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The ability of an organism to acquire O, from its environment is key to survival and can play an important
role in dictating a species’ ecological distribution. This study is the first, to our knowledge, to show a tight,
phylogenetically independent correlation between hypoxia tolerance, traits involved in dictating O,
extraction capacity and the distribution of a group of closely related fish species, sculpins from the family
Cottidae, along the nearshore marine environment. Sculpins with higher hypoxia tolerance, measured as
low critical O, tensions (P;,), inhabit the O, variable intertidal zones, while species with lower hypoxia
tolerance inhabit the more O, stable subtidal zone or freshwater. Hypoxia tolerance is phylogenetically
independently associated with an enhanced O, extraction capacity, with three principal components
accounting for 75 per cent of the variation in P;: routine O, consumption rate; mass-specific gill surface
area; and whole blood haemoglobin (Hb)—O,-binding affinity (Ps,). Variation in whole blood Hb-O, Ps is
strongly correlated with the intrinsic O,-binding properties of the purified Hb while the differences in the
concentration of the allosteric Hb modulators, ATP and GTDP, provide a Hb system with substantial
plasticity for survival in a highly O, variable environment.
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1. INTRODUCTION

Environmental adaptation is known to play an important
role in setting species distribution among heterogeneous
environments because species live where they do, in part,
because they can. This is especially true of organisms that
are distributed along the nearshore marine environment,
which is an environment characterized by a steep spatial
and temporal gradient in environmental O,, temperature,
salinity, pH and CO, (Truchot & Duhamel-Jouve 1980).
This steep environmental gradient has a strong effect on
species distribution (Doty 1946; Stillman & Somero
1996), especially in fish from the family Cottidae
(sculpins), which exhibit a pattern of vertical zonation
with different species inhabiting different portions of the
nearshore environment (Froese & Pauly 2007). The role
of temperature in dictating vertical zonation patterns
along the nearshore environment has been examined in a
number of organisms (e.g. Stillman & Somero 2000), but
comparatively less work has explored the role of O,
variability in setting fish species habitat selection.

The ability of an animal to acquire O, from its
environment has long been considered an important
determinant of hypoxia tolerance (Hughes 1973). Organ-
isms that possess a greater capacity for O, extraction are able
to maintain a routine metabolic rate at lower O, tensions and
exploit more O, variable environments. Thus, modifications

*Author for correspondence (jrichard@zoology.ubc.ca).
Electronic supplementary material is available at http://dx.doi.org/10.
1098/rspb.2008.1235 or via http://journals.royalsociety.org.

Received 1 September 2008
Accepted 13 October 2008

to the respiratory cascade that enhance O, extraction
capacity will lead to an increase in hypoxia tolerance and
be a potential target of natural selection in organisms living
in environments characterized by periods of hypoxia.
Indeed, hypoxia-induced modifications to gill surface area
(Nilsson 2007), respiration (Saint-Paul 1984), tissue O,
demands (Hopkins & Powell 2001) and haemoglobin
(Hb)—0O, binding characteristics (Jensen & Weber 1982)
have all been described in fish species frequently exposed
to hypoxia. In addition to these physiological modifications
that enhance O, uptake, fish are also known to employ a
complex suite of behavioural, biochemical and molecular
responses to hypoxia exposure that are important in
contributing to hypoxic survival. Among the possible
selection-driven modifications underlying hypoxia toler-
ance, greatest attention has been afforded to Hb—O,-binding
characteristics. Interspecific variation in Hb—-O,-binding
affinity (measured as Ps5,) can be attributed to differences
in Hb multiplicity, Hb subunit/isoform heterogeneity, as
well as variation in the intracellular concentrations of
allosteric modulators (Perutz 1983; Brix ez al. 1999).
Although substantial evidence exists supporting the
notion that modifications to the respiratory cascade that
enhance O, uptake are adaptive for hypoxia survival, most
studies performed to date ignore the possible influence of
phylogenetic relationships on the traits under study. In
order to isolate selection-based traits from those due solely
to phylogenetic history, we employed the comparative
method of phylogenetically independent contrasts (PICs;
Felsenstein 1985; Garland ez al. 1992), using multiple
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species of sculpins sampled mainly from the nearshore
marine environment, which experience environmental
hypoxia to varying degrees. We developed a new phylogeny
for sculpins based on cytochrome b (¢cyz b) gene sequence and
used this phylogeny to understand the correlated evolution of
hypoxia tolerance (assessed as critical O, tensions; P.;) and
the properties of several components of the respiratory
cascade in normoxia acclimatized sculpins. The relationship
between variation in these traits and species distribution along
the nearshore environment was also examined.

2. MATERIAL AND METHODS

(a) Experimental animals

All sculpins were caught during the summers of 2005, 2006
and 2007 near the Bamfield Marine Sciences Centre,
Bamfield, British Columbia, Canada with the exception of
Myoxocephalus scorpius that was brought in from the Atlantic
coast (Memorial University, Newfoundland, Canada) in
2006. Sculpins were transported to the University of British
Columbia (UBC) and marine sculpins were held in 12°C
seawater (30 ppt), while the single freshwater species (Cottus
asper) was housed in 12°C freshwater. All sculpins were
allowed to recover for at least three weeks before experi-
mentation. Throughout the study period, fish were fed daily
with bloodworms and frozen fish fillets, except 24 hours
before experimental trials. The UBC Animal Care Commit-
tee approved all procedures performed on animals.

Whole animal respirometry (P and routine O, con-
sumption rate (Moz) was performed on sculpins captured in
2005 and fish captured in 2006 and 2007 were terminally
sampled for analysis of gill surface area and red blood cell
(RBC) Hb characteristics. We had some initial concern that
fish might differ from year to year in their physiological
responses to hypoxia, but no significant differences in P,
were observed when the same species were examined in
multiple years. The mean fish weights used in 2006 are given
in table S1 in the electronic supplementary material and the
weights of fish captured in 2005 and 2007 were generally not
different. The magnitude of variation in fish weights seen
between species has no impact on measured P, (G. Lau &
J. G. Richards 2006, unpublished data).

(b) Experimental protocols

Routine I\'/lo2 and P, were determined according to the
protocols outlined in Henriksson ez al. (2008) in water of
equivalent composition (seawater or freshwater) and
temperature (12°C) as the acclimatization conditions. To
obtain resting, normoxic tissue samples for gill and RBC
analysis, individual fish were housed overnight in sampling
baskets, which were submerged in well-aerated 5801 tanks
containing water of appropriate salinity at 12°C. The sample
baskets were 5 1 plastic chambers with mesh sides and a 11
basin at the bottom. To sample a fish, the chamber was
carefully removed, confining the fish to the basin and an
overdose of benzocaine (250 mg1~*', Sigma-Aldrich, USA)
was introduced into the chamber. The fish lost equilibrium
within approximately 1 min and was removed, patted dry,
weighed, the caudal peduncle severed and a blood sample
taken using a heparinized haematocrit (Hct) tube. The
shortest possible anaesthetic exposure time was chosen to
limit the potential impacts of benzocaine on haematological
parameters (Smit ez al. 1979). The right gill basket was then
dissected and fixed for later determination of total gill surface
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area (for detail see Henriksson et al. 2008). Any fish that
showed signs of distress during sampling were discarded.

(¢) Analytical procedures

From the sampled blood, [Hb] was determined using
Drabkin’s reagent (Sigma). Whole blood Hb—O, Ps, and
Hill’s coefficient (7) were determined using the procedures
originally outlined by Reeves (1980) and described in
Henriksson ez al. (2008). Briefly, approximately 1 pl of freshly
sampled whole blood was sandwiched between two gas
permeable membranes and loaded into a prototype PWee50
regulated at 12°C. CO, was kept constant at 0.5 per cent, but
O, levels were varied throughout the experiment, ranging
from 0 to 100% O,, in order to determine the per cent
saturation of Hb at different O, levels. Measurements were
recorded at seven to nine different O, tensions to construct a
linear section of the Hill plot for the determination of Hb Ps
with 7z determined as the slope around half saturation in a plot
of log(Y/(1—7Y)) versus log PO,. The remaining blood was
centrifuged, Hct measured, and RBCs were separated from
plasma and both frozen in liquid N, and stored at —80°C. On
a separate group of fish (2007), blood samples were taken as
described above and used to determine RBC intracellular pH
(pHi) using the freeze-thaw method (Zeidler & Kim 1977).

Frozen RBC pellets from 2006 were thawed on ice and
20 mM Tris buffer (pH 7.4) was added at 12 times the
estimated RBC volume. Samples were vortexed and left on
ice for 5 min before centrifugation at 15 000g for 10 min at
4°C. From the resulting supernatant, aliquots were used for
analysis of [ATP], [GTP] and [Hb]. The remaining cell
haemolysate was immediately stripped of Hb modulators
(ATP and GTP) using Micro Bio-spin P-30 Tris chromatog-
raphy columns (Bio-Rad Laboratories) and aliquots of the
stripped Hb were set aside for the determination of stripped
blood Hb-O, P5, (as described above), met-Hb analysis, Hb
isoform profiles and reconstituted Hb-O, Ps,. All four
aliquots were frozen and stored at —80°C. Met-Hb was
determined using the protocols of Benesch er al. (1973) and
samples always contained below 15 per cent met-Hb.

