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Abstract

The frequency and intensity of anoxic and hypoxic events are increasing worldwide, creating stress on the organisms that
inhabit affected waters. To understand the effects of low dissolved oxygen stress on oysters, hatchery-reared oysters were
placed in cages and deployed along with continuously recording environmental data sondes at a reef site in Mobile Bay, AL
that typically experiences low oxygen conditions. To detect and measure sublethal stress, we measured growth and survival
of oysters as well as expression of three biomarkers, heat shock protein 70 (HSP70), hypoxia inducible factor (HIF) and
phospho-p38 MAP kinase, in tissues from juvenile and adult oysters. Survival rates were high for both juvenile and adult
oysters. Expression levels of each of the 3 isoforms of HSP 70 were negatively correlated to dissolved oxygen (DO)
concentrations, suggesting that HSP 70 is useful to quantify sublethal effects of DO stress. Results for HIF and phospho-p38
MAP kinase were inconclusive. Test deployments of oysters to assess expression of HSP 70 relative to environmental
conditions will be useful, in addition to measuring abiotic factors, to identify appropriate sites for restoration, particularly to
capture negative effects of habitat quality on biota before lethal impacts are incurred.
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Introduction

Restoration and management efforts are ongoing worldwide to

enhance the area and function of oyster reefs to compensate for

those that have gone functionally extinct [1]. Declines are linked to

overharvesting, presence of non-native species, and disease as well

as to degradation of environmental conditions, including increas-

ing incidence of hypoxia [1,2]. Pollack et al. [3] created a

suitability index for oyster restoration based on salinity, temper-

ature, turbidity, dissolved oxygen (DO) and depth, which

demonstrated that identifying suitable sites for restoration is

critical to success. This suitability index and associated reef quality

index, however, could be taken a step further to include

measurements of physiological stress, particularly to capture

sublethal stress, further avoid species loss, and improve restoration

success.

Anoxic and hypoxic conditions are pervasive and likely to be

enduring because they are engendered by natural, as well as

anthropogenic causes [4]. Low DO concentration conditions

occur naturally due to water column stratification, normal

biological processes and lack of wind mixing [5]. Anthropogenic

low DO concentration conditions are typically related to increased

inputs of land-derived nitrogen (N) to coastal waters that lead to

phytoplankton blooms and their subsequent decomposition that

consumes oxygen [6,7]. Excessive or sustained low DO conditions

contribute to loss of commercially important fishery stocks [8–10]

and hinder associated restoration efforts [11,12]. There are

ongoing efforts world-wide to understand and manage the causes

and effects of hypoxia on coastal ecosystems [7,13]. Currently, the

threshold for hypoxia is typically set at 2 mg L21 DO

concentration due to the significant impacts to ecosystems in

terms of species diversity and abundance at and below this level,

with 4 mg L21 DO concentration set as the minimum level for

maintenance of a healthy system (for review see [14]).

Low DO stress can have lethal and sublethal effects on many

species, including oysters [15,16]. Sublethal affects can lead to

reduced growth, reduced feeding, and increased susceptibility to

disease [16,17]. Sublethal stress from low DO in relatively tolerant

species such as oysters is not well understood, especially

cumulative stress; given low DO concentration events are often

episodic in nature [5,8]. Several molecular biomarkers have been

identified that may prove useful in examining low DO induced

sublethal stress [18]. The term ‘‘biomarker’’ was first used in

relation to environmental contamination, a biological response to

chemical(s) given some amount of exposure [19]. Heat shock

protein 70 (Hsp70) has been used broadly as a biomarker for

environmental stress, and while first discovered in response to heat

shock, it has been shown to respond to a variety of stressors [20].

Additional biomarkers for DO stress include hypoxia inducible

factor (HIF) and phospho-p38 MAPK. Hsp70 has been increas-

ingly used to study effects of a variety of abiotic stressors, but is not

well studied in invertebrates [21].

Hsp70 is considered a molecular chaperone, it is responsible for

maintaining folding, minimizing proteins aggregating in a non-

native state and targeting denatured proteins for removal during

normal cell functioning and during stress (reviewed in [22–25]).

