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Abstract One of the most severe impacts of urban-

ization on aquatic systems is the increasing presence

of low oxygen environments caused by anthropogenic

sources of pollution. As urbanization increases nation-

ally and globally, it is becoming exceedingly impor-

tant to understand how hypoxia affects aquatic fauna,

especially fish species. In an effort to better understand

the impacts of prolonged hypoxia on fishes, large-

mouth bass were held at 3.0 and 9.0 mg L-1 for

50 days, which has previously shown to be temporally

sufficient to impart plastic phenotypic changes. Fol-

lowing the holding period, fish from each group were

subjected to a low dissolved oxygen (DO) challenge of

2.0 mg L-1 for 6 h, and their physiological and

hematological parameters were compared with control

fish held for 6 h with no change in DO. There were no

differences in the physiological stress responses

between the two holding groups; however, the low

oxygen holding group had increased hemoglobin and

hematocrit levels following the 6-h low oxygen

challenge compared with the high oxygen group.

These results suggest largemouth bass exposed to

chronic low oxygen conditions, either naturally or

anthropogenically, may possess a beneficial advantage

of increased oxygen uptake capacity during periods of

low oxygen.

Keywords Stress � Physiology � Hematology �
Hypoxia � Acclimation

Introduction

Animals acclimated to a particular environment are

predicted to have an advantage over animals not

acclimated to that environment, defined as beneficial

acclimation (Leroi et al. 1994). While the majority of

studies investigating beneficial acclimation have

examined thermal acclimation (Deere and Chown

2006; Geister and Fischer 2007; Wilson et al. 2007;

Lurman et al. 2009), few studies have investigated the

effect of hypoxia, especially in terms of the physio-

logical and hematological response. Previous research

has shown that extended exposure to low oxygen can

result in improved swimming performance, reduced

metabolic rates, and altered gill morphology of fish

(Timmerman and Chapman 2004; Fu et al. 2011; Zhao

et al. 2012), all of which can provide performance

advantages. However, most studies do not attempt to

provide a link between the potential mechanisms

behind hypoxia tolerance and improved performance,

particularly in terms of the structure/function of
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hematological characteristics (Nikinmaa and Rees

2005).

Aquatic organisms possess a suite of potential

mechanisms to overcome environmental challenges

related to low oxygen environments. More specifi-

cally, behavioral shifts, such as avoidance of hypoxic

conditions (Kramer and Mehegan 1981), are a com-

mon mechanism utilized to overcome environmental

hypoxia. Blue crabs (Callinectes sapidus), for exam-

ple, avoid hypoxic conditions during periods of low

dissolved oxygen (DO) and choose to inhabit more

oxygenated water, thereby avoiding hypoxia-related

challenges (Bell et al. 2003). Similarly, the release of

stress hormones (e.g., cortisol) typically starts a

physiological chain reaction of subsequent responses

(i.e., secondary and tertiary stress responses), which

enable an animal to maintain homeostasis and cope

with a hypoxic disturbance (Barton 2002). Finally,

genetic mechanisms, such as the up-regulation of

hypoxia-inducible factor 1a (HIF-1a), can trigger

several physiological responses to improve oxygen

transport and carbohydrate metabolism that can allow

an individual to cope with hypoxic conditions (Soit-

amo et al. 2001; Nikinmaa and Rees 2005; Richards

2009).

Although hypoxia can occur naturally in the

environment (e.g., stratification, low light, reduced

mixing; Wetzel 1983; Officer et al. 1984; Chapman

et al. 1998), anthropogenically driven hypoxia is

becoming increasingly abundant in natural ecosys-

tems. The sources of pollutants driving environmental

hypoxia can include combined sewer systems (Zhu

et al. 2008; Baker 2009), agricultural runoff (Bern-

hardt et al. 2008), and urbanization (Paul and Meyer

2008; Zhu et al. 2008). These factors typically increase

nutrients (e.g., nitrogen and phosphorous), containing

oxygen-depleting substances, or both, which lowers

DO in the aquatic environment. These low oxygen

events can persist for weeks (Burton and Pitt 2002;

Alp 2006) and can have negative impacts on fish

populations, such as mass mortalities, extirpation, and

population declines (Pollock et al. 2007). Despite the

quantity of research conducted on hypoxia response

and tolerance, few have attempted to determine the

mechanism behind the observed responses. Because of

these links between urbanization and the increase in

adverse effects on aquatic systems, there is a critical

need to understand (1) how these stressors (e.g.,

chronic hypoxia) affect the species therein, (2) if

prolonged exposure to sublethal conditions can actu-

ally impart coping mechanisms that are of benefit to

the animal’s performance, and (3) the mechanism

behind the observed effects of hypoxia and improved

hypoxia tolerance.

