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Abstract

Hybridization between species has the potential to exert pleiotropic effects on metabolism.
Reduced fitness in hybrids may arise through incompatibilities between nuclear- and
mitochondrial-encