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A B S T R A C T

The pelagic red crab, Pleuroncodes planipes, is abundant throughout the Eastern Tropical Pacific in both benthic
and pelagic environments to depths of several hundred meters. The oxygen minimum zones in this region
reaches oxygen levels as low as 0.1 kPa at depths within the crabs vertical range. Crabs maintain aerobic me-
tabolism to a critical PO2 of ~0.27 ± 0.2 kPa (10 °C), in part by increasing ventilation as oxygen declines. At
subcritical oxygen levels, they enhance anaerobic ATP production slightly as indicated by modest increases in
lactate levels. However, hypoxia tolerance is primarily mediated via a pronounced suppression of aerobic me-
tabolism (~70%). Metabolic suppression is achieved, primarily, via reduced protein synthesis, which is a major
sink for metabolic energy. Posttranslational modifications on histone H3 suggest a condensed chromatin state
and, hence, decreased transcription. Under hypoxia, p-H3S10, Ac-H3K9, Ac-H3K14 were 39, 68, and 36% of
control values, respectively. We also report a net decrease in protein translation. In particular, eEF2 activity is
reduced due to a ~5-fold increase in inhibitory phosphorylation and a significant decrease in protein level.
Elevated heat shock proteins suggest that, despite impressive tolerance, the cellular stress response is triggered
during hypoxia. We discuss the implications for pelagic ecology and biogeochemical cycles.

1. Introduction

Throughout much of the open ocean, the oxygen content of sea-
water declines with depth to a minimum value at several hundred
meters depth and rises again toward the seafloor. These hypoxic in-
termediate depths, known as oxygen minimum zones (OMZ), occur
where heterotrophic consumption of oxygen outpaces replenishment
from atmospheric mixing, photosynthesis or deep-water circulation
(Brietburg et al., 2018). OMZs are most pronounced in upwelling re-
gions such as the Eastern Tropical Pacific (ETP) where oxygen values
below the surface mixed layer are a small fraction of air saturation. As
much as 8% of the world's ocean by volume is characterized by oxygen
concentrations< 20 μM (~1.4 kPa PO2 at 5 °C, Paulmier and Ruiz-
Pino, 2009). OMZs are expanding due to reduced solubility in warming
waters and to greater stratification of the water column that reduces
atmospheric mixing (Brietburg et al., 2018; Keeling et al., 2010;
Stramma et al., 2008). Adaptations among midwater animals to these
otherwise stable low oxygen conditions include enhanced gill surface

areas, high blood‑oxygen binding affinity and enhanced capacity for
ventilation and circulation (Childress and Seibel, 1998; Seibel, 2011).
OMZ inhabitants can thus regulate a constant resting or routine rate of
oxygen consumption down to a critical oxygen partial pressure (Pcrit),
below which metabolism can no longer be maintained independent of
PO2. The Pcrits of OMZ inhabitants are strongly correlated with, and
very near, the lowest environmental oxygen values encountered
(Childress and Seibel, 1998; Seibel, 2011).

Mesopelagic communities in the most pronounced OMZs are
dominated by vertical migrators that move between food-rich, warm,
and well‑oxygenated surface waters at night and cold, hypoxic and
food-poor depths during the daytime. In many species, daylight hours
in hypoxia are spent in a metabolically suppressed state (Seibel, 2011).
Metabolic suppression, characterized by a total energy demand that is
reduced below basal or resting levels, is a common response to tem-
porary resource limitation that permits tolerance to hypoxia, freezing or
low food availability (Guppy and Withers, 1999; Hochachka and
Somero, 2002). Among oceanic vertical migrators living in pronounced
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OMZs, suppression of total metabolism has now been demonstrated in
the jumbo squid, Dosidicus gigas (Seibel et al., 2014), the amphipod,
Phronima sedentaria (Elder and Seibel, 2015a, 2015b), and some krill
species (Seibel et al., 2016). Reduced aerobic metabolism during tem-
porary forays into low oxygen has been demonstrated in a few addi-
tional zooplankton species (Childress, 1977; Svetlichny et al., 2000;
Auel et al., 2005; Maas et al., 2012; Kiko et al., 2015, 2016), but
whether they make up the energy deficit anaerobically and, if so, by
what pathways, has not been assessed.

Oxygen minimum zones strongly influence the ecology of pelagic
ecosystems. The community composition and distribution of species is
altered (Prince and Goodyear, 2006; Koslow et al., 2011; Wishner et al.,
2013; Maas et al., 2014; Netburn and Koslow, 2015) with consequences
for species interactions and the biogeochemical cycles to which they
contribute. For example, the consumption of organic carbon in shallow
water by vertically-migrating zooplankton, and its subsequent respira-
tion and excretion as carbon dioxide at depth, is thought to contribute
significantly to the transport of biological carbon to depth (i.e. the
biological pump; Longhurst et al., 1990; Dam et al., 1995; Hays et al.,
1997; Steinberg and Landry, 2017 for review). However, estimates of
this contribution are based on the assumption that metabolic rates
measured at the surface are equivalent, save for the effect of tempera-
ture on metabolism, to those exhibited at depth. This assumption may
be met by some species in some regions. However, in the Eastern
Tropical Pacific, deep-water oxygen levels are below the critical oxygen
levels identified for most zooplankton species and respiratory carbon
and nitrogen release is suppressed, thus limiting the potential con-
tribution of zooplankton to elemental flux (Seibel, 2011; Seibel et al.,
2016; Kiko et al., 2016).