The objective of this study was to quantify the

impacts of extended exposure to low DO

(3.0 mg L-1) on the subsequent oxygen tolerance of

largemouth bass (Micropterus salmoides), an ideal

species to address hypoxia tolerance mechanisms as it

is a robust species that can be found in hypoxic waters

(Hasler et al. 2009) and is a commercially viable and

important species. Largemouth bass were held at low

oxygen for an extended period of time and then given a

low oxygen challenge. Blood physiology parameters

were quantified and compared with a control group not

held in a low oxygen environment. Results have

important implications for understanding how fish

respond to chronic hypoxia, and how these changes

may provide a potential advantage(s) that help eluci-

date how similar species are able to withstand such

environments.

Methods

Fish collection and husbandry

Largemouth bass (range 150–180 mm) were acquired

from the Logan Hollow Fish Farm (Murphysboro, IL,

USA) in October 2011 and transported to the Univer-

sity of Illinois Aquatic Research Facility (Champaign,

IL, USA). Upon arrival at the facility, fish were

transferred into two 1,136-L plastic holding tanks

where they were held for 48 h to recover from hauling

and handling stressors. Largemouth bass were fed

floating pelleted food (Aquatic Eco-Systems Inc.,

Apopka, FL, USA) ad libitum once per day, and solid

wastes were removed from the tank by a siphon every

other day. A 10 L min-1 pump was placed inside the

tank to ensure adequate water mixing.

Acclimation treatments

Following the 48-h recovery period, each of the two

tanks was assigned to one of two acclimation

treatments: high DO (H) or low DO (L). The H tank

was aerated continuously with air stones attached to a

compressed air blower (Sweetwater Linear II, Aquatic
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Eco-Systems, Apopka, FL, USA), and a 10 L min-1

pump was placed in the tank to ensure adequate water

mixing. Throughout the duration of the study, nitrog-

enous waste was removed from the tanks using a

combination of powdered ammonia remover (Pro-

Line�, AquaticEcosystems, Apopka, FL, USA) and a

container of activated carbon; ammonia levels did not

exceed 1 ppm (Model # 33D, Aquarium Pharmaceu-

ticals Inc., Chalfont, PA). Additionally, half of the

water in each tank was removed weekly and refilled

with fresh water from outdoor experimental holding

ponds on site to avoid increase in ammonia or

detrimental changes in pH. DO was measured daily

with a handheld DO meter (YSI 550A, Yellow Springs

Instruments, Yellow Springs, OH, USA) and remained

at 9.0 mg L-1 ± 0.25 [�x ± standard error (SE); 97 %

DO saturation]. The L treatment held fish at

3.3 mg L-1 ± 0.07 (36 % DO saturation) by bub-

bling nitrogen gas (N2) into the tank to displace

oxygen, and a 10 L min-1 pump was again used to

ensure homogeneous oxygen concentrations through-

out the tank. DO concentrations were held constant by

a 1-channel oxygen analyzer (OXY-REG) (Loligo

Systems, Tjele, Denmark), which regulated oxygen

levels using a DO probe connected to a solenoid

switch, which, in turn, was attached to a tank of

nitrogen gas. The oxygen analyzer was programmed

such that when DO increased above a threshold of

3.5 mg L-1, nitrogen gas would diffuse into the tank.

Once DO fell to a target concentration

(*2.8 mg L-1), the OXY-REG would shut off the

solenoid, ending nitrogen gas diffusion. DO for the L

treatment was also quantified daily with the same

handheld meter. Each tank was held at these respective

DO concentrations for 50 days, as previous work with

low oxygen acclimation has shown 6 weeks to be a

sufficient duration of time to induce plastic physio-

logical changes and cause acclimation to low oxygen

conditions (Timmerman and Chapman 2004; Petersen

and Gamperl 2010). The temperatures in the L tank

(15.0 ± 0.4 �C) were not statistically different than

the temperatures in the H tank (14.6 ± 0.28 �C)

during the 50 days acclimation period (t48 = 0.82,

P = 0.42).

Oxygen shock experiment

Following the 50 days holding period, largemouth

bass from both acclimation groups were subjected to a

low oxygen shock experiment to quantify the physi-

ological response to prolonged holding at low oxygen.

For this, 16 largemouth bass (8 from each oxygen

group) were randomly assigned to a treatment (i.e.,

oxygen shock or control) and placed in individual,

aerated, sensory-deprived chambers continuously

supplied with freshwater from a central basin in a

flow-through, closed system maintained at approxi-

mately 8.0 mg L-1 (Suski et al. 2006). This experi-

mental design (i.e., holding the L group at a ‘‘neutral’’

condition following the extended acclimation period)

is similar to previous studies investigating the effect of

acclimation on fish (Timmerman and Chapman 2004;

Zhao et al. 2012) and likely did not negate any

potential physiological changes induced during the

acclimation period. Additionally, largemouth bass in

the control H group were subjected to identical

protocols and handling, isolating any impacts of the

low holding group. Following a 24-h acclimation

period to the chamber, 8 of the largemouth bass were

subjected to a DO shock of 2.0 ± 0.01 mg L-1 for 6 h

by pumping N2 gas into the central basin to displace

oxygen (Suski et al. 2006). This oxygen level was

chosen as previous studies have shown this concen-

tration (i.e., 2.0 mg L-1) to induce physiological

responses in largemouth bass (Hasler et al. 2009;

VanLandeghem et al. 2010). DO concentration in each

individual chamber typically fell from 8.0 to

2.0 mg L-1 in \3 min. Following this 6 h exposure

to 2.0 mg L-1 DO, largemouth bass were killed with

an overdose of tricaine methanesulfonate [MS-222

(250 mg L-1 buffered with 250 mg L-1 sodium

bicarbonate)] added directly to each chamber. Fol-

lowing cessation of ventilation, fish were measured to

the nearest mm (total length, TL), weighed to the

nearest g, and then sampled for blood and tissues.

Blood was extracted from the caudal vessel using a

1-mL syringe and a 21-guage needle rinsed with

lithium heparin. A small volume of whole blood was

placed in a capillary tube and spun for 2 min using a

hematocrit spinner to quantify percent hematocrit (i.e.,

packed red cell volume). A second small aliquot of

whole blood was placed in a 1.5-mL centrifuge tube

for subsequent quantification of hemoglobin. The

remaining whole blood was centrifuged for 2 min at

2,0009g to separate erythrocytes from plasma, stored

in a 1.5-mL centrifuge tube, and both blood plasma

and red cells were flash frozen in liquid nitrogen until

further processing. A section of epaxial muscle above
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the lateral line was then excised with a razor blade,

placed in a 1.5-mL centrifuge tube, and stored in liquid

nitrogen until further processing. Control fish

remained in the individual, aerated chambers for 6 h

(following the 24 h acclimation to the chambers) with

no change in DO (8.13 ± 0.01 mg L-1 O2), and were

sampled in a manner identical to fish exposed to the

low oxygen shock.

Quantification of physiological parameters

Cortisol concentrations were quantified using an

enzyme-linked immunosorbent assay (ELISA) kit

(Enzo Life Sciences, Kit # 900-071, Farmingdale,

NY, USA; Sink et al. 2008), while plasma glucose and

plasma lactate concentrations were quantified enzy-

matically using methods described in Lowry and

Passonneau (1972). Plasma sodium (Na?) and potas-

sium (K?) concentrations were quantified using a

flame photometer (Model 2655-00; Cole-Parmer

Instrument Company, Chicago, IL, USA), and plasma

chloride (Cl-) was quantified enzymatically with a

commercially available kit (DICL-250, BioAssay

Systems, Hayward, CA). Whole blood hemoglobin

concentration (Hb) was quantified using a commer-

cially available kit (DIHB-250, BioAssay Systems,

Hayward, CA, USA). Mean cell hemoglobin concen-

tration (MCHC) was calculated as [(% Hb 7 Hct) 9

100] (Houston 1990). Relative weight (Wr) was

calculated by: [W 7 Ws 9 100], where W is the

weight of the fish and Ws is a length-specific weight

standard (Anderson and Neumann 1996). Muscle

water content [(wet weight - dry weight) 7 100]

was quantified by obtaining wet weights and sub-

sequent dry weights of the muscle samples excised

during sampling after being placed in a drying oven for

72 h.

Quantification of HIF-1a mRNA

RNA isolation and cDNA synthesis

All procedures below adhere to current guidelines for

the publication of quantitative real-time PCR studies

(Bustin et al. 2009). Red blood cell total RNA was

isolated using an Ambion RiboPure Blood Kit

(AM1928, Life Technologies, Grand Island, NY,

USA). Changes were made to the protocol to maxi-

mize extracted RNA purity and quantity: (1) red blood

cells were thawed on ice as RNAlater� (i.e., RNA

stabilizing reagent) was not used prior to storage in

liquid nitrogen, and 2) extracted RNA was treated with

Ambion DNase (AM1928, Life Technologies, Grand

Island, NY, USA) to eliminate genomic DNA.

Following RNA isolation, yield and purity of the

RNA were determined using a Nanodrop ND-1000

UV–Vis spectrophotometer (Peqlab, Erlangen,

Germany). Extracted RNA was subsequently stored at

-80 �C until cDNA synthesis.

To synthesize cDNA, MultiScribe Reverse Trans-

criptase (Life Technologies, Grand Island, NY, USA),

RNase Inhibitor, and random primers were used

following the manufacturer’s instructions of the

High-Capacity cDNA Reverse Transcription kit

(ABI # 4374966, Life Technologies, Grand Island,

NY, USA) using 1 lg of total RNA for a reaction

volume of 20 lL. The enzymes were then activated

using an Eppendorf Mastercycler (Eppendorf, Ham-

burg, Germany) set at 25 �C for 10 min, followed by

an incubation period at 37 �C for 2 h, and then

stopping the reaction at 85 �C for 5 min. All cDNA

was then stored at -20 �C until qPCR analysis.

Creation of species-specific qPCR primers

Species-specific quantitative real-time polymerase

chain reaction (qPCR) primers were obtained using

degenerate primers manufactured from conserved

regions of the gene from multiple species to obtain

partial sequences for the target (HIF-1a) and reference

(18S) genes. HIF-1a primers were determined using

sequences from silver carp (Hypophthalmichthys

molitrix) (accession no. HM146312), zebra fish

(Danio rerio) (accession no. AY326951), and Euro-

pean perch (Perca fluviatilis) (accession no.

EF100706). Primers for 18S were determined using

sequences from mummichog (Fundulus heteroclitus)

(accession no. M91180), Japanese killifish (Oryzias

latipes) (accession no. AB105163), and the European

perch (P. fluviatilis) (accession no. FJ710876).

All PCRs were performed using the Eppendorf

Mastercycler with Taq DNA polymerase (M0285S,

New England BioLabs, Ipswich, MA, USA; a ther-

mally stable DNA polymerase), the extracted red

blood cell cDNA, and each gene primer pair (i.e., HIF-

1a, 18S). Each PCR reaction (25 lL) underwent the

following conditions: one cycle at 95 �C for 30 s

followed by 40 cycles of 95 �C for 25 s, 1 min at
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58 �C, and 68 �C for 45 s. At the conclusion of the 40

cycles, the reaction ended at 68 �C for 5 min. Products

of the PCR procedure (i.e., the DNA fragments created

between the forward and reverse primers) were then

separated using gel electrophoresis (1.5 % agarose gel

containing ethidium bromide). The target DNA frag-

ments were then excised from the gel using a MinElute

Gel Extraction kit (#28606, QIAGEN Inc., Valencia,

CA, USA) and purified using a QIAquick PCR

Purification kit (#28106, QIAGEN Inc., Valencia,

CA, USA). The purified fragments were sequenced

using a capillary sequencer (ABI 3730XL, Life

Technologies, Grand Island, NY, USA) at the Core

DNA Sequencing Facility at the University of Illinois

at Urbana–Champaign (Urbana, IL, USA). The result-

ing sequence information for largemouth bass HIF-1a
and 18S was submitted to the National Center for

Biotechnology Information, National Institute of

Health’s GenBank (accession no. JX901057 and

JQ896299, respectively). The sequences were subse-

quently used to create largemouth bass-specific qPCR

primers1 and were designed using Primer Express

software (v2.0.0.0, Life Technologies, Grand Island,

NY, USA).

qPCR analysis

All qPCR reactions were performed using 2 lL of

stock cDNA diluted 1:10 using RNase-free water,

2 lL of each qPCR primer at a 1 lM concentration,

4 lL of RNase-free water, and 10 lL of 29 Power

SYBR Green Master Mix (Life Technologies, Grand

Island, NY, USA), for a total reaction volume of

20 lL. The gene expression analysis was then con-

ducted using an ABI 7900HT Fast Real-Time PCR

System (Life Technologies, Grand Island, NY, USA)

under the following conditions: 1 cycle at 50 �C for

2 min, 1 cycle at 95 �C for 10 min, 40 cycles at (1)

95 �C for 15 s, and (2) 60 �C for 1 min. At the

conclusion of the cycles, the PCR results underwent a

melt curve analysis (1 cycle at 95 �C for 15 s, 1 cycle

at 60 �C for 15 s, and then 1 cycle at 95 �C for 15 s) to

confirm the presence of a single amplicon. To confirm

that the amplicon was the correct length and the only

product generated in the reaction, gel electrophoresis

was conducted on a 3 % agarose gel containing

ethidium bromide.

Relative standard curves for HIF-1a (i.e., the target

gene) and 18S (i.e., the reference gene) were created

using multiple, highly induced samples to compare the

threshold cycle to cDNA amount for each primer pair.

The subsequent results were normalized using the 18S

reference gene due to the mRNA levels of 18S

remaining constant between controls and treatments

for red blood cells [analysis of variance (ANOVA)

P [ 0.05]. To detect potential genomic DNA con-

tamination, several RNA samples were chosen, and a

qPCR was conducted with each primer pair. Results

from this showed genomic contamination for 18S

primers ranging from 1:500 to 1:1,000 indicating a

negligible source of error, while genomic contamina-

tion for the HIF-1a primers was found to be 1:32.

Despite this, the Ct levels for samples that contained

no reverse transcriptase (i.e., 35–36 Ct) were outside

the detection limit of the standard curve (i.e., 30 Ct),

and this level of contamination can be considered

nonexistent (Lewis et al. 2010; Caraguel et al. 2011).

Statistical analyses

A two-way ANOVA was used to quantify differences

between the two acclimation treatments for all quan-

tified parameters. The main effects in the ANOVA

were acclimation treatment (i.e., high or low DO

group), experimental treatment (i.e., control or oxygen

shock), and their interaction. Initially, lengths and

weights were added as covariates to determine if size

of the fish influenced the results. If the interaction was

significant, or if the interaction was not significant but

at least one of the main effects was significant, a

Tukey’s post hoc test was used to separate the means.

All tests were performed using JMP version 9.0 (SAS

Institute Inc., Cary, NC, USA), and significance was

assessed at a = 0.05.

Results

Exposure of largemouth bass to water at 2.0 mg L-1

DO for 6 h did not have a significant effect on

concentrations of plasma cortisol (acclimation:

F1,23 = 0.20, P = 0.66; treatment: F1,23 = 1.83,

1 Sequences 50 ? 30:
18S: F-GCAAAGCTGAAACTTAAAGGAATTG; R-CCC

GTGATTGAGTCAAATTAAGC

HIF-1a: F-AACACAGAGCGCAGCTTCTTC; R-CGGCC

CCTGCTTGTGA.
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P = 0.19; interaction: F1,23 = 2.35, P = 0.14;

Fig. 1a) or plasma glucose (acclimation: F1,23 =

1.14, P = 0.30; treatment: F1,23 = 0.25, P = 0.62;

interaction: F1,23 = 3.17, P = 0.09; Fig. 1b). Plasma

lactate increased threefold as a result of the exposure

to the low oxygen for both groups compared with

controls (F1,23 = 22.1, P = 0.0001; Fig. 1c); how-

ever, there was no significant effect of either accli-

mation or the interaction of acclimation and treatment

(acclimation: F1,23 = 0.63, P = 0.44; interaction:

F1,23 = 0.085, P = 0.77; Fig. 1c).

Prior to exposure to low oxygen, there were no

significant differences in hematocrit values between

largemouth bass in the H and L treatments (Fig. 2a).

After 6-h exposure to water at 2.0 mg L-1, however,

hematocrit values for the L treatment fish were 22 %

higher than the H treatment fish (Tukey–Kramer HSD,

P = 0.03; Fig. 2a). Similarly, hemoglobin values for

the L group treatment fish were 14 % higher than H

group treatment fish following 6 h exposure to water

with 2.0 mg L-1 DO (Tukey–Kramer HSD,

P = 0.046; Fig. 2b). MCHC, however, did not differ

significantly across acclimation, treatment, or their

interaction (acclimation: F1,23 = 1.53, P = 0.23;

treatment: F1,23 = 0.17, P = 0.68; interaction: F1,23 =

0.44, P = 0.51; Fig. 2c). In red blood cell samples, the

relative expression of HIF-1a was similar across all

acclimations and treatments (acclimation: F1,23 =

0.21, P = 0.65; treatment: F1,23 = 0.51, P = 0.48;

interaction: F1,23 = 0.17, P = 0.68; Fig. 3).

Plasma Na? and K? were not significantly affected

by acclimation, the treatment, or their interaction

(Na?: acclimation: F1,23 = 0.63, P = 0.44; treatment:

F1,23 = 0.25, P = 0.62; interaction: F1,23 = 0.0078,

P = 0.93; K?: acclimation: F1,23 = 0.06, P = 0.81;

treatment: F1,23 = 0.3, P = 0.60; interaction: F1,23 =

2.3, P = 0.15; Fig. 4a, b). Plasma Cl- increased

significantly as an effect of the treatment after exposure

to water at 2.0 mg L-1 DO (F1,23 = 4.9, P = 0.038;

Fig. 4c). Muscle water content was not significantly

affected by the acclimation, treatment, or their interac-

tion (acclimation: F1,23 = 3.97, P = 0.060; treatment:

F1,23 = 0.11, P = 0.74; interaction: F1,23 = 0.095,

P = 0.76).

At the conclusion of the 50 days acclimation period,

largemouth bass in the L group (LTlow = 172.8 mm ± 2.8;

mean ± SE) were 8 % longer than the H group fish

(LThigh = 159.2 mm ± 2.5). Fish from the L group

(TWlow = 77.4 g ± 3.7) were also approximately one-third

heavier than in the H group (TWhigh = 62.4 g ± 3.3).

Relative weights were similar across acclimations and

treatments (F3,25 = 0.55, P = 0.65).

(a)

(b)

(c)

Fig. 1 Concentrations of plasma cortisol (a), plasma glucose

(b), and plasma lactate (c) for largemouth bass held for 50 days

at high DO (8.0 mg L-1—H) or 50 days at low DO

(3.0 mg L-1—L) and then subjected to a low oxygen shock

(2 mg L-1 for 6 h). Control fish for each group were held for 6 h

at 8.0 mg L-1. Error bars show ±1 SE, and an asterisk (*)

indicates a significant treatment effect
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Discussion

Extended holding of largemouth bass at low DO

induced an improved ability to transport oxygen in

blood relative to fish held at higher oxygen concen-

trations. Concentrations of both Hct and Hb were

significantly higher in largemouth bass held at low

oxygen for 50 days relative to fish held at higher

oxygen. Hct is the percentage of packed red blood

cells relative to the whole volume of blood, but does

not account for the size or number of erythrocytes. Hb

is a quantification of the O2 binding protein found in

red cells, whereas MCHC is a measure of the Hb in a

given volume of packed erythrocytes (Houston 1990).

Increases in Hct and/or Hb are typically caused by an

increase in the production of erythrocytes, swelling of

the erythrocytes, or a combination of both. These

changes are typically a result of catecholamine

releases that induce the release of erythrocytes from

the spleen (Jensen et al. 1993), or acidosis in the blood,

which alters the affinity of Hb to bind oxygen, and can

stimulate an increase in erythrocytes (Wells 2009).

Increases in Hb and Hct concentrations between the L

and H groups during an oxygen challenge may have

(a)

(b)

(c)

Fig. 2 Concentrations of hematocrit (a), hemoglobin (b), and

MCHC (c) for largemouth bass held for 50 days at high DO

(8.0 mg L-1—H) or 50 days at low DO (3.0 mg L-1—L) and

then subjected to a low oxygen shock (2.0 mg L-1 for 6 h).

Control fish for each group were held for 6 h at 8.0 mg L-1.

Error bars show ±1 SE, and plus sign (?) indicates a

statistically significant difference between low and high

acclimation means after a low oxygen shock

Fig. 3 Gene expression of HIF-1a from real-time quantitative

PCR analysis of largemouth bass held for 50 days at high DO

(8.0 mg L-1—H) or 50 days at low DO (3.0 mg L-1—L) and

then subjected to a low oxygen shock (2 mg L-1 for 6 h).

Control fish for each group were held for 6 h at 8.0 mg L-1
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been driven by the release of erythropoietin, the

hormone responsible for synthesizing erythrocytes

and releasing erythrocyte stores from the spleen. This

is evidenced by the increase of erythrocytes numbers

(i.e., increase in HCT and Hb) without increasing the

amount of Hb per cell volume (i.e., no change in

MCHC). This is only offered as a potential mechanism

as erythropoietin was not quantified. Rainbow trout

(Oncorhynchus mykiss) subjected to sustained

hypoxia (maximum 216 h) had persistent increases

in erythropoietin, as well as increased Hb levels (Lai

et al. 2006), thereby providing an improved ability for

oxygen uptake. Additionally, long-term exposure to

hypoxia increases both Hb and Hct concentrations for

numerous fish species, both air and water breathers

(Scott and Rogers 1981; Tun and Houston 1986;

Petersen and Petersen 1990; Timmerman and Chap-

man 2004). These changes typically confer an increase

in oxygen-binding affinity or increased substrata for

oxygen binding on the erythrocyte, improving perfor-

mance of fish in low oxygen conditions. Despite Hct

and Hb concentrations not differing between control

treatments for the H and L group, largemouth bass

acclimated to a low oxygen environment were able to

increase those hematological variables relative to the

high oxygen group following a low oxygen challenge.

It is likely that this increase in Hb and Hct provided an

increase in performance during hypoxia, but addi-

tional work measuring blood gas concentration and/or

Hb/O2 affinity would be necessary to confirm this.

However, based on previous research, the prolonged

exposure of largemouth bass to a low oxygen

environment may have conferred a beneficial advan-

tage by improving the fish’s ability to transport oxygen

via erythrocytes (e.g., more red blood cells means

increased surface area to bind oxygen) when exposed

to an oxygen challenge.

The oxygen-dependent transcriptional factor HIF-

1a is produced during normoxia in many tissues and is

quickly degraded (Soitamo et al. 2001; Nikinmaa and

Rees 2005; Richards 2009). During hypoxia, the HIF

proteins stabilize and accumulate within tissues,

targeting genes involved with hypoxia-adapting mech-

anisms, such as erythropoiesis, carbohydrate metabo-

lism, vascularization, etc. (Bracken et al. 2003;

Nikinmaa and Rees 2005). We did not observe a

significant increase in HIF-1a expression in red blood

cells between acclimation groups or treatments, indi-

cating the genetic function of red blood cells was

likely not altered as a result of acclimation or the

treatment. Previous work on HIF-1a has shown

expression levels to increase in the liver tissue of sea

bass (Dicentrarchus labrax) when exposed to

(a)

(b)

(c)

Fig. 4 Concentrations of plasma Na? (a), plasma K? (b), and

plasma Cl- (c) for largemouth bass held for 50 days at high DO

(8.0 mg L-1—H) or 50 days at low DO (3.0 mg L-1—L) and

then subjected to a low oxygen shock (2 mg L-1 for 6 h).

Control fish for each group were held for 6 h at 8.0 mg L-1.

Error bars show ±1 SE, and an asterisk (*) indicates a

significant treatment effect
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moderate hypoxia (4.3 mg L-1) for 15 days com-

pared to sea bass held under normoxia (Terova et al.

2008). Under acute hypoxia, HIF-1a is up-regulated in

brain and liver tissue of European perch (P. fluviatilis)

and not muscle tissue; however, under chronic

hypoxia, HIF-1a is only up-regulated in muscle tissue,

suggesting HIF-1a expression varies between tissues

and exposure time (Rimoldi et al. 2012). Because HIF-

1a in the current study remained constant, exposure of

largemouth bass to 3.0 mg L-1 for 50 days likely did

not result in advantageous changes to the genetic

function of the red blood cells, and other tissues (e.g.,

internal organs such as the liver or brain) may be a

suitable alternate.

Exposure of largemouth bass to a low DO challenge

induced physiological disturbances caused by anaer-

obic metabolism. Following the low oxygen shock,

largemouth bass from both treatment groups experi-

enced an increase in lactate, as well as an increase in

the concentration of chloride ions in plasma, relative

to control values. When tissue oxygen levels are too

low to support aerobic ATP synthesis, the process

continues anaerobically, resulting in an accumulation

of lactate (Wright et al. 1989). Quantifying lactate in

plasma can measure the intensity and duration of the

response to hypoxia in fish (Zhou et al. 2000;

O’Connor et al. 2011). Exposure of largemouth bass

to DO concentrations for similar durations of time

resulted in increases of lactate comparable in magni-

tude to those in the current study (Suski et al. 2006;

VanLandeghem et al. 2010). Metabolic demands are

typically lower for fish at cooler temperatures (Chabot

and Dutil 1999); however, the similar increase in

magnitude ([threefold increase) of plasma lactate is

believed to show sufficient evidence of anaerobic

respiration for the study fish. The increase in plasma

Cl- observed following hypoxia exposure may have

occurred due to the increased gill permeability and

decreased gas diffusion distance. Sea bass acclimated

to a mild hypoxia regime (70–80 % of the saturation

value) showed a Cl- ion loss at the gills when exposed

to a hypo-osmotic challenge (Saroglia et al. 2010).

These results are similar to previous studies with

similar methodology where gas diffusion efficiency

increased as a result of an increase in respiratory

surface area, a decrease in gas diffusion distance, and

an observed change in ion loss at the gills (Saroglia

et al. 2000, 2002). This osmo-respiratory compromise

may have occurred in the current study where a loss of

Cl- through the gills may have been a more advan-

tageous adjustment than other compensatory

responses, e.g., increases in cortisol. Conversely,

earlier work has shown, however, that Cl- does not

play a role in increasing or decreasing the affinity for

oxygen to bind to hemoglobin during a hypoxic

challenge (Wells 2009) and likely did not have a

significant role in any acclimation benefits or

detriments.

Many physiological parameters previously shown

to increase following exposure to low oxygen in fishes

did not change significantly for largemouth bass in the

current study. Concentrations of plasma cortisol and

plasma glucose did not significantly change as a result

of the oxygen shock, and fish did not experience a loss

of cations from plasma. Cortisol is an important

primary stress response released following the onset of

a stressor, while glucose is a fuel for aerobic tissues

such as gills and the heart (Wendelaar Bonga 1997;

Barton 2002). Previous studies examining the

response of fishes to hypoxia has shown that exposure

to 2.1 mg L-1 for 2.5 h can cause a threefold increase

in cortisol levels in the spotted wolfish (Anarhichas

minor; Lays et al. 2009), and exposure of juvenile

Atlantic sturgeon (Acipenser oxyrhynchus) to a 1 h

hypoxia challenge of approximately 1.5 mg L-1

(10 mmHg) doubled levels of plasma glucose (Kieffer

et al. 2011). Response of largemouth bass to hypoxia

of this magnitude generated concentrations of plasma

cortisol similar to those in the current study (Van-

Landeghem et al. 2010). Unlike VanLandeghem et al.

(2010), we did not observe a significant increase in

plasma glucose following exposure to 2.0 mg L-1

DO, likely due to cooler water temperatures [*15 �C

in this study compared to 20 �C for VanLandeghem

et al. (2010)]. Additionally, gill permeability typically

increases during exposure to low DO, leading to a

decrease in plasma ion concentrations (Gonzalez and

McDonald 1994). Combined, the results of this study

suggest an oxygen shock for high- and low-acclimated

fish at the temperatures we examined was not signif-

icant to elicit a range of stress responses.

Following a 50 days exposure to hypoxia, large-

mouth bass in the high oxygen group were 8 % longer

and 24 % heavier than fish in the low oxygen group.

Fish growth typically decreases in hypoxia (Cech et al.

1984; Pichavant et al. 2001; Brandt et al. 2009), and

the size differences seen are likely due to a sampling

effect and relatively small sample sizes (8 individuals
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per treatment), not an actual increase in growth rates.

In addition, length and weight were initially added as

covariates in the statistical analyses for all the

parameters measured, but were removed in the final

models when they were found to have no effect on any

results (Engqvist 2005).

In conclusion, we demonstrated hematological

differences between largemouth bass acclimated to a

low oxygen environment relative to control individuals

following a low oxygen shock. These compensatory

differences can be attributed to a beneficial acclimation

of the low oxygen group to an increase in the number of

erythrocytes (i.e., increased substrata for oxygen

binding) without changes in the genetic function of

the cells. The differences observed may have important

implications for an understanding of how fish in the

environment respond to chronic changes in environ-

mental variables. Fish exposed to chronic hypoxia in

environments such as urban streams may therefore

impart beneficial changes to their phenotypes to allow

improved oxygen tolerances when behavioral mecha-

nisms are not feasible (e.g., movement away from low

oxygen environments). These long-term changes can

be of benefit and are advantageous for the animal to

survive in these environments.
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