Hsp70 is highly conserved through evolutionary history [26]. In
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oysters, there are 3 isoforms of Hsp70 (Hsc77, Hsc72, Hsp69). The

first two are constitutively expressed but there can be increased

expression in response to stress, while the third is induced as a

result of stress [27]. HIF is a transcription factor, which under low

oxygen conditions leads to an increase in the transcription of genes

involved in responses to low oxygen conditions [28,29]. The

signaling pathway involving HIF has been well studied in

vertebrates, but initial studies in invertebrate systems suggested it

might not be important or even present. The genetic sequence for

HIF and associated transcriptional changes in response to hypoxia

have been documented in the oyster Crassostrea virginica
(Gmelin, 1791), suggesting that it may be a valuable marker for

low DO concentration stress in oysters as in vertebrates [30]. p38

MAPKs are part of a group of protein kinases that are

intermediaries between extracellular stress and the resulting

increase in expression of other pathways in the cell nucleus

[31,32]. In marine mussels and snails, low DO concentration

exposure was shown to increase p38 MAPK expression [33,34]. In

vertebrate systems the four isoforms of phospho-p38 MAPK

responded to different stressors and not every isoform is present in

every tissue type [31], with alpha and gamma isoforms implicated

in hypoxia response [35]. The role of different isoforms in

invertebrates has not been examined. To date there have been

mixed results reported for the usefulness of biomarkers for hypoxia

in invertebrates [36,37], indicating that more detailed study is

needed and suggesting that multiple biomarkers might be

important.

To examine the response of oysters to low DO concentration, a

field study was performed in Mobile Bay, AL (Fig. 1), an area that

experiences periodic extended low DO concentrations. To capture

responses to low DO relative to ontogeny and relative to the range

of bottom relief typical to reef sites, adult and juvenile oysters were

Figure 1. Sand Reef and Denton reef study site in Mobile Bay, AL near the Dauphin Island Sea Lab (DISL).
doi:10.1371/journal.pone.0104440.g001
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Figure 2. Daily maximum, average, and minimum dissolved oxygen (DO) concentrations for the top (1.0 m off bottom) and bottom
(0.1 m off bottom) depth at Sand Reef, Mobile, AL.
doi:10.1371/journal.pone.0104440.g002
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deployed at two depths (0.1 m and 1.0 m from the sediment

surface). Oysters were sampled at various time points, and

traditional measurements of growth and survival were coupled

to examination of the expression levels of 3 biomarkers, HSP70 (3

isoforms), HIF and p38 MAPK.

Mobile Bay presents an ideal location to study the effects of

sublethal DO concentration stress on oysters. Although it

experiences periodic low DO concentrations, there is still a

standing stock of oysters and restoration efforts are currently

underway [1,38]. Historically oyster restoration in Mobile Bay has

Figure 3. Daily mean salinity (A) and temperature (B) for the top depth (1.0 m off bottom) and the bottom depth (0.1 m off bottom)
at Sand Reef, Mobile, AL.
doi:10.1371/journal.pone.0104440.g003
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been dominated by shell planting with varied success [39]. More

recently projects have used various types of cement blocks and

focused on the economic benefits of oyster reef restoration to the

Gulf of Mexico [40]. Native stocks and restoration projects will

benefit from better understanding of the environmental conditions

that lead to sublethal and lethal stress on oysters.

Methods

Oyster transplants
To assure that previous exposure was similar and that oysters

were of the same genetic stock, oysters were obtained from the

Auburn University Shellfish Hatchery and transplanted at Sand

reef (Fig. 1), a historical oyster reef site in Mobile Bay, AL.

Because the relief at this reef (largely remnant) varied gradually up

to a height of 1.0 m above the sediment bottom across several

meters, we simulated this natural relief by deploying caged oysters

at fixed heights (0.1 m (bottom) and 1.0 m (top)) above the bottom

on two existing pilings at each reef. This range of relief is also

typical to oyster restoration projects [9]. To capture ontogenic

variation in response to low DO conditions, 50 juvenile

(40.160.3 mm) and 45 adult (62.860.4 mm) hatchery-reared

oysters were placed in three replicate aquaculture cages (30 cm

wide640 cm long610 cm deep). Cages were cleaned and oyster

survival was noted every two weeks, at which time, up to 15

individuals of each age group were collected for growth

measurement, mortality assessment, dry weight and protein

analysis. To test cumulative effects, oysters were deployed for 87

days, thereby allowing the oysters to be exposed to several periods

of low DO concentrations. To test for the co-occurring stressors of

low DO concentration and low salinity, oysters were also deployed

at nearby Denton reef, in Mobile Bay, AL (Fig. 1). Collection

permits were attained from the Alabama Department of Conser-

vation and Natural Resources.

Environmental parameters
YSI 6600 data sondes were deployed to take measurements

every 15 minutes, creating a 5 minute average of temperature,

salinity, and DO. Sondes were deployed at the two cage depths,

1.0 m (top) and 0.1 m (bottom) off the bottom. Sondes were

cleaned and calibrated ,biweekly, using the manufacturer’s

standard methods for YSI 6-Series Sondes, one point saturated

air method.

Protein analyses
Gill, mantle and adductor muscle tissues were dissected from

sampled oysters, frozen in liquid nitrogen, and stored at 280uC
until analysis. Mantle and gill tissues have been shown to exhibit

rapid response to stress [26]. We also chose to include adductor

muscle because it is commonly sampled among all types of

biological studies and it is important in the catch response,

allowing the valves to open or close [41]. Tissues were extracted in

lithium dodecyl sulfate (LiDS) sample buffer (1:4 w:v) (125 mM

Tris pH 6.8, 10% glycerol, 2% LiDS); samples were centrifuged at

14,0006g for 10 minutes after which the supernatant was

collected and re-centrifuged for another 10 minutes. Total protein

concentration was determined using the BioRad DC assay

(BioRad, Hercules, CA, USA) with bovine serum albumin

standards. Proteins were analyzed by SDS-polyacrylamide gel

electrophoresis. Samples of 100 mg total protein concentration

were run on 8% gels at 100 V for 2.5 hours. Proteins were

transferred to a nitrocellulose membrane (Amersham Hybond-

ECL, GE Healthcare) at 100 V for 1 hour. Membranes were

blocked for 1 hour with 50/50 Odyssey Buffer (LiCOR) and PBS

(pH 7.4). Membranes were analyzed by immunoblotting with anti-

HSP 70 antibodies (1:10,000, Sigma St Louis, MO), HIF (created

by Thermo Fisher from Genbank sequence HM441076, 1:500

Waltham, MA) and p38 MAP kinase (1:1,000, Cell Signaling

Beverly, MA). Actin (1:10,000, Neo Markers Fremont, CA) was

used as a loading control, and an internal standard (anoxic treated

mantle – mantle from oysters exposed to 4 days of anoxia) was run

on all gels to allow between gel comparisons. Membranes were

probed with GAR (1:4,000) and GAM (1:20,000) fluorescent

secondary antibodies (LiCOR). Blots were viewed under infrared

fluorescence (LiCOR, Lincoln, NE) and images analyzed with a

LICOR Odyssey Imager and associated software (LiCOR,

Lincoln, NE). Bands were quantified by drawing a box around

and adjusted to the loading control (actin) and an internal standard

(anoxic treated mantle). Band intensity is expressed as relative

intensity.

Statistical analysis
Minitab (version 16) was used for all statistical analyses. A GLM

with date as a covariate was run on the environmental data and

the growth and survival data. For the protein expression data all

intensity values were square root and arc sin transformed before

analysis. Liner regression analysis was used for protein expression

versus 2-week average DO concentrations [27]. An a value of 0.05

was used for all tests.

Results

Site parameters
Average daily DO concentrations differed through time at study

sites on Sand reef in Mobile Bay, AL, with DO concentration at

the top (1.0 m) significantly higher than at the bottom (0.1 m)

depth (Fig. 2, p,0.001). Absolute DO concentrations ranged from

0.52 to 12.72 mg L21 at the top and 0.07–9.91 mg L21 at the

bottom depth (Fig. 2). Average daily salinity also differed between

the top (1.0 m) and bottom (0.1 m) depths (Fig. 3A, p,0.001), but

temperature did not (Fig. 3B, p = 0.36). Salinity at the bottom

depth ranged from 10.2 to 29.3 and at the top depth ranged from

8.9 to 26.7. Temperature ranged from 26.5–31.9uC overall. Sand

reef had significantly higher salinity than comparison site Denton

Table 1. Daily mean (6 standard error) growth rates for juvenile and adult oysters and top and bottom depths, along with
regression statistics.

Growth rate (mm day21)

Top (1.0 m) Bottom (0.1 m)

Juvenile 0.1460.02 Freg 1, 0.003 = 40.82 0.1260.02 Freg 1, 0.003 = 41.45

Adult 0.1260.02 Freg 1, 0.002 = 35.80 0.0760.03 Freg 1, 0.034 = 8.44

doi:10.1371/journal.pone.0104440.t001
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Figure 4. Regression analysis of juvenile gill (G, open circle, dashed line), adductor muscle (A, grey circle, grey line), and mantle (M,
black circle, black line) tissue relative protein expression for the 3 isoforms of Hsp70 versus the average of previous 2 weeks daily
dissolved oxygen (DO) concentrations. Regression lines are only present for significant regressions.
doi:10.1371/journal.pone.0104440.g004
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Figure 5. Regression analysis of adult gill (G, open circle, dashed line), adductor muscle (A, grey circle, grey line), and mantle (M,
black circle, black line) tissue relative protein expression for the 3 isoforms of Hsp70 versus the average of previous 2 weeks daily
dissolved oxygen (DO) concentrations. Regression lines are only present for significant regressions.
doi:10.1371/journal.pone.0104440.g005
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reef (GLM, F = 505.38, df = 1. p,0.001; Sand 20.6860.02,

Denton 14.7660.02) and higher DO concentration (GLM,

F = 24.67, df = 1, p,0.001 Sand 4.9260.01 mg L21, Denton

4.0660.01 mg L21).

Growth and Survival
Juveniles had higher growth rates than adult oysters at their

respective depths (Table 1). Oysters at the top depth had higher

growth rates than those at the bottom depth (GLM, F = 27.63,

df = 3. p,0.001). Survival did not differ with depth or between age

classes and was greater than 90% at all depths and ages.

Biomarkers
Hsp70. The three isoforms of Hsp70 were present in all

tissues sampled from both age groups and transplant depths

(example blot, Figure S1). For juveniles, 45% of the variation in

relative protein expression of the inducible form of Hsp70 (Hsp69)

in gill tissue was accounted for by DO concentration (Fig. 4,

bottom), with higher expression corresponding to lower DO

concentration. In the constitutive forms, there was also signifi-

cantly higher expression with lower DO, although less of the

variation was explained (25% and 14% respectively for Hsc 77 and

72, Fig. 4). Similar patterns were seen for expression of all three

isoforms in juvenile adductor muscle (25, 39 and 36% for Hsc77,

72 and Hsp69 respectively, Fig. 4). However, with mantle tissue

only Hsc77 and Hsp69 showed a relationship with DO

concentration, with 29% (Hsc77) and 55% (Hsp 69) of variation

in expression explained by DO concentration (Fig. 4).

For adult oysters, 24% of Hsp69 expression in gill tissue was

explained by DO concentration (Fig. 5, bottom). In adult gill

tissue, there was no significant relationship between expression of

the constitutive isoforms (Hsc77, Hsc72) and DO concentration

(Fig. 5, top panels). In adult adductor muscle Hsc72 and Hsp69

expression showed a positive relationship with DO concentration

(Fig. 5, middle and bottom). For the adult mantle tissue, there was

no relationship between the expression of any of the Hsp70

isoforms and DO concentration (Fig. 5).

Low DO also accounted for 60% of the variation Hsp69 in

juvenile gill tissue at nearby Denton reef. Interestingly, when

oysters were subjected to dual stressors (low salinity and low DO at

Denton reef), Hsp69 expression remains high even with higher

DO concentration (Fig. 6).

HIF. We detected HIF expression, but did not observe any

change in HIF expression in relation to different DO concentra-

tions, regardless of age or depth (data not shown, Figure S2).

Phospho-p38 MAPK. We were not able to separate the alpha

and beta isoforms, the combined isoform alpha/beta was

expressed, along with the gamma isoform, in oysters from both

Figure 6. Regression analysis of juvenile gill tissue for the inducible Hsp70 isoform, Hsp69 versus the average of the previous 2
weeks daily dissolved oxygen (DO) concentrations. DO data from Denton reef (circles), and data when there was both salinity and DO stress as
defined by [41] (X).
doi:10.1371/journal.pone.0104440.g006
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depths, ages and in all three tissue types. We detected differences

in expression between ages, depths and isoforms, but we found no

pattern related to DO concentration or any other stressor (data not

shown, Figure S3).

Discussion

With the exception of periodic low DO concentrations (down to

3.2% saturation) most environmental parameters at study sites in

Mobile Bay, AL were within the ranges suitable for oyster survival

and growth [41,42]. Accordingly oysters at our study sites survived

well and had growth rates typical to the location and season [43],

but showed physiological responses (protein expression) consistent

with periodic stress associated with low DO concentrations. We

found the best relationship between Hsp70 expression and the 2-

week average DO concentration, indicating that the recent history

of exposure to low DO through time is important to detect stress

responses in oysters. Helmuth & Hofmann [44] found a similar

pattern for temperature response. These data demonstrate the

benefit of monitoring oysters in the field for several months while

continuously measuring environmental attributes to test conditions

oysters would experience in restoration programs.

There were differences in protein expression among the Hsp70

isoforms between the two age classes of oysters. There was greater

expression of all three isoforms of Hsp70 in the juveniles in

response to low DO concentration. However, for adults the

primary effects were only seen for the inducible form Hsp69.

Interestingly, there also were tissue-specific differences in protein

expression between age classes. Such differences have been

observed by other authors (e.g., [26]); however, the exact reason

for these differences is not yet clear. Differences between age

classes may indicate an ontogenetic effect due to either differences

in relative growth rate or differences in physiological or cell

functioning between age classes. Other authors have demonstrated

that age can affect organism response to stress [45,46]. These

findings highlight the need to measure cumulative stress effects and

consider endogenous factors (tissue type and age class) to identify a

dominant environmental stressor.

Finding a biomarker that specifically responds to low DO

conditions in oysters is a work in progress. We did not detect

differences in expression of hypoxia inducible factor (HIF), a

known hypoxia biomarker in other species, in relation to changes

in DO concentration or with age in oysters, despite antibody

detection of the protein in oysters and embryonic mouse lung

(Figure S2). Our findings may result from detection of the

constitutive expression and not expression of the different subunits

as in vertebrate systems [47–49]. Kawabe & Yokoyoma [49] found

changes in protein and m-RNA expression, using a different

peptide that was not available when we performed this study. This

peptide may be more appropriate for hypoxia investigations. We

were able to detect phosphorylation of at least 3 isoforms of

phospho-p38 MAPK, indicating the protein expression increased

and that oysters were experiencing stress. We however, did not

detect significant patterns in any of the isoforms, in either age

class. Since DO concentration only accounted for up to 50% of the

variation in Hsp70 isoform expression, the expression of the

phosphorylated isoforms of p38-MAPK may be due to other

stressors such as low salinity, infection, or environmental pollution

[50,51]. Many studies have detected a response to thermostress,

contaminant exposure, and multiple stressors by induction of

Hsp70 in oysters (e.g., [26,27,52–56]). Hsp70 responded to the

dominant stressor in our system, DO concentration; based on our

findings, Hsp70 isoforms, particularly Hsp69, show promise to

indicate sublethal stress before traditional growth and survival

measurements are affected.

Experiments to test site suitability prior to selection have been

recognized as key to successful restoration of oyster reefs

[3,43,57,58]. The suitability index created by Pollack et al. [3]

to aid in oyster restoration site management, stressed the

importance of adaptive management strategies for site selection.

In addition to the information suggested by Pollack et al. [3]

(abiotic and oyster abundance), using stress proteins as broad

response biomarkers has been recommended for initial environ-

mental monitoring [59,60]. We have shown that Hsp70 has the

ability to respond to an abiotic stressor (low DO concentration)

within two weeks, even in relatively stress-tolerant bivalves [61],

prior to detectable effects on growth or survival. Understanding

sublethal stress to predict and avoid species loss has broad

applications, and has been identified as important to management

of communities from recreational fisheries to coral reefs as well as

to contaminant monitoring [62–64]. Our data support the idea

that protein biomarkers, measured in sentinel species such as

oysters, provide a promising approach to identify suitable sites for

restoration, particularly to capture negative effects of habitat

quality on biota before lethal impacts are incurred.

Supporting Information

Figure S1 Example blot of Hsp70 showing the 3
isoforms (Hsc77, Hsc72, Hsp69) and Actin in Sand
Bottom (SB) Adult mantle and AM (adductor muscle)
tissues and in the internal standard (Std).

(TIF)

Figure S2 Example blot of HIF with mouse embryonic
lung (lung), juvenile gill tissue from hypoxic site 6/9/10
(DBJ), juvenile gill tissue from normoxic site 8/4/10
(STJ) and internal standard (STD).

(TIF)

Figure S3 Example blot of phopho-p38 MAPK showing
the gamma (c) and alpha/beta (a/b) isoforms in adult
and juvenile gill tissue 9/21/10 for the top and bottom
depths.

(TIF)

Acknowledgments

We thank the Carmichael Lab and Dauphin Island Sea Lab Technical

support staff for field assistance, and members of the Boettcher and

Gerhoffer lab’s for laboratory assistance.

Author Contributions

Conceived and designed the experiments: HKP AB RHC. Performed the

experiments: HKP. Analyzed the data: HKP AB RHC. Contributed

reagents/materials/analysis tools: AB RHC. Wrote the paper: HKP AB

RHC.

References

1. Beck MW, Brumbaugh RD, Airoldi L, Carranza A, Coen LD, et al. (2011)

Oyster reefs at risk and recommendation for conservation, restoration, and

management. BioScience 61(2): 107–116.

2. Grabowski JH, Peterson CH (2007) Restoring Oyster Reefs to Recover

Ecosystem Services. In: Cuddington K, editor. Ecosystem Engineers: Plants to

Protists: Elsevier.

Oyster DO Biomarkers

PLOS ONE | www.plosone.org 9 August 2014 | Volume 9 | Issue 8 | e104440



3. Pollack JB, Cleveland A, Palmer TA, Reisinger AS, Montagna PA (2012) A

restoration suitability index model for the Eastern oyster (Crassostrea virginica)

in the Mission-Aransas Estuary, TX, USA. PLoS ONE 7(7): e40839.

4. Bishop M, Powers S, Porter H, Peterson C (2006) Benthic biological effects of

seasonal hypoxia in a eutrophic estuary predate rapid coastal development.

Estuarine, Coastal and Shelf Science 70: 415–422.

5. Park K, Kim C-K, Schroeder WW (2007) Temporal variability in summertime

bottom hypoxia in shallow areas of Mobile Bay, Alabama. Estuaries and Coasts

30(1): 54–65.

6. Cloern J (2001) Our evolving conceptual model of the coastal eutrophication

problem. Marine Ecology Progress Series 210: 223–253.

7. Kemp W, Testa J, Conley D, Gilbert D, Hagy J (2009) Temporal responses of

coastal hypoxia to nutrient loading and physical controls. Biogeosciences 6

2985–3008.

8. Gray J, Wu R, Or Y (2002) Effects of hypoxia and organic enrichment on the

coastal marine environment. Marine Ecology Progress Series 238: 249–279.

9. Gregalis K, Powers S, Heck K (2008) Restoration of oyster reefs along a bio-

physical gradient in Mobile Bay, Alabama. Journal of Shellfish Research 27(5):

1163–1169.

10. Wallace R, Rikard F, Howe J, Rouse D (2002) Optimum size for planting

hatchery produced oyster seed. Final Technical Report Mississppi-Alabama Sea

Grant Consortium. Grant No. NA86RG0073. Project No. R/LR-46-NSI-2. 48

p.

11. Saoud IG, Rouse DB, Wallace RK, Supan JE, Rikard S (2000) An in situ study

on the survival and growth of Crassostrea virginica juveniles in Bon Secour Bay,

Alabama. Journal of Shellfish Research 19(2): 809–814.

12. Saoud I, Rouse D, Wallace R, Howe J, Page B (2000) Oyster Crassostrea
virginica spat settlement as it relates to the restoration of Fish River Reef in

Mobile Bay, Alabama. Journal of World Aquaculture Society 31(4): 640–650.

13. Cerco C, Noel M (2007) Can oyster restoration reverse cultural eutrophication

in Chesapeake Bay? Estuaries and Coasts 30(2): 331–343.

14. NRC (2000) Clean Coastal Waters: Understanding and Reducing the Effects of

Nutrient Pollution. Washington, DC: The National Academies Press.

15. Stickle WB, Kapper MA, Liu L-L, Gnaiger E, Wang SY (1989) Metabolic

adaptations of several species of crustaceans and molluscs to hypoxia: Tolerance

and microcalorimetric studies. Biological Bulletin 177: 303–312.

16. Baker S, Mann R (1994) Description of metamorphic phases in the oyster

Crassostrea virginica and effects of hypoxia on metamorphosis. Marine Ecology

Progress Series 104: 91–99.

17. Burnett LE, Stickle WB (2001) Physiological Response to Hypoxia. In: Rabalais

N, Turner RE, editors. Coastal Hypoxia: Consequences for Living Resources

and Ecosystems: American Geophysical Union.

18. Karouna-Reneir NK, Zehr JP (1999) Ecological implications of molecular

markers: assaying sub-lethal stress in the midge Chironomus tentans using heat

stock protein 70 (HSP-70) expression. Hydrobiologia 401: 255–264.

19. Peakall DB (1994) The role of biomarkers in environmental assessment (1).

Introduction. Ecotoxicology 3(3): 157–160.

20. McCarthy JF, Shugart LR (1990) Biomarkers of environmental contamination.

Boca Raton, FL: Lewis Publishers. 457 p.

21. Roberts R, Agius C, Saliba C, Bossier P, Sung Y (2010) Heat shock proteins

(chaperones) in fish and shellfish and their potential role in relation to fish health:

a review. Journal of Fish Diseases 33: 789–901.

22. Feder ME, Hofmann GE (1999) Heat-shock proteins, molecular chaperones,

and the stress response: Evolutionary and ecological physiology. Annual Review

of Physiology 61: 243–282.

23. Fink AL (1999) Chaperon-mediated protein folding. Physiological Reviews 79(2):

425–449.

24. Hendrick JP, Hartl FU (1993) Molecular chaperone functions of heat-shock

proteins. Annual Review of Physiology 62: 349–384.

25. Mayer MP, Bukau B (2005) Hsp70 chaperones: Cellular functions and molecular

mechanism. CMLS Cellular and Molecular Life Sciences 62: 670–684.

26. Fabbri E, Valbonesi P, Franzellitti S (2008) HSP expression in bivalves.

Invertebrate Survival Journal 5: 135–161.

27. Clegg JS, Uhlinger KR, Jackson SA, Cherr GN, Rifkin E, et al. (1998) Induced

thermotolerance and the heat sock protein-70 family in the Pacific oyster

Crassostrea gigas. Molecular Marine Biology and Biotechnology 7(1): 21–30.

28. Gorr TA, Wichmann D, Hu J, Hermes-Lima M, Welker AF, et al. (2010)

Hypoxia tolerance in animals: Biology and application. Physiological and

Biochemical Zoology 83(5): 733–752.

29. Wu RSS (2002) Hypoxia: from molecular responses to ecosystem responses.

Marine Pollution Bulletin 45: 35–45.

30. Piontkivska H, Chung JS, Ivanina AV, Sokolov EP, Techa S, et al. (2011)

Molecular characterization and mRNA expression of two key enzymes of

hypoxia-sensing pathways in eastern oysters Crassostrea virginica (Gmelin):

Hypoxia-inducible factor a (HIF-a) and HIF-proyl hydroxylase (PHD).

Comparative Biochemistry and Physiology, Part D 6(2): 103–114.

31. Korb A, Tohidast-Akrad M, Cetin E, Axmann R, Smolen J, et al. (2006)

Differential tissue expression and activation of p38 MAPK a, b, c, and d
isoforms in rheumatoid arthritis. Arthritis & Rheumatism 54(9): 2745–2756.

32. Kyriakis JM, Avruch J (2001) Mammalian Mitogen-Activated Protein Kinase

Signal Transduction Pathways Activated by Stress and Inflammation. Physio-

logical Reviews 81: 807–869.

33. Gaitanaki C, Kefaloyianni E, Marmari A, Beis I (2004) Various stressors rapidly

activate the p38-MAPK signaling pathways in Mytilus galloprovincialis (Lam.).

Molecular and Cellular Biochemistry 260: 119–127.

34. Larade K, Storey KB (2006) Analysis of signal transduction pathways during

anoxia exposure in a marine snail: A role of p38 MAP kinase and downstream

signaling cascades. Comparative Biochemistry and Physiology, Part B 143: 85–

91.

35. Conrad PW, Rust RT, Han J, Millhorn DE, Beinter-Johnson D (1999) Selective

activation of p38a and p38c by hypoxia. The Journal of Biological Chemistry

274(33): 23570–23576.

36. Ueda N, Ford C, Rikard S, Wallace RK, Boettcher A (2009) Heat shock protein

70 expression in juvenile Eastern oysters, Crassostrea virginica (Gmelin, 1791),

exposed to anoxic conditions. Journal of Shellfish Research 28(4): 849–854.

37. Ma E, Haddad GG (1997) Anoxia regulates gene expression in the central

nervous system of Drosophila melanogaster. Molecular Brain Research 46: 325–

328.

38. zu Ermgassen PSE, Spalding MD, Grizzle RE, Brumbaugh RD (2013)

Quantifying the loss of a marine ecosystem service: Filtration by the Eastern

oyster in US estuaries. Estuaries and Coasts 36: 36–43.

39. Wallace RK, Heck KLJ, van Hoose M (1999) Oyster restoration in Alabama. In:

Luckenbach MW, Mann R, Wesson JA, editors. Oyster Reef Habitat

Restoration: A Synopsis and Synthesis of Approaches. Gloucester Point, VA:

Virginia Institute of Science Press.

40. Kroeger T (2012) Dollars and Sense: Economic Benefits and Impacts from two

Oyster Reef Restoration Projects in the Northern Gulf of Mexico. The Nature

Conservancy. 101 p.

41. Kennedy VS, Newell RIE, Eble AF (1996) The Eastern Oyster Crassostrea
virginica. College Park: Maryland Sea Grant College.

42. Eastern Oyster Biological Review Team (2007) Status review of the eastern

oyster (Crassostrea virginica). Report to the National Marine Fisheries Service,

Northeast Regional Office February 16, 2007. NOAA Tech. Memo. NMFS F/

SPO-88, 105 p.

43. Johnson MW, Powers SP, Senne J, Park K (2009) Assessing in situ tolerances of

Eastern Oysters (Crassostrea virginica) under moderate hypoxic regimes:

Implications for Restoration. Journal of Shellfish Research 28(2): 185–192.

44. Helmuth BST, Hofmann GE (2001) Microhabitats, thermal heterogeneity, and

patterns of physiological stress in the rocky intertidal zone. Biological Bulletin

201: 374–384.

45. Clark MS, Husmaan G, Thorne MAS, Burns G, Truebano M, et al. (2013)

Hypoxia impacts large adults first: consequences in a warming world. Global

Change Biology 19: 2251–2263.

46. Husmann G, Abele D, Rosenstiel P, Clark MS, Kraemer L, et al. (2014) Age

dependent expression of stress and antimicrobial genes in the hemocytes and

siphon tissue of the Antarctic bivalve, Laternula elliptica, exposed to injury and

starvation. Cell Stress and Chaperones 19: 15–32.
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