Pleuroncodes planipes, the pelagic red crab, is abundant throughout
the eastern Pacific (Gómez-Gutiérrez and Sanchez-Ortiz, 1997) and is a
prevalent component in the diets of many oceanic predators including,
sharks, tunas, whales and squids (Mathews, 1932; Alverson, 1963;
Bazzino et al., 2010; Markaida and Sosa-Nishizaki, 2010; Olson et al.,
2014). Under some bloom conditions, these crabs feed primarily by
filtering phytoplankton (Longhurst et al., 1967). At other times, they
eat protists and zooplankton. They thus form a direct link between
primary and secondary producers and their ecologically- and com-
mercially important predators. Its tremendous biomass, estimated at
215,000–611,000 metric tonnes (Gutierrez et al., 2008; De Anda-
Montañez et al., 2013, 2016), is evident in the frequent mass strandings
that occur on beaches throughout the eastern Pacific (Glynn, 1961;
Boyd, 1967; Aurioles-Gaamboa et al., 1994). P. planipes is pelagic
during at least some phases of their life cycle but its habitat and habits
are not fully understood and appear to be plastic (cf: Haye et al., 2010;
Roa et al., 1995; Gutierrez et al., 2008; Longhurst, 1966; Boyd, 1967;
Aurioles-Gamboa and Pérez-Flores, 1997). They have been observed to
depths of at least 385 m (Pineda et al., 2016). Some vertical migration
is apparent, but the day-night patterns are variable (Aurioles-Gamboa,
1992; Robinson and Gómez-Gutiérrez, 1998; Robinson et al., 2004;
Pineda et al., 2016). Their vertical movements also act as a direct
conduit for transfer of carbon and nitrogen from the photic zone to
greater depths.

P. planipes encounters extremely low oxygen levels within their
vertical range (~0.13 kPa; Pineda et al., 2016) during some, perhaps
all, stages of their life. Both juveniles and adults, like its sister species,
P. monodon (Yannicelli and Castro, 2013; Yannicelli et al., 2013; Kiko
et al., 2015), are known to be quite tolerant of hypoxia. Quetin and
Childress (1976) reported a Pcrit near 0.3 kPa (~1.4% of air-saturation).
Here we assess the rates of oxygen consumption and ventilation as a
function of declining oxygen partial pressure. We further assess the
mechanisms and capacity for metabolic suppression in P. planipes.

2. Methods

2.1. Collection

Cruises were conducted aboard the R/V New Horizon in the Gulf of
California, Mexico, in June 2011 and in May 2015 (28°N, 113°W).
Additional specimens were collected in the Eastern Tropical Pacific (22°
N, 120° W). Specimens were collected either by dipnet at the surface or
using a modified, opening-closing Tucker Trawl (Childress et al., 1978)
with a 10m2 mouth fitted with a 30-l insulated closing cod end. The cod
end minimizes temperature changes during recovery to the surface and
protects specimens from physical damage due to water turbulence.
Opening and closing of the net was triggered electronically using a
MOCNESS mechanism (Biological Environmental Sampling Systems).
Oxygen profiles in the region were recorded via CTD (conductivity,
temperature and depth) casts across the depth range occupied by
Pleuroncodes planipes (0–400 m). Upon recovery, animals were trans-
ferred to air-saturated, filtered seawater and held for a 12-h acclimation
period at the measurement temperature (10°) to ensure that animals
were post-absorptive.

2.2. Respirometry

After acclimation, specimens were transferred to experimental
chambers containing seawater that had been equilibrated with certified
gas mixtures of 21 or 1.0 kPa oxygen (balance nitrogen). The actual
oxygen concentrations achieved in each chamber (following the
transfer of equilibrated water into the experimental chambers) varied
slightly and, due to variations in the rate of oxygen consumption be-
tween individuals and in the size of the experimental chambers, the
ending oxygen concentrations were also variable. Experimental cham-
bers were 50 ml glass syringes or, for larger specimens, 300 ml BOD
bottles. Each chamber contained 0.2 μm filtered seawater with
0.5 mg l−1 antibiotic (25 mg l−1 each, streptomycin and actinomycin)
to reduce microbial growth and respiration. Control chambers, con-
taining only seawater (no animal), were incubated simultaneously as a
control on microbial respiration and provided the starting oxygen
concentration for rate calculations. Following incubation, the chambers
were inverted several times to mix the water and water samples
(500 μl) were withdrawn from both animal and control syringes and
injected past a Strathkelvin oxygen electrode in a water-jacketed
housing (Marsh and Manahan, 1999). The difference in oxygen content
between the animal and control syringes represents the oxygen con-
sumed. Animals were weighed either at sea on a motion-compensated
ship-board balance (Childress and Mickel, 1980) or were frozen and
measured subsequently in the home laboratory. Oxygen consumption
rates (MO2) were expressed per gram of wet weight. End-point ex-
periments lasted between 5 and 24 h depending on chamber size and
initial experimental PO2. Experimental temperature (10 °C) was se-
lected to match the daytime temperature to which they are exposed at
the deeper end of their diel vertical migration. Oxygen consumption
was measured continuously in three specimens to confirm the ex-
tremely low Pcrit, which was measured previously by Quetin and
Childress (1976). In those experiments, oxygen was recorded optically
using a Witrox microoxygen sensor and oxygen sensitive dot cemented
to the inside of a 50 ml glass syringe. Continuous respiration experi-
ments lasted ~24 h while oxygen was consumed completely from a
starting PO2 of 21 kPa. Mixing in these experiments was accomplished
via magnetic stir bar. The Pcrit was determined by determining the in-
tersection in linear regressions between MO2 (measured every second
over the subsequent 5 min) and (PO2 determined at the initial second of
the measurement period) from the regulated (5–10 kPa) and from the
conforming (post Pcrit, estimated visually) parts of the trial.
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2.3. Lactate measurement

Additional specimens were incubated in 50 ml syringes as above in
hypoxia (PO2 = 1 kPa) for varying duration (0–24 h) to determine the
rate of lactate accumulation. The final oxygen concentration varied but
was< 0.1 kPa in all chambers. Lactate was measured as an indicator of
anaerobic metabolic energy usage. Following incubations, animals were
frozen in liquid nitrogen and stored in the laboratory at −80 °C until
the lactate assays could be performed. Specimens were removed from
the freezer and weighed quickly. Tail (abdomen) muscle was excised
and homogenized on ice in buffer containing 465 mM NaCl, 19 mM KCl
and 20 mM Tris, at pH 7.4. Aliquots (25 μl) of homogenate were placed
on test strips and inserted in a Lactate meter (Accutrend (Roche
Diagnostics Corp., Indianapolis, USA), which has been used successfully
in several studies (Beecham et al., 2006; Elder and Seibel, 2015a; Seibel
et al., 2016).

2.4. Calculation of total metabolism

The total metabolic rate includes both aerobic and anaerobic con-
tributions to ATP production. The rate of oxygen consumption provides
an estimate of the aerobic component and the ATP produced is calcu-
lated assuming 6 ATP per unit O2 consumed. Anaerobic pathways can
be variable with multiple pathways contributing various amounts of
ATP per unit end-product accumulated (Hochachka and Somero, 2002).
However, in crustaceans, lactate, produced by the conversion of gly-
colytically-derived pyruvate, is the primary end-product known to ac-
cumulate during hypoxic exposure (Spicer et al., 1999; Elder and
Seibel, 2015a, 2015b; Seibel et al., 2016) and glycogen is the primary
substrate metabolized (Grieshaber et al., 1994). As such, 1.5 mol ATP
are produced per mol of lactate accumulated. We used this figure to
calculate the anaerobic contribution to total metabolism from the rate
of lactate accumulation. Lactate was measured only in abdomen
muscle, the largest and most active muscle in the crabs. Thus the cal-
culated contribution of anaerobic metabolism to total metabolism may
be an overestimate.

2.5. Ventilation rate

An acrylic flow-through chamber was constructed for video ob-
servation of Pleuroncodes planipes in varying oxygen concentrations.
Chilled water (10 °C) was pumped through a gas-equilibration column
to achieve oxygen values ranging from air-saturation (21 kPa) to anoxia
(oxygen indistinguishable from zero). Oxygen was recorded using a
PreSens optical oxygen probe and meter. A HD video camera was used
to film P. planipes, which remained stationary on the bottom of the
chamber. From a lateral view, scaphognathite ventilation was clearly
visible and could be quantified visually from the recordings. Each
oxygen level was maintained for 5 min to obtain stable rate measure-
ments.

2.6. Protein extraction

Samples of frozen muscle (~50 mg, sampled from the abdomen)
from n = 5 individuals of Pleuroncodes planipes from normoxic and
hypoxic experimental conditions were separately extracted as per
manufacturer's instructions (EMD Millipore; Cat#HOXSTMAG-18 K and
Cat#48-615MAG). Briefly, tissue samples were Dounce homogenized
1:3 w:v in ice cold lysis buffer (Millipore; Cat#43-045 or 43-040)
containing phosphatase (1 mM Na3VO4, 10 mM ß-glycerophosphate)
and protease (BioShop Cat# PIC001) inhibitors. After 30 min incuba-
tion on ice with occasional vortexing, samples were centrifuged
(12,000 ×g, 20 min, 4 °C) and the supernatants collected as total so-
luble protein lysates. Protein concentration of the lysates was de-
termined using the Bradford assay (Bio-Rad; Cat# 500-0005) and
standardized to 6 μg/μl. Tissue extracts for Luminex® Assays were

stored at −80 °C until further use, while tissue extracts for western
blots were combined 1:1 v/v with 2× SDS loading buffer (100 mM
Tris-base pH 6.8, 4% w/v SDS, 20% v/v glycerol, 0.2% w/v bromo-
phenol blue, 10% v/v 2-mercaptoethanol) and boiled. The final protein
samples for western blots (3 μg/μl) were stored at −40 °C until use.

2.7. Luminex® assays

Luminex® assay panels were purchased from EMD Millipore and
were used according to the manufacturer's instructions. The assays
employed in this study were used to measure oxidative stress enzymes
(Oxidative Stress Magnetic Bead Panel, Cat #HOXSTMAG-18 K) and
heat shock proteins (Heat Shock Protein Magnetic Bead Panel, Cat#48-
615MAG) in P. planipes comparing normoxic and hypoxic experimental
conditions. Aliquots for Luminex® Assays were either combined with
Milliplex MAP Assay Buffer 1 (Cat# 43-010) or Milliplex MAP Assay
Buffer 2 (Cat# 43-041) for the Oxidative Stress and Heat Shock Protein
panels, respectively. A final working concentration of 3 μg/μl for the
Oxidative Stress Panel (75 μg total protein/well) and 60 ng/μl for the
Heat Shock Protein Panel (1.5 μg total protein/well) was prepared by
diluting lysates at least 1:1 in their corresponding Assay Buffer. Positive
and negative controls were also prepared from human cell lines for each
multiplex panel. For the Heat Shock Protein panel, these consisted of
cell lysates prepared from unstimulated HeLa cells (Millipore Cat# 47-
205) versus heat shocked HeLa cells (42 °C for 30 min), grown for 16 h
at 37 °C, and treated with arsenite (400 μM for 30 min). For the
Oxidative Stress Panel, the controls consisted of unstimulated HepG2
cell lysates (Cat#47-231). Lyophilized cell lysates were reconstituted in
100 μl ultrapure water, gently vortexed, and incubated at room tem-
perature for 5 min. The reconstituted lysates were prepared for use by
the addition of an appropriate amount of assay buffer, as specified by
manufacturer instructions for each kit.

The protocol for multiplex analysis followed manufacturer's direc-
tions. Briefly, premixed antibody capture beads were sonicated, vor-
texed, and diluted as required. After incubation with assay buffer,
sample or control lysates were individually combined with the pre-
mixed beads in a 96-well microplate. The assay wells were then in-
cubated on a plate shaker (600–800 rpm) while protected from light for
2 h at room temperature (Oxidative Stress Panel) or overnight at 4 °C
(Heat Shock Protein panel). Using a Handheld Magnetic Separator
Block (Cat#40-285) to retain the magnetic beads, the assay mixture
was subsequently removed, and the wells were then washed three times
each with assay buffer. Biotin-labeled detection antibodies were vor-
texed and diluted as required, and then added to wells containing the
magnetic capture beads. After incubation for 1 h at room temperature
on a plate shaker protected from light, the wells were decanted, wa-
shed, and incubated with appropriately prepared Streptavidin-
Phycoerythrin for 15–30 min at room temperature on a plate shaker
protected from light. Additionally, amplification buffer was added to
each well (15 min incubation at room temperature on a plate shaker) of
the Heat Shock Protein Panel before decanting. All wells for both kits
were resuspended in Sheath Fluid. Measurements were taken im-
mediately after the assay was finished using a Luminex 200® instrument
with xPonent software (Luminex® Corporation).

2.8. Western blotting

The relative expression of proteins and associated posttranslational
modifications which are indicative of transcriptional (histone H3) and
translational rates (eIF2α, 4E-BP, eEF2) were assessed by western
blotting in muscle comparing control and hypoxic sampling points of
Pleuroncodes planipes (Figs. 1–5). Posttranslational modifications were
chosen since they represent molecular indices of chromatin structure
and the availability of essential translation initiation and elongation
factors. Phosphorylation at serine 10 and acetylation of lysine 9/14 are
associated with relaxed chromatin and the activation of transcription
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(Strahl and Allis, 2000), while the phosphorylation of 4EBP at threo-
nine 45 enhances translation (Gingras et al., 1999) and the phosphor-
ylation of eIF2 at serine 51 (Sudhakar et al., 2000) and eEF2 at
threonine 56 (Hizli et al., 2013) are associated with translational sup-
pression.

Equal amounts of protein (20 μg) from each sample were loaded
onto 8–15% SDS-polyacrylamide gels and run at 180 V for 45 min in
1 × Tris-glycine SDS running buffer (as described in Seibel et al.,
2014). Polyacrylamide gels were made based on a discontinuous gel
system; stacking gel pH 6.8 (130 μl 1.0 M Tris-HCl, 170 μl 30% acry-
lamide, 680 μl water, 10 μl 10% SDS, 10 μl 10% APS, 1 μl TEMED) and
conditions for a 10% resolving gel pH 8.8 (1.3 ml 1.5 M Tris-base,
1.7 ml 30% acrylamide, 2.0 ml water, 50 μl 10% SDS, 50 μl 10% APS,
2 μl TEMED). Proteins were then transferred by electroblotting at
160 mA for 1.5 h using transfer buffer (25 mM Tris (pH 8.5), 192 mM
glycine and 10% v/v methanol) at room temperature. Membranes were
blocked with milk (2.5% w:v) made up in TBST (20 mM Tris base,
pH 7.6, 140 mM NaCl, 0.05% v/v Tween-20) and were incubated on a
rocker for 15 min in order to reduce background and non-specific

binding of antibodies.
Membranes were probed with specific primary antibodies, diluted

in TBST, at 4 °C overnight. Antibodies were purchased from Cell
Signaling (histone H3, 4EBP, eEF2), Assay Designs (HSF1), and
GenScript (eIF2α) and were used at 1:1000 v:v dilution in TBST.
Additionally, immunoblots were performed using Glyceraldehyde-3-
phosphate dehydrogenase (purchased from Santa Cruz Biotechnology,
Inc.) antibody as a control in order to observe the stable expression of a
housekeeping gene remained constant. Membranes were then probed
with HRP-linked anti-rabbit IgG secondary antibody for 1 h (~1:8000
v:v dilution). All membranes were washed 3–6 times between incuba-
tion periods in TBST for approximately 5 min per wash. Bands were
visualized by enhanced chemiluminescence (H2O2 and Luminol) before
blots were stained using Coomassie blue (0.25% w/v Commassie bril-
liant blue, 7.5% v/v acetic acid, 50% methanol) to visualize all protein
bands. Antibodies each cross-reacted with strong bands on the im-
munoblots at the expected molecular masses for histone H3 (17 kDa),
4EBP (19 kDa), eIF2α (36 kDa), eEF2 (95 kDa), and HSF1 (90 kDa).

2.9. Antioxidant capacity assay

The antioxidant capacity was assessed in muscle of P. planipes
comparing control and hypoxic experimental conditions. The anti-
oxidant assay kit was purchased from Cayman Chemical Company
(Cat# 709001, Ann Arbor, MI, USA) and was used according to the
manufacturer's instructions. The assay is based on the capacity of an-
tioxidant metabolites present in the sample to prevent ABTS (2,2′-
Azino-di-[3-ethylbenzthiazoline sulphonate]) oxidation and this is
compared with that of Trolox (values are reported as mM Trolox
equivalents).

2.10. Quantification and statistical analysis

Data are expressed as Means ± SEM. Comparisons between oxygen
treatments for oxygen consumption rates, lactate concentrations, bead-
based assays, normalized band intensities, and antioxidant capacity
used a 2-tailed Student t-test (p < 0.05). Bead-based assays used the
net Median Fluorescence Intensity (MFI) of a population of measure-
ments (with a minimum bead count of 50) in order to determine re-
lative protein levels. Band densities on chemiluminescent immunoblots
were visualized using a Chemi-Genius BioImaging system (Syngene,
Frederick, MD) and quantified using the associated Gene Tools soft-
ware. Immunoblot band density in each lane was normalized against
the summed intensity of a group of Coomassie stained protein bands in

Fig. 1. Temperature (right) and oxygen (left) vs depth
profiles in The Eastern Tropical Pacific (blue) and the Gulf
of California, Mexico (red). The ETP was slightly cooler at a
given depth by ~0.5 °C and was characterized by a much
deeper mixed layer and steeper thermocline compared the
Gulf of California. A strong oxygen minimum zone was
present in both regions. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2. Pleuroncodes planipes: Oxygen consumption rates in closed respiration chambers
measured with end-point respirometry at 10 °C. The rates measured with high initial PO2

(21 kPa, declining to ~11 kPa due to animal consumption) were significantly higher than
rates measured with a starting PO2 of 1 kPa.
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the same lane.

3. Results

3.1. Oxygen and temperature profiles

Temperature profiles were quite similar below the mixed layer in
the Gulf of California (GoC) and the Eastern Tropical Pacific (ETP;
Fig. 1). The ETP was ~0.5 °C cooler at any given depth and was
characterized by a much deeper mixed layer and steeper thermocline.
Temperature dropped from ~27 °C at the surface to ~15 °C by 100 m
depth. Below the thermocline, temperature declined gradually to about
10 °C at 400 m. A strong oxygen minimum zone was present in both
regions. Oxygen partial pressure dropped much more dramatically in
the ETP than the GoC, reaching a minimum value of ~0.2 kPa (~1 μM
at 10 °C) between 50 and 100 m depth. The PO2 in the GoC, in contrast,
dropped gradually to a similarly low minimum value at about 350 m
depth.

3.2. Oxygen consumption rates and critical oxygen partial pressure

Pleuroncodes planipes studied here ranged in mass from 0.106 to
0.511 g wet mass (mean = 0.21 ± 0.11 g). The ending oxygen partial
pressure in respirometry chambers that started with air-saturated water
was 11.9 ± 2.42 kPa. For hypoxic treatments starting at 1 kPa PO2,
the ending PO2 was 0.071 ± 0.070 kPa. Routine oxygen consumption
rates (MO2) in air-saturated waters ranged from 0.49 to 2.87 μmol
O2 g−1 h−1 with a mean of 1.79 ± 0.72 μmol O2 g−1 h−1 (n = 16).

A

B
C

Fig. 3. Pleuroncodes planipes: A) Continuous measurement of oxygen consumption rate as a function of PO2 for two individuals at 10 °C (black lines). The rate of scaphognathite
ventilation (grey) is shown on the same figure for comparison. The critical PO2 (0.4 kPa) measured here at 10 °C is similar to that reported by Quetin and Childress, 1976. B) Sca-
phognathite ventilation rate as a function of PO2 (compete curve of that shown in A). D) Lactate accumulation over time at subcritical oxygen levels.

Fig. 4. The critical PO2 (black) declines with depth due to the effects of temperature
(from Quetin and Childress, 1976). A single representative oxygen profile from the ETP
and one from the Gulf of California, Mexico are shown for comparison. Where the Pcrit
line intersects with the environmental PO2 is the critical depth, below which the routine
rate of aerobic metabolism can no longer be maintained. Due to the more extreme oxygen
minimum zone in the ETP, the critical depth is much shallower (~50–100 m) compared
to the Gulf of California (~350 m).
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Hypoxic rates ranged from 0.24 to 1.31 with a mean of
0.58 ± 0.34 μmol O2 g−1 h−1 (n = 8) (Fig. 2). This represents a
~70% decline in the rate of aerobic metabolism under hypoxic ex-
posure. The mean critical oxygen partial pressure (Pcrit) for 3 in-
dividuals recorded in the present study (traces for 2 of which are shown
in Fig. 3) was 0.40 kPa ± 0.15 kPa, which is within the range reported
by Quetin and Childress (1976) (0.13 to 0.46 kPa, mean = 0.27 kPa;
10 °C). The critical depth, defined as the depth at which PO2 declines
below the temperature-adjusted Pcrit, is illustrated for representative
oxygen profiles in the ETP and GoC (Fig. 4). The mean Pcrit, and the
effect of temperature on Pcrit as reported by Quetin and Childress
(1976), were used to calculate the change in Pcrit across the depth range
inhabited by Pleuroncodes planipes. A single representative temperature
profile from the ETP was used for this calculation. Below the mixed
layer, the small differences in temperature (~0.5 °C between the re-
gions studied) had a negligible effect on the Pcrit. In the ETP, the critical
depth, where Pcrit exceeds environmental PO2, occurred between 50
and 100 m, while in the GoC the critical depth was below 350 m. As
oxygen levels in the respiration chambers approached critical levels, the
ventilation rates increased. At 21 kPa PO2, scaphognathite beat rate
was18 ± 9.6 Hz and was stable to PO2 values approaching 3 kPa. At
lower oxygen values the mean ventilation increased dramatically up to
129.5 ± 29.6 Hz near the Pcrit (Fig. 3). At oxygen levels below Pcrit,
tail muscle lactate accumulated at a steady rate of ~0.3 μmol g−1 h−1

over 24 h (Fig. 3). Assuming 1.5 ATP mol lactate-1, this equates to
~0.5 μmol ATP g−1 h−1.

3.3. Regulation of transcription and translation in response to hypoxia

The relative expression levels of transcription and translation

factors were assessed by western blotting. Posttranslational modifica-
tions on histone H3, which are associated with a relaxed chromatin
state (and hence enhanced transcription), were significantly reduced
during hypoxia, as compared to normoxia. These include data for p-H3
S10, Ac-H3 K9, Ac-H3 K14 which were 39, 68, and 36% of control
values, respectively. Expression levels of the translation factors eIF2α
and its phospho-form did not change, while 4EBP and its phospho-form
decreased significantly during hypoxia (values were 50 and 49% of
normoxia, respectively) suggesting translational depression. Finally,
eEF2 total protein decreased (values were 67% of normoxia) while p-
eEF2 T56 increased significantly during hypoxia (values were 4.6-fold
higher than controls) also suggesting decreases in translation.

3.4. Response of stress markers during hypoxia

The relative expression levels of antioxidant enzymes were assessed
by Luminex® Assays. Fig. 7 shows there was no statistically significant
change in the relative expression of catalase, SOD1, SOD2, TRX1
comparing normoxia and hypoxia experimental conditions. Similarly,
the antioxidant capacity sustained by multiple targets, including, but
not limited to, GSH, Ascorbate, Vitamin E, Bilirubin, and Urate, did not
change in muscle during hypoxia as compared to normoxia (Fig. 8).
However, it should be noted that total antioxidant capacity may also be
influenced by thiol groups of enzymes and structural proteins which
also exhibit radical-scavenging activities. In contrast to the response
seen for antioxidant enzymes and metabolites, heat shock proteins were
much more responsive to hypoxia (Fig. 9). The relative expression le-
vels of HSP proteins were assessed by Luminex® Assays and im-
munoblotting in P. planipes muscle comparing control and hypoxic
conditions. While the relative expression of HSF1 did not change, there
was a significant increase in the relative protein levels of HSP27, HSP60
and HSP90α during hypoxia; values in hypoxia were 2.7-, 2.0- and 2.6-
fold higher than normoxia values, respectively.

4. Discussion

The critical oxygen partial pressure (Pcrit) reported previously for
Pleuroncodes planipes (0.27 kPa at 10 °C; Quetin and Childress, 1976) is
among the lowest measured for any animal (Fig. 3). In fact, the Pcrit is
below the adaptation threshold suggested by Seibel (2011), an oxygen
value (~0.8 kPa, 5 °C) below which few species have evolved me-
chanisms to regulate their oxygen consumption rate. Our measurements
here confirm that previous finding (Pcrit = 0.4, within the confidence
limits of the Quetin and Childress, 1976 measurements). Pleuroncodes
monodon, a closely related species living in OMZ off the coast of South
America, also regulates its oxygen consumption rate to low PO2 values
(< 0.5 kPa; Yannicelli et al., 2013; Kiko et al., 2016). The ability to
regulate the respiration rate to such low PO2 is likely due to exceptional
adaptations of the ventilatory and circulatory apparatus. Most species
living in pronounced oxygen minimum zones have high ventilatory and
circulatory capacities, gills with high surface area and thin membranes
that enhance diffusion, a respiratory protein (hemocyanin in this case)
with high oxygen affinity and a large Bohr coefficient (pH sensitivity)
that facilitates oxygen uptake at the gills and unloading at the tissues
(Childress and Seibel, 1998; Seibel, 2011). Most of these parameters
have not been measured for Pleuroncodes planipes, but Burd (1988)
noted enhanced gills in populations of a related species, Munida quad-
rispina, living in a hypoxic fjord. Here we report a dramatic increase in
scaphognathite beat (ventilation) rate in P. planipes starting at 18 Hz
above a PO2 of ~3 kPa and increasing to ~130 Hz near Pcrit (Fig. 3C).

Despite a strong oxyregulatory ability, Pleuroncodes planipes cannot
remain aerobic throughout its entire depth range in the OMZ. It spends
considerable time below its critical depth, where environmental PO2 is
below Pcrit, in some regions (Fig. 4). In air-saturated water, the rate of
metabolism at 10 °C was more than three times the hypoxic rates
(Fig. 2). At subcritical oxygen levels, anaerobic metabolism increases

Fig. 5. Relative protein expression of histone H3 and associated posttranslational mod-
ifications in muscle of P. planipes comparing normoxic and hypoxic experimental condi-
tions. A. Histograms showing relative protein levels were determined using the band
densities for immunoblotting. Data are means ± S.E.M. (n = 4–5 independent protein
isolations from different animals). B. Representative immunoblots are shown with ex-
perimental conditions labeled along the top of the blots. Data were analyzed using a
Student t-test; * denote values are significantly different from controls (p < 0.05).
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but remains a relatively unimportant source of energy (Fig. 3D). P.
monodon larvae reared in low oxygen increased the activity of lactate
dehydrogenase (LDH; Yannicelli et al., 2013), the terminal enzyme in
glycolysis that converts pyruvate to lactate to maintain redox balance
when oxygen is limiting (Hochachka and Somero, 2002). We show here
that anaerobic pathways (lactate) account for ~0.5 μmol ATP g−1 h−1.
This represents only a small fraction of the ~10 μmol ATP generated
via aerobic metabolic pathways in normoxia (10 °C, assuming 6 mol
ATP per mol O2 consumed) and does not make up the deficit in aerobic
ATP generation observed under hypoxia. Thus, total metabolism is
substantially suppressed (~70%) at oxygen levels below Pcrit. The
disparity between the MO2 estimated for deep, hypoxic waters and that
for shallow waters is even more pronounced when differences in habitat
temperature are considered. With temperature coefficients
(Q10 = factorial change in rate with a 10 °C temperature change) ran-
ging from 1.9–2.5 (Quetin and Childress, 1976), P.planipes may exhibit
a normoxic routine metabolic rate approaching four times higher at
25 °C, typical of near-surface waters in the ETP, compared to rates in
air-saturated water at 10 °C. Normoxic, near-surface rates at high
temperature may be 10× higher than hypoxic rates at depth.

Protein synthesis and gene transcription are energy-expensive pro-
cesses, consuming a substantial portion of the total ATP turnover of all
cells and organs (Hochachka and McClelland, 1997). Reduced ATP
consumption serves to protect energy status and fuel stores, and to
minimize the accumulation of acidic intermediates of anaerobic ATP-
generating pathways during prolonged forays into the OMZ. In the most
successful hypometabolic animals, such as turtles that can survive
months without oxygen, net metabolic rate suppression is typically 80%
and often 95% or more compared with resting metabolism in normoxia.
In some cryptobiotic systems, virtually no metabolic activity can be
detected. Thus, the 70% suppression of metabolics reported here is
relatively modest, but sufficient for short, daytime forays into hypoxic
waters. Metabolic suppression is now known to occur in a variety of
dominant vertically migrating zooplankton and nekton living in regions
with pronounced oxygen minimum zones, including squids (Seibel
et al., 2014), krill (Seibel et al., 2016; Kiko et al., 2016), pteropods
(Maas et al., 2012), amphipods (Elder and Seibel, 2015b), copepods
(Svetlichny et al., 2000; Kiko et al., 2016) and the pelagic crabs re-
ported here (see also, Kiko et al., 2015).

Metabolic suppression is typically achieved via downregulation of
energy-intensive cellular processes, such as protein synthesis (tran-
scription and translation) and ion transport (Hand, 1998; Buck and
Hochachka, 1993; Storey and Storey, 2004). As is seen in many hypo-
metabolic animal models (Storey and Storey, 2004), Pleuroncodes pla-
nipes achieves substantial energy savings during exposure to hypoxia by
reducing the rate of transcription and translation. Following exposure
to subcritical PO2, posttranslational modifications on histone H3, as-
sociated with a relaxed chromatin state and, hence, enhanced tran-
scription (Storey, 2015), were significantly reduced in P. planipes ab-
dominal muscle (Fig. 5). These include p-H3 S10, Ac-H3 K9, Ac-H3 K14
which were 39, 68, and 36% of control values, respectively. Thus, re-
duced transcription appears important in hypoxia-induced metabolic
suppression in P. planipes. Additionally, the relative expression levels
and phosphorylation levels of some translation factors were altered in
response to hypoxia (Fig. 6). In particular, we found a net decrease in
eEF2 activity, as measured by a very large increase (4.6-fold) in in-
hibitory phosphorylation and a significant decrease in protein level.
Phosphorylation inhibits eEF2 from facilitating the elongation step
during protein translation (Hizli et al., 2013). Also, 4EBP is active when
phosphorylated, facilitating protein translation (Teleman et al., 2005).
Phosphorylation of 4EBP did decrease in hypoxia, but was matched by
an equivalent decline in protein level. Similarly, we found no net
change in phosphorylation or protein level of eIF2a, which inhibits
protein synthesis (Clemens, 2001). While the processes targeted for
suppression (e.g. transcription and translation) are common among
hypometabolic animals, the molecular route by which metabolic

suppression is achieved may differ between species. For example, the
primary “chokepoint” in protein translation was through the de-phos-
phorylation of 4EBP in various squid tissues (Seibel et al., 2014). Other
studies in hypoxia-tolerant organisms show that protein synthesis arrest
can occur at the stage of transcription or translation (Larade and Storey,
2002; Ivanina et al., 2016). The pelagic crab may rely on hyperpho-
sphorylation of eEF2 to stop overall protein translation by targeting the
elongation step. Both routes lead to suppressed protein translation.

We found no change in the relative expression of antioxidant en-
zymes catalase, SOD1, SOD2, or TRX1 during exposure to hypoxia
(Fig. 7). Similarly, levels of antioxidants, including GSH, Ascorbate,
Vitamin E, Bilirubin, and Urate, did not change in muscle during hy-
poxia (Fig. 8). This is in contrast to the response of many hypometabolic
and hypoxia-tolerant organisms which often show an increase in Anti-
oxidants and associated enzymes in preparation for oxidative stress
(Hermes-Lima and Zenteno-Savin, 2002). Antioxidants and associated
enzymes vary seasonally with temperature and, perhaps, food avail-
ability in Pleuroncodes planipes (Martinez-Canto et al., 2013), conditions
that influence metabolic rates. It is surprising that hypometabolism
during hypoxia did not result in changes in these parameters. It may be
that the levels of antioxidants and antioxidant enzymes are maintained
during hypoxia for use during subsequent recovery in warm, well‑ox-
ygenated surface waters. However, we have measured only a subset of
possible antioxidant responses to hypoxia and other mechanisms for
improved ROS scavenging may nonetheless be present. Additionally,
while the total protein levels of the antioxidant enzymes may not
change, post-translational modifications may alter their activity may
modulate the antioxidant response without bulk changes in total pro-
tein.

In contrast, we observed a significant increase (2–2.7-fold) in the
relative levels of heat-shock protein; HSP27, HSP60 and HSP90α,
during hypoxia. Very few studies have addressed the role of heat shock
proteins in hypoxia tolerance specifically. However, cross-tolerance, the
ability of one stressor to transiently increase tolerance to a second
stressor, is thought to involve the induction of HSPs (Todgham and
Stillman, 2013). It may be that hypoxia exposure prepares Pleuroncodes
planipes for subsequent exposure to warm surface waters during re-
covery and repayment of an oxygen debt as suggested for the squid,
Dosidicus gigas (Trübenbach et al., 2013a, 2013b). Similarly, in parts of
the Eastern Pacific OMZ where sub-critical oxygen levels are found in
very shallow waters (Fig. 4), simultaneous exposure to critical tem-
peratures and oxygen levels may be an issue. Elder and Seibel (2015a)
reported that extended exposure to temperatures encountered every
night during diel migration (~23 °C for Phronima sedentaria) is suffi-
cient to induce HSP expression. P. planipes regularly experiences high
temperatures at the surface (Fig. 1). More likely, however, is that HSPs
serve as cytoprotectants during hypometabolism (Storey and Storey,
2011), which would also explain the results of Trübenbach et al.
(2013a, 2013b) as squid also strongly suppress metabolism during their
diel forays into the OMZ (Seibel et al., 2014). Given the apparent re-
ductions in protein synthesis during hypoxia exposure, stabilizing the
existing cellular proteome becomes critical for long-term survival. HSPs
act as chaperones that fold new proteins or refold proteins that are
damaged and are known to be a universal organismal response to many
kinds of stresses that can damage the proteome (Storey and Storey,
2011).

4.1. Expanding oxygen minimum zones, zooplankton migration and
biogeochemical cycles

The activity and metabolism of midwater organisms across great
depth ranges is believed to play an important role in the transport of
carbon and nitrogen from the euphotic zone toward the seafloor and
influences the efficiency of carbon sequestration out of the atmosphere
(Longhurst and Harrison, 1989; Steinberg and Landry, 2017). Ocean
warming and deoxygenation will have important effects on
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zooplankton physiology and, thus, biogeochemical cycles (Brietburg
et al., 2018; Seibel, 2011). Hypoxia can suppress zooplankton meta-
bolism (Seibel, 2011; Seibel et al., 2014, 2016) as demonstrated here
for Pleuroncodes planipes, by 50–80%, which reduces the contribution of
vertical migrators to carbon and nitrogen flux in regions with strong
OMZs by an equivalent amount. The interacting effects of rising

temperature and declining oxygen will lead to vertical and latitudinal
habitat compression of pelagic species by limiting the depths to which
such organisms can migrate during the daytime or requiring that they
ascend to shallower depths to acquire sufficient oxygen at night (Fig. 4;
Seibel, 2011, 2016; Wishner et al., 2013; Deutsch et al., 2015; Seibel
et al., 2016). Higher temperatures in shallower waters will elevate
metabolism and increase the critical PO2, placing a ceiling on the

Fig. 6. Relative protein expression of translation initiation and elongation factors in muscle of P. planipes comparing normoxic and hypoxic experimental conditions. A. Histograms
showing relative protein levels were determined using the band densities for immunoblotting and include eIF2α, 4EBP, and eEF2. Data are means ± S.E.M. (n = 4–5 independent
protein isolations from different animals). B. Representative immunoblots are shown with experimental conditions labeled along the top of the blots. All other information as in Fig. 1.

Fig. 7. Relative protein expression of selected antioxidant enzymes in muscle of P. pla-
nipes comparing normoxic and hypoxic experimental conditions. Histograms showing
relative protein levels for bead-based assays were determined using the net MFI as
measured by Luminex® and include Catalase, SOD1, SOD2, TRX1. Data are
means ± S.E.M. (n = 4–5 independent protein isolations from different animals). All
other information as in Fig. 1.

Fig. 8. Antioxidant capacity, measured as equivalents of Trolox (mM/g wet weight), in
muscle of P. planipes during normoxia and hypoxia experimental conditions. Antioxidants
measured in the assay include GSH, Ascorbate, Vitamin E, Bilirubin, and Urate.
Histograms show mean ± S.E.M. (n = 4–5 independent protein isolations from different
animals). All other information as in Fig. 1.
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nighttime habitat depth. Expanding oxygen minimum zones may ele-
vate the floor above which migrators must ascend each night. Climate-
induced deoxygenation at deeper depths may limit even their sup-
pressed rate, requiring either more extreme metabolic suppression or
greater reliance on anaerobic energy production, thus restricting the
duration of their daytime forays into the OMZ.
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