
9%, and differences with the mortalities of the other five treat-
ments could not be shown.

Significant differences in HSP70 protein levels were only
found among oysters held for 6 weeks in the field (P = 0.031,
Fig. 2) with oysters exposed to air for ~ 10 h daily having a
greater mean HSP70 protein concentration than oyster im-
mersed continuously.

Significant differences in the cumulative mortalities of oys-
ters in cold storage were only found among oysters held over
3 weeks in the field prior to harvest (Fig. 2, Table 2). After
7 days in the walk-in cooler, oysters that had been exposed to
air for ~ 18 h daily had a lower cumulative mortality than
oysters continuously immersed or exposed to air for ~ 10 h
daily. After 15 days, oysters that had been exposed to air for ~
18 h daily continued to have a lower cumulativemortality than

Heat shock protein 70 levels and post-harvest survival of eastern oysters following sublethal heat shock in... 371



oysters that had been exposed to air for ~ 10 h daily. After
21 days in the walk-in cooler, differences among cumulative
mortalities were not found (Table 2).

Following similar differences between the air (27.8 ±
0.9 °C) and water (29.4 ± 0.7 °C) temperatures (Fig. 3), the
mean temperature inside ALS bags exposed to air for ~ 18 h
daily (27.7 ± 1.9 °C) was significantly lower (P = 0.003) than
inside subtidal bags (28.8 ± 1.0 °C).

At the end of the August 2009 field deployment, no differ-
ences in field mortality were found among treatments
(3 weeks, 0 h [5%], ~ 10 h [2%], ~ 18 h [6%]; 6 weeks, 0 h
[5%], ~ 10 h [8%], ~ 18 h [9%]; P = 0.463).

Similar to the June 2009 field deployment results, sig-
nificant differences in HSP70 protein levels were only
found among oysters held for 6 weeks in the field
(P < 0.001, Fig. 2). Mean HSP70 protein concentration

Fig. 1 Study 1 HSP70 levels in
control and heat-shocked oysters
measured 7 days after exposure to
41 °C for 1 h. Different letters
represent statistical differences
(P < 0.05). Seven days after the
heat shock, oysters were stored in
a walk-in cooler at 4 °C, and their
cumulative mortality (%) follow-
ed every other day for 21 days
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was greatest in oysters exposed to air for ~ 18 h daily and
lowest in oysters continuously immersed.

Significant differences in the cumulative mortalities of
oysters in cold storage were only found among oysters
that had been held 3 weeks in the field prior to being
placed in the walk-in cooler (Fig. 2, Table 2). After
15 days in the walk-in cooler, oysters that had been ex-
posed to air for ~ 18 h daily had lower cumulative mor-
tality than oysters exposed to air for ~ 10 h daily.
Differences among cumulative mortalities after 7 days or
21 days were not found (Table 2).

In the August 2009 experiment, mean air temperature
(28.9 ± 1.1 °C) was also significantly lower (P < 0.001) than
mean water temperature (30.8 ± 0.7 °C) (Fig. 3). The mean
temperature inside ALS bags exposed to air for ~ 18 h daily
(29.5 ± 1.2 °C) was also lower than that inside bags exposed to
air for ~ 10 h daily (30.4 ± 1.0 °C) and bags continuously
immersed (30.2 ± 0.9 °C) (P < 0.001).

Discussion

Increasing the HSP70 protein levels of NGoM eastern oysters
by either heat shocking the oysters for 1 h at 41 °C in the
laboratory or exposing them to air for ~ 10 h or ~ 18 h daily
for 6 weeks in summer did not reduce their cumulative mor-
tality during cold storage. Exposing oysters to air daily for ~
18 h over a period of 3 weeks instead of 6 weeks marginally
increased their survival in cold storage and did not increase
their HSP70 protein levels. Surprisingly, temperatures within
ALS bags holding oysters out of the water for ~ 18 h, daily,
were slightly but significantly lower than those in continuous-
ly immersed ALS bags because of cooler air than water tem-
peratures. It is likely that shading and sedimentation were
effective in keeping the temperature within the bags from
increasing when the bags were out of water, during the day.
Overall, neither heat shocking in the laboratory nor daily ae-
rial field exposure prior to harvesting could substantially

increase the survival of oysters in cold storage, out of water,
following their harvest in summer and early fall.

Heat shocking oysters significantly increased their HSP70
protein levels in late summer and fall but not in early summer
(June). During these periods, daily water temperatures are
constantly elevated in NGoM. For example, the mean water
temperature (± SD) off Grand Isle between early June and late
September was 30.3 ± 1.2 °C in 2006 and 30.2 ± 1.3 °C in
2007 (La Peyre et al. 2018). Other factors such as the stress
of spawning may be partly responsible for differences in
HSP70 responses between studies. Oysters in subtropical
NGoM can spawn as early as May when water temperature
exceeds 25 °C (Supan and Wilson 2001), and post-spawning
is a significant period of stress for oysters (Cho and Jeong
2005; Li et al. 2007; Huvet et al. 2010). The large initial
reproductive effort of NGoM oysters is followed by gameto-
genic cycling and smaller spawning events that can last until
October. Moreover, the additional production of HSP carries
an elevated energetic cost that might not be met in June in
NGoM oysters when the energy reserves have been depleted
following the high energetic investment in gonad develop-
ment and spawning (Hawkins 1985; Feder and Hofmann
1999; Li et al. 2009). Our results are in agreement with Li
et al. (2007) who found no increase of hsc72 or hsp69 proteins
in post-spawning Pacific oysters (Crassostrea gigas) follow-
ing a heat shock in contrast to pre-spawning oysters which
exhibited about a twofold increase in hsc72 and a threefold
increase in hsp69. Concomitant with the influence of repro-
ductive condition, thermal history is well known to affect the
temperature at which HSPs are induced and the magnitude of
their expression (Roberts et al. 1997; Encomio and Chu 2007;
Li et al. 2007). For example, the levels of HSP70 proteins of
California mussels (Mytilus californianus) collected at differ-
ent times of the year differed, and the magnitude by which
their levels increased upon heat shocking in the laboratory
ranged from a factor of 4 in mussels collected in February to
no increase in mussels collected in August (Roberts et al.
1997). Overall, there appears to be no relationship between

Table 1 Cumulative mortalities
(%) of oysters in study 1 after
7 days, 15 days, and 21 days of
storage out of water at 4 °C. Also
shown are the results of chi-
square analyses to test the effects
of heat shock on cumulative
mortalities

Trials Treatment N Cumulative mortality (%) χ2 P values

7 days 15 days 21 days 7 days 15 days 21 days

October 2007 Control 51 4 10 26 0.467 0.418 0.196
Heat shock 52 0 4 14

September 2008 Control 49 8 8 14 0.637 0.637 0.478
Heat shock 51 4 4 8

June 2009 Control 28 7 43 64 0.568 0.525 0.139
Heat shock 41 15 54 83

August 2009 Control 27 15 52 82 0.361 0.905 0.413
Heat shock 32 28 50 69
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the levels of HSP70 proteins, as measured in our study, and
the survival of oysters in cold storage. This is in contrast to
reported increase in the tolerance of oysters and other bivalves
to heat stress, and other stressors following upregulation of
HSP70 proteins (Clegg et al. 1998; Fabbri et al. 2008;
Jackson et al. 2011).

Cumulative mortality during cold storage was substantially
higher in June and August compared to September or October.

The time bivalves survive out of the water or “aerial survival”
has often been measured to test their relative fitness, or as a
sensitive indicator of environmental stress (Viarengo et al.
1995; de Zwaan and Eertman 1996). It is clear that using this
indicator, oysters, in June and August, were significantly less
able to withstand the additional stress of aerial exposure in
cold storage than oysters in September or October. Oysters
can generally survive for extended periods out of the water

Fig. 2 Study 2 HSP70 levels in
field oysters continuously
immersed (0 h) or exposed to air
for ~ 10 h or ~ 18 h daily over a 3-
week or 6-week period. Different
letters represent statistical differ-
ences (P < 0.05). Cumulative
mortality (%) following harvest-
ing and refrigeration for 21 days
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as long as the grow-out and storage temperatures are not ex-
cessively high. Like other bivalves, oysters with their shells
closed rely on anaerobic metabolism and the production of
energy by fermentation of glycogen and aspartate, following
a reduction in metabolism, transcription, and protein synthesis
(Larade and Storey 2009). The adenosine triphosphate (ATP)
yield, however, is low compared with that available from the
complete oxidation of carbohydrates by the tricarboxylic acid
cycle under normoxic condition, and a large reserve of glyco-
gen and amino acids is needed for maintenance under anaer-
obic metabolism (de Zwaan 1983). In summer, oysters, most
likely, do not have the energy reserves to maintain their an-
aerobic metabolism during storage for an extended period, and
the low ATP yield may prevent adductor muscles from
keeping the valves shut, leading to the loss of shell cavity
fluid, desiccation of the oysters, and death. Li et al. (2009)
reported that the glycogen reserves are depleted and adenylate
energy charge is lower in post-spawning oysters in summer,
resulting in a suppressed metabolic activity. If the valves stay
closed, anaerobic metabolism of oysters can also result in the
buildup of carbon dioxide in tissues and eventually death
(Michaelidis et al. 2005; Lombardi et al. 2013).

Conclusion and future outlooks

Exposing oysters to air periodically during grow-out in
summer, prior to harvest, could not substantially reduce
their cumulative mortality during cold storage. Summer
conditions in NGoM, characterized by an extended period
of high temperature and low food quality (Qian et al. 2003;
Nababan et al. 2011), bring an associated reduction in en-
ergetic reserves that can have lethal effects when stressors

are superimposed (Pernet et al. 2010; Sokolova et al.
2012). Increasing energy in reserve or limiting its deple-
tion, in summer, may be a key to increasing oysters’ shelf
life. This might be done by manipulating the grow-out
method or environment to limit the energy allocated to
reproduction. Seed hardening, for example, is a practice
adopted in Japan because it eliminated summer mass mor-
talities of Pacific oysters that were constantly immersed
from rafts (Ventilla 1984; Mondol et al. 2016). It consists
of exposing seed oysters to air daily during their first year
of culture prior to immersing them constantly for a second
year of growth. Smaller oysters whose growth have been
stunted likely allocate less energy into gonad production
and may have more reserves to tolerate summer stressors
when continuously immersed during their second summer.
Transfer of oysters to sites less suitable for gametogenesis
(e.g., low salinity, low food availability) in the months
prior to the reproductive season might also limit the risk
of mortalities and possibly increase their shelf life as a
phytoplankton-rich environment that promotes high oyster
growth rate and reproductive effort (gonadic-to-somatic
ratio exceeding 40%) increases the risk of summer mortal-
ities (Samain and McCombie 2008). Triploid Pacific oys-
ters (Crassostrea gigas) due to their reduced reproductive
effort have also been shown to suffer lower summer mor-
talities (Samain and McCombie 2008) and should be in
better condition to survive cold storage out of the water
in summer. Finally, oyster populations that may survive
longer in cold storage could be selected. Families of
greenshell mussels (Perna canaliculus), for example, were
shown to vary significantly in aerial survival with families
surviving longer out of water (LD50 ~ 17 days) upregulat-
ing anaerobic metabolism earlier than families surviving

Table 2 Cumulative mortalities
(%) of oysters in study 2 after
7 days, 15 days, and 21 days of
storage out of water at 4 °C. Also
shown are the results of chi-
square analyses to test the effects
of daily aerial exposure on cu-
mulative mortalities at each sam-
pling time. Different
superscript letters represent sta-
tistical differences (P < 0.05)

Trials No. of
weeks
in the
field

No. of
hours of
daily air
exposure

N Cumulative mortality (%) χ2 P values

7 days 15 days 21 days 7 days 15 days 21 days

June 2009 3 0 50 26A 64AB 88 0.025 0.044 0.472
10 50 28A 76A 90

18 50 8B 52B 82

6 0 50 20 70 88 0.292 0.134 0.426
10 50 24 54 80

18 50 12 52 88

August
2009

3 0 46 17 61AB 89 0.160 0.046 0.313
10 50 18 78A 84

18 49 6 55B 78

6 0 50 14 62 90 0.882 0.319 0.505
10 50 16 76 96

18 51 18 69 92
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shorter time (LD50 ~ 9 days) (Powell et al. 2017). In east-
ern oysters, there is evidence of population and regional
differences in the genetic and performance of eastern oys-
ters (Barber et al. 1991; Varney et al. 2016; Leonhardt et al.
2017) and in adaptation to local estuarine salinity condi-
tions (Burford et al. 2014; Leonhardt et al. 2017). It is
therefore likely differences in aerial survival will be found
and can be bred for to increase oyster shelf life during
shipment in summer, therefore addressing a recurring prob-
lem for the oyster industry.
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Fig. 3 Study 2. Top graphs show a 1-week extract of the temperature
recorded in the June 2009 and August 2009 experiments in the ALS bags
immersed (0 h) or exposed to air for ~ 10 h or ~ 18 h daily, as well as the
tide height. Bottom graphs show the water temperature data obtained

from the USGS Barataria Pass station at Grand Isle (USGS recorder
073802516) and air temperature from the NOAA station at Grand Isle
(GISL-1) for the same period. Hours and dates are indicated in the X axes
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