Red blood cell [ATP], [GTP] and Hb isoform profiles
were determined via HPLC using published protocols
(Feuerlein & Weber 1994) with minor modifications. Briefly,
separate HPLC runs were performed for triphosphates and
Hb isoform determinations. For the analysis of ATP and
GTP, aliquots of RBC haemolysates were first deproteinized
with 3 per cent HCIO, and then neutralized with 3 M Tris
base. Samples were clarified by centrifugation and immedi-
ately injected onto an anion exchange Mono-Q 5/50 GL
column (GE Health Care, USA) and separated according to
Feuerlein & Weber (1994). ATP and GTP were detected at
254 nm and the peaks were identified by comparison with
retention times of known standards and quantified by
comparisons to a standard curve prepared daily. [ATP] and
[GTP] were standardized to [Hb] determined on the same
RBC haemolysate. Hb isoform profiles were determined on
an aliquot of stripped haemolysates that was diluted 7.2
times in high performance liquid chromatography buffer
A (20 mM Tris, pH 8.0) and analysed according to Feuerlein
& Weber (1994). To confirm that there was consistency
between this study and Feuerlein & Weber (1994), blood
from rainbow trout (Oncorhynchus mykiss) was treated
identically to that described above, resulting in similar
isoform elution patterns.
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In order to determine if ATP and GTP were the primary
RBC Hb modulators in sculpins, we reconstituted the
purified, stripped Hb samples with measured RBC
[ATP])/[Hb] and [GTP]/[Hb] and determined Hb-O, Ps,.
Briefly, samples of stripped haemolysates were thawed on ice
and [Hb] quantified. Following Hb determination, samples
of stripped Hb were reconstituted to the same [ATP]/[Hb]
and [GTP]/[Hb] ratio measure as whole cell lysates and
immediately analysed for Hb—O, Ps, as described above. To
verify that we achieved the appropriate [ATP] and [GTP] in
the reconstituted samples, concentrations of total nucleotide
triphosphates (NTP) were determined spectrophotometri-
cally using the enzyme-coupled assays as described by
Bergmeyer (1983). There was no significant difference
between the nominal sum of [ATP] and [GTP] and measured
total [NTP] (data not shown).

(d) Phylogenetic analyses

Genomic DNA was extracted from liver of three individuals
of each species using a DNeasy Tissue Kit (Qiagen,
Canada). Cyt b was amplified from each DNA sample by
PCR using primers 1.14724 and H15915 from Schmidt &
Gold (1993). PCR products were gel purified, extracted
using a commercial kit (GenElute, Sigma), and sequenced
directly using BIGDYE TERMINATOR V. 3.1 chemistry and
high-throughput sequence analysis (Applied Biosystems
3730S 48-capillary sequencer). For each sample, the
resulting PCR product was sequenced in both directions
and from all three individuals a consensus sequence for
each species was established. Sequences have been sub-
mitted to GenBank with accession numbers of EU836693 to
EU836704. Sequences were aligned using CrustarW and
formatted as a nexus file in MEGa v. 3.1 (Kumar ez al. 2004).
Sequences were imported into PAUP* (v. 4, Sinauer
Associates Inc. Publishers, USA) to construct both maxi-
mum-likelihood and maximum-parsimony gene trees.
Although both analyses gave similar results, the maximum-
likelihood gene tree was chosen and MoODELTEST (Posada &
Crandall 1998) was used to determine the likelihood ratio
test that best fit the sequence data. A heuristics search was
used to create the tree with bootstrap analysis of 100
pseudoreplicates. A consensus tree that was created from
100 000 Bayesian trees generated using MRBAYEs v. 3.0
(Ronquist & Huelsenbeck 2003) was similar to the
maximum-likelihood tree (figure 1).

(e) Phylogenetic independent contrasts
The maximum-likelihood tree and branch lengths were
imported into MEsQUITE (Maddison & Maddison 2007)
and the PDAP module (Midford et al. 2003) was used to
analyse PIC. Additionally, we randomly sampled 10 000 trees
from 100 000 trees created through Bayesian analysis into
MEsQUITE and performed the standardized contrasts on the
simulated trees in order to determine the robustness of the
PIC analysis in terms of the uncertainty in topology and
branch lengths (Martins & Housworth 2002). The PIC
analysis using either the maximum-likelihood tree or
Bayesian trees yielded similar results (Bayesian analysis
shown in figures S1 and S2 in the electronic supplementary
material). The results of PIC analysis also did not change
appreciably when branch lengths of the maximum-likelihood
tree were set to one (data not shown).

Since analysis can only be performed on complete
datasets, we pruned the phylogenetic tree in MESQUITE to
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include only the species for which there were available
character data. Therefore, we excluded the out-group,
Saryrichthys amiscus whose cyt b sequence (accession no.
AP004441) was used to root the tree. The ¢yt b sequence from
Cortus bairdii (accession no. AY833333) was included in order
to resolve a polytomy between Leptocottus armatus, C. asper
and the remainder of the sculpin family (cf. sculpin phylogeny
in Kinziger & Wood 2003). Cottus bairdii was subsequently
pruned from the tree for PIC analysis. An additional tree was
constructed (results not shown) containing only the species of
sculpins with available character data and there was no
significant effect on the results generated by PIC analysis
(results not shown).

(f) Statistical analyses

Data are presented as means+s.e. PIC correlations were
analysed for significance in MESQUITE, while conventional
(non-PIC) correlations were analysed for significance using
SIGMASTAT v. 3.0. Multiple linear regression models were
developed on phylogenetically standardized contrasts and
analysed for significance using SPSS 11. Statistical signi-
ficance was assumed at p<0.05.

3. RESULTS AND DISCUSSION

(a) Phylogeny and species distribution

The phylogenetic comparative method aims to identify the
repeated evolution of a trait correlated with one or more
putatively selective variables while factoring out the
possible confounding effects of shared ancestry among
species (Felsenstein 1985). The application of PIC
(Garland ez al. 2005) assists in identifying selection-driven
traits but requires an understanding of the phylogenetic
relationships among the species under study. In the
present study, we collected 11 species of sculpin from
the nearshore marine environment (figure 1; maximum
depth from Froese & Pauly 2007, but all species were
collected within 5 m of the shore during the lowest tides),
plus a freshwater species (C. asper) and constructed a well-
resolved maximum-likelihood phylogeny based upon
approximately 1090 bp of cyr b sequence from each
species (figure 1). The resulting phylogeny is statistically
robust with high bootstrap values and the overall topology
is in general agreement with published molecular and
morphological phylogenies (e.g. Ramon & Knope 2008).
In further agreement with Ramon & Knope (2008), the
mapping of maximum habitat depth of each species on to
our phylogeny (figure 1) clearly demonstrates that the
more ancestral groups of sculpins are primarily subtidal
while the more derived species are found in the intertidal
or tide pool environment.

(b) Species distribution and hypoxia tolerance

The nearshore environment displays a steep environ-
mental gradient over a narrow geographical range with
environments that show severe diurnal fluctuations in O,,
temperature, pH, salinity and CO, (tide pools) in close
proximity to environments that show little fluctuation
in these environmental parameters (subtidal; Truchot &
Duhamel-Jouve 1980). Of relevance to the present study,
fluctuations in environmental O, along the nearshore
environment have been shown to exert strong effects on
species distribution (Brix ez al. 1999; Altieri 2006), with
more hypoxia tolerant species located in the more O,
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Figure 1. Phylogenetic relationship of 13 species of sculpins based on a maximum-likelihood tree using cyz b sequences.
Saryrichthys amiscus is included as an out-group. Numbers above lines show per cent of 100 maximum-likelihood bootstrap
replicates with values shown for groups with more than 50% support. Italicized numbers below lines show posterior probability
from Bayesian Markov Chain Monte Carlo analysis. Character data are presented for maximum depth of a species (metres), with T

representing tide pool and FW representing freshwater.

variable intertidal zone. The distribution of sculpins along
the nearshore environment was tightly correlated with
hypoxia tolerance as determined by critical oxygen tension
(P.siv). Peyi 1s the environmental O, tension at which an
organism’s O, consumption rate (Moz) transitions from
being independent of environmental O, to being depen-
dent on environmental O, and as such, P, is considered
an indicator of an animal’s hypoxia tolerance (Chapman
et al. 2002). Specifically there was a significant, positive
correlation between species’ maximum depth (a proxy for
habitat breadth in the nearshore environment) and P,
and the correlation was significant with both conventional
correlation analysis (r2=0.52, p<0.01, correlation not
shown) and the application of PIC (+r?=0.57, p=0.01,
correlation not shown). Sculpins located in the O, variable
tide pools have the lowest P, values and are therefore
more hypoxia tolerant than sculpins that inhabit the more
O, stable subtidal zone.
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(¢) Correlated evolution of hypoxia tolerance

There is a vast literature supporting the notion that
adjustments to the respiratory cascade that enhance O,
uptake are adaptive for hypoxia survival (e.g. Saint-
Paul 1984; Hopkins & Powell 2001); however, this is
the first study, to our knowledge, to apply rigorously
PIC to understand the correlated evolution of hypoxia
tolerant traits. Phylogenetically corrected multiple
linear regression analysis revealed that routine MOZ,
mass-specific gill surface area and whole blood Hb-O,
Ps5, assessed in normoxia acclimatized sculpins are the
primary determinants of P.;, in sculpins and the
combined variation in these traits explain approxi-
mately 75 per cent of the variation in Py, (adjusted r? of
0.747; F56=9.869, p<0.01). Species with a low P
have a low routine l\'/lo2 (figure 2a), a large gill surface
area (figure 2¢), and high whole blood Hb—O, binding
affinity (figure 2e).
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Figure 2. Relationship between P and routine Mo, (a: y=5.15x+22.44, r*=0.20, p=0.15; b: y=6.52x, r>=0.35, p=0.04),
P..; and mass-specific gill surface area (c: y=—1.81x+176.03, r>*=0.35, p=0.04; d: y=—0.17x, r>=0.38, p=0.03) and P.,;
and whole blood Hb—O, Ps, (e: y=0.63x+9.94, 72=0.57, p»=0.01; £ y=0.52x, r2=0.45, p»=0.03). Conventional correlations
are shown in (a,c,¢), and standardized independent contrasts are shown in (b,d,f). Data are represented as mean +s.e. in (a,c,e),
and 95% prediction intervals are shown in (b,d,f). 1 torr=0.133 kPa. Cottus asper has been omitted from panels (¢) and (f) for
reasons outlined in Henriksson ez al. (2008). Numbers 1-12 represent different species: (1) Oligocottus maculosus, (2) Chaetopsylla
globiceps, (3) Oligocottus snyderi, (4) Enophrys bison, (5) Artedius fenestralis, (6) Artedius lateralis, (7) Leptocortus armatus, (8)
Scorpaenichthys marmoratus, (9) Blepsias cirrhosus, (10) M. scorpius, (11) C. asper, and (12) Artedius harringtoni.

Routine 1\'/102 is an important factor shaping the
respiratory cascade because it is an index of the overall
O, demand and an organism’s resting energy require-
ments. Using conventional correlation analysis there
was no significant relationship between P, and routine
Mo2 (figure 2a); however, after correcting for the
phylogenetic relatedness among sculpins using PIC, a
significant positive relationship between P, and routine
1\'/102 was observed (figure 2b). In order to account
for the possible effects of tree topology and branch
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length uncertainty on our conclusions, we performed
PIC analysis using 10 000 randomly sampled trees
generated via Bayesian analysis and 98 per cent of
the resulting correlations had p<0.05 (figure Sla in
the electronic supplementary material). Clearly, possible
variability in tree topology does not appreciably affect
the correlation between routine M02 z}nd P_;;. Hypoxia
tolerant sculpins have a low routine Mg, and therefore
lower metabolic demands compared with hypoxia
intolerant species.
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Modifications to gill surface area in response to
hypoxia exposure have been noted in several fish species
and it has been proposed that these modifications
enhance O, uptake (Nilsson 2007). In normoxia
acclimatized sculpins, there was an inverse relationship
between P, and mass-specific gill surface area
(figure 2c¢), such that species with lower mass-specific
gill surface area have a higher P.;. The relationship was
significant when tested by conventional correlation
analysis (figure 2¢) and improved when corrected for
phylogeny (figure 2d). This PIC correlation was robust
and not affected by possible variation in tree topology as
all analyses performed on trees generated via Bayesian
analysis were significant (figure S15 in the electronic
supplementary material). The large differences in total
gill surface area observed between species were primarily
due to large differences in filament number, filament
length, lamellar area, and body weight (table S1 in the
electronic supplementary material). No significant
relationship existed between species body weight and
mass-specific gill surface area (r?><0.01, p=0.94; corre-
lation not shown), indicating that the variation in fish
weight seen among species had only a minor impact on
mass-specific gill surface area. Large gill surface area has
previously been shown in fish species that inhabit
periodically hypoxic environments such as the Amazonian
Colossoma macropomum (Saint-Paul 1984), salt marsh-
dwelling Poecilia latipinna (Timmerman & Chapman
2004b) and populations of Pseudocrenilabrus multicolour,
Gnathonemus victoriae and Petrocephalus catostoma inhabit-
ing dense swamp regions (Chapman ez al. 2002).

Conflicting views exist on whether or not evolutionary
adaptation acts upon Hb-O,-binding affinity. Jensen
(1991) proposed that since a low whole blood Hb-O,
Ps is often associated with hypoxia tolerant animals there
must be a strong positive selection on Hb—O,-binding
affinity. On the other hand, a recent synthesis by Milo ez al.
(2007) showed that whole blood Hb—O, Psq did not vary
substantially among groups of mammals, but cooperativ-
ity between Hb subunits during O, binding (measured as
Hill’s coefficient; #) varied drastically. Under changing
physiological conditions the opposite trend was noted and
n remained constant, while the greatest variation was
observed in whole blood Hb—O, Psq. From these results,
Milo er al. (2007) concluded that evolutionary adaptation
acts on n, while ‘physiological adaptations’ or rather
physiological plasticity through acclimatization acts on
Hb-0O, Ps,. Inferring adaptive value of traits, especially
through the application of correlative analysis, however,
requires the careful selection of species that inhabit a range
of habitats in which the environmental condition under
study varies and to which species appear to be ecologically
isolated in these environments. The study of Milo er al.
(2007) focused on mammals that do not experience large
variations in environmental O,, therefore, their ability to
comment on adaptations to hypoxia is limited.

Among sculpins living in environments that vary in
magnitude and duration of hypoxia exposure, we noted
very little variation in »n (figure 3), while there was clear
variation in whole blood Hb-O, P5, that was phylogen-
etically independently correlated with P, (figure 2f) and
not influenced by possible variation in tree topology
(figure Slc in the electronic supplementary material).
These data strongly suggest that evolutionary adaptation
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Figure 3. Relationship between Hb-O, Ps5, and Hill’s
coefficient (7z) measured in whole blood (open circles) and
stripped haemolysates (filled circles). Error bars around the
symbols represent s.e. for x- and y-values. See figure 2 caption
for more details.

to hypoxia within sculpins predominantly acts upon whole
blood Hb—O, Ps, and sculpins with high P_;; values have
a high whole blood Hb-O, P57 and are found in
environments that infrequently experience hypoxic epi-
sodes (subtidal and freshwater). By contrast, sculpins with
inherently low whole blood Hb-O, Ps, are able to extract
more O, at lower environmental O, levels (ie. low P.,)
and therefore can tolerate more hypoxic conditions such as
those routinely encountered in isolated tide pools at night.

Previous studies have suggested that high [Hb] and Hct
may be beneficial to organisms inhabiting hypoxic
environments (Chapman et al. 2002; Timmerman &
Chapman 2004a). In sculpins, however, there was no
relationship between blood [Hb] or Hct and P_;, (tables 1
and 2). These findings are in contrast to Chapman ez al.
(2002), who found that fish species dwelling in hypoxic
swamps showed greater O, carrying capacity through
higher [Hb] and Hct than normoxic lake-dwelling fish
species. It must be emphasized, however, that our analysis
was carried out on normoxia acclimatized sculpins in
order to evaluate the inherent properties of the O, cascade
that might predispose fish to survive or succumb to
hypoxia. Analysis of the effects of hypoxia exposure on
these species is necessary in order to understand whether
the degree of trait plasticity (e.g. hypoxia induced
increases in [Hb]) is under selection and perhaps a better
predictor of longer-term hypoxia tolerance.

(d) Accounting for variation in whole

blOOd Hb—OZ P50

Whole blood Hb—O, Ps5, can be set by both the intrinsic
properties of the Hb protein and allosteric interactions
between Hb and its modulators (Weber & Lykkeboe
1978). Variation in whole blood Hb-O, Ps, among
sculpins is primarily dictated by the intrinsic properties
of the Hb protein. Purified ‘stripped’ Hb isolated from
different species of sculpins showed a similar pattern of
Hb-O, Psy as whole blood Hb-O, Ps,, but at much
reduced O, tensions. Both conventional (figure 4a) and
PIC (figure 4b) correlations showed significant positive
relationships between whole blood Hb-O, P5, and
stripped Hb-O, P55, and the PIC correlation was robust
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with the degree of significance not affected by variation in
tree topology (figure S2a in the electronic supplementary
material). Differences in intrinsic Hb—O, Psy could be
the result of variation in Hb protein sequence or the
functional heterogeneity of Hb isoforms (Brix et al. 1999;
Rutjes er al. 2007). Brix et al. (1999) showed that triplefin
fishes located in O, variable tide pools had a greater
number of the higher affinity cathodic Hb isoforms, while
those fish inhabiting mid-depth and deeper waters
expressed fewer total Hb isoforms and of those present
there was a greater proportion of lower affinity anodic
isoforms. Furthermore, isoform switching to higher
affinity Hb isoforms was observed during hypoxia
acclimatization in the Lake Victoria cichlid, Haplochromis
ishmaeli, pointing to Hb multiplicity as an important
response to hypoxia exposure (Rutjes ez al. 2007). Hb
isoform characterization using anion-exchange chroma-
tography showed no relationship between the number of
total, anodic or cathodic Hb isoforms expressed in
normoxia acclimatized sculpins and their P, or whole
blood Hb-O, Ps, (tables 1-3). These results should,
however, be viewed tentatively as more careful isoform
analysis (e.g. two-dimensional gel electrophoresis) and
isoform specific functional characterization are required
before we can discount the importance of Hb multiplicity
in contributing to sculpin hypoxia tolerance.

Whole blood cell Hb-O, Ps, can also be influenced by
the concentration of allosteric modulators such as ATP
and GTP, whose binding to the Hb causes an increase in
Hb-O, Ps5y. During hypoxia exposure, Hb-O, Ps,
decreases through reductions in the concentration of
allosteric modulators and this brings about a short-term
improvement in O, uptake from the environment
(Weber & Lykkeboe 1978). ATP and GTP are the two
major Hb modulators in most sculpins examined as
indicated by our ability to nearly fully reconstitute whole
blood Hb-O, Ps, by adding measured [ATP] and [GTP]
back to purified, stripped Hb samples (figure 4d, S2b in
the electronic supplementary material and table 1). These
correlations were significant despite two notable excep-
tions, Enophrys bison and Scorpaenichthys marmoratus,
which have extremely low ATP/Hb and GTP/Hb values
(table 1), suggesting that these two species may possess
different Hb modulators (e.g. 2,3-diphosphoglycerate).
Despite ATP and GTP being the main Hb allosteric
modulators in most species of sculpins, there was no
significant relationship, either conventional or PIC
(table 3), between blood [ATP] and [GTP] and whole
blood Hb—O, P55y Furthermore, there was no relationship
between RBC pHi, another known modulator of Hb—O,
Pso, and whole blood Hb-O, P5, (table 3). Overall, the
variation in whole blood Hb-O, P55, seen among normoxia
acclimatized sculpins appears to be primarily dictated by
the intrinsic properties of the Hb protein and not the
interactions with known Hb modulators.

Rutjes er al. (2007) demonstrated that hypoxia tolerant
Lake Victoria cichlids have higher [ATP] and [GTP]
under normoxic conditions compared with the relatively
hypoxia-intolerant salmonids. In sculpins a similar,
although non-significant, trend was observed with
hypoxia tolerant sculpins (i.e. those with low P values)
having higher [ATP]/[Hb] than the more hypoxia intoler-
ant subtidal and freshwater species (tables 1 and 2). This
relationship between P.; and RBC [ATP]/[Hb] was
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Table 2. Relationship between P.; and haematological parameters, Hb modulators and Hb isoforms of sculpins using

conventional and PIC correlations.

conventional PIC
parameter slope r2 p-value slope r2 p-value
Hct —0.53 0.16 0.23 0.31 0.04 0.57
Hb —13.81 0.24 0.12 3.70 0.01 0.77
MCHC —4.42 0.09 0.37 4.41 0.07 0.44
ATP/Hb —5.79 0.21 0.15 —0.47 <0.01 0.92
GTP/Hb —1.97 0.02 0.70 —0.50 <0.01 0.91
total Hb isoforms 0.17 <0.01 0.89 —0.45 0.02 0.66
anodic Hb isoforms 1.24 0.07 0.43 —0.47 0.02 0.72
cathodic Hb isoforms —2.46 0.11 0.33 —1.32 0.02 0.64
(a) 70+ (b) 100 -
60 4 - 80 - —
£ 25 60 ——
15) | —
£ 504 =it — .
- S 7 40 .
= 40- 335 20 /
8 5 © .
L2 304 S % 0 .
<) = .
e g 2 201 . I
20 - £ . ——
-40 + —
—
10 T T T T T _60 T T T T T T T 1
2 4 6 8 10 12 0 2 4 6 8 10 12 14
stripped Hb Py, (torr) standardized contrast in stripped
Hb P, (torr)
(¢) 70 - d) 120 -
€0 9 100 -
= 1 2 & 80 —
= s 9 —
9] = £ —
£ 50 4 = < 60 4 —
=3 SEPNE — o
bt O A
= 40 oG 8 = 40 1 ® L4 L4
) ) N8 i L *
g ; = T2 ® .
2 %0 2 S o0 .
E 1m g% 20 * -—
20 A '_§1_|1 s E _ —_
—40 -
10 T T T T T 1 _60 T T T T T 1
0 10 20 30 40 50 60 0 20 40 60 80 100
reconstituted Hb Py, (torr) standardized contrast in reconstituted
Hb Py (torr)

Figure 4. Relationship between whole Hb—O, Ps, and stripped Hb-O, Pso (a: y=2.58x+24.56, r>=0.45, p=0.03; b: y=2.76x,
r>=0.44, p=0.03) and whole blood Hb-O, Ps, and reconstituted Hb-O, Ps, (c: y=0.83x—6.86, r>=0.44, p=0.03;
d: y=0.49x, 72=0.46, p»=0.02). Conventional correlations are shown in (a,c), and standardized independent contrasts are
shown in (b,d). Data are represented as mean =s.e. in (a,¢), and 95% prediction intervals are shown in (b,d). See figure 2

caption for more details.

significant, however, when E. bison and S. marmoratus, the
two species that potentially use alternate Hb modulators,
were removed and the analysis repeated (r>=0.48 between
ATP and P, p=0.04). Higher [ATP] coupled with a low
Hb-O, P5y in hypoxia tolerant sculpins possibly instils a
significant capacity to endure not only severe hypoxia, but
also rapid changes in environmental O,. RBC [ATP] and
[GTP] are extremely responsive to O, tension and
decrease during hypoxia exposure in many fish species
(e.g. Jensen & Weber 1982) causing a decrease in whole
blood Hb-O, Ps,. Presumably a similar regulation of Hb

Proc. R. Soc. B (2009)

modulators occurs in sculpins, especially the most hypoxia
tolerant sculpins that have very low intrinsic Hb—O, Psg
and high [ATP] and [GTP], overall providing greater
capacity to respond to the fluctuating environmental O,
tensions typical in the tide pool. Analysis of the response of
RBC [ATP] and [GTP] during hypoxia exposure is
necessary to elucidate the importance of modulating
these allosteric modulators in the hypoxic response.

The removal of the organic phosphates, ATP and GTP
from the blood caused an increase in # that is consistent in
all species examined (figure 3) and reversible with the



Hypoxia tolerance in fish M. Mandic et al. 743

Table 3. Relationship between RBC Hb-O, Psy and Hb modulators, Hb isoforms, RBC pHi and Hill coefficients of sculpins

using conventional and PIC correlations.

conventional PIC
parameter m r? p-value m r? p-value
ATP/Hb —3.58 0.06 0.46 1.43 <0.01 0.83
GTP/Hb 0.02 0.08 0.41 3.80 0.04 0.54
total Hb isoforms —0.01 <0.01 0.99 —0.83 0.04 0.54
anodic Hb isoforms —0.18 <0.01 0.92 —1.35 0.07 0.43
cathodic Hb isoforms 0.43 <0.01 0.88 —0.02 <0.01 0.99
RBC pHi 62.14 0.12 0.32 48.05 0.09 0.40
n (whole) —38.79 0.25 0.11 —0.01 0.17 0.21
n (stripped) —16.89 0.09 0.37 —0.01 0.03 0.61
n (reconstituted) —7.24 0.01 0.76 —0.01 0.02 0.67

addition of ATP and GTP to stripped Hb lysates (data not
shown). There was no significant correlation between n
determined in whole, stripped or reconstituted blood and
whole blood Hb-O, Ps, (table 3), suggesting that
cooperativity between Hb subunits during O, binding is
not significantly related to normoxic Hb—O, binding
affinity (table 3). Under hypoxic conditions, however,
when RBC [ATP] and [GTP] decrease, increased
cooperativity of Hb—O, binding, along with decreased
Hb-0O, P5y could work synergistically to enhance O,
extraction from the O, poor environment in the most
hypoxia tolerant sculpins.

(e) Adaptations to interacting stressors

O, is only one of many environmental factors that are
known to vary along the nearshore environment. Signi-
ficant temporal and spatial variation in temperature,
salinity, pH and CO, (Truchot & Duhamel-Jouve 1980)
have been noted and tolerance to these environmental
perturbations, along with other ecological factors, contri-
bute to dictating species distribution along the nearshore
environment. In contrast to the remarkably stable subtidal
environment (measured at 1 m depth; O, between 70 and
120% air saturation, 11-13°C, pH approx. 9), we have
measured dramatic variation in tide pools in O, (less than
5 to approx. 400% air saturation), temperature (11-24°C
in pools isolated at midday) and pH (7-9; D. G. Harley &
J. G. Richards 2007, unpublished data). Therefore,
sculpins inhabiting tide pools (T in figure 1) are exposed
to a variety of environmental stressors, albeit at different
times of the day and to different degrees depending on the
tidal cycle and local weather conditions, compared with
those species living in the subtidal. Although, the present
study focused on the mechanisms underlying hypoxia
tolerance, many of the attributes described in our most
hypoxia tolerant sculpins should be viewed as beneficial
for surviving the large changes in temperature, pH and
CO, typical in the tide pool environment. For example, an
intrinsically low Hb-O, Psy in sculpins inhabiting tide
pools is not only beneficial for aiding in hypoxia survival at
night, but also potentially beneficial in counteracting the
effects of elevated temperature during the day, which is
known to increase Hb—O, P5, and impair O, uptake.
Clearly, the selective pressures driving trait evolution in
the intertidal environment are complex, and a thorough
assessment of hypoxia, temperature, pH, CO, and salinity
tolerance may help elucidate which environmental
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variables are responsible for the patterns of species
zonation along the heterogeneous nearshore environment.

(f) Concluding remarks

In normoxia acclimatized sculpins, hypoxia tolerance is
primarily associated with the maintenance of a low routine
Mo, , high gill surface area and low whole blood Hb-O,
Psy all of which function to maintain an O, uptake
sufficient to meet metabolic demands. The adaptive value
of maximizing O, uptake is that it prolongs the period of
time an animal can remain in a hypoxic environment prior
to eliciting a hypoxia response, such as a downregulation
of Hb allosteric modulators or a decrease in metabolic
rate. For organisms living in the nearshore marine
environment this is ideal, as it allows for the ability to
cope with diurnal fluctuations in O, levels without
impacting cellular function and overall physiological
performance. The responses to hypoxia exposure (e.g.
decreases in RBC [ATDP]), however, are also probably
under strong selection and remain to be examined.

The UBC Animal Care Committee approved all procedures
performed on animals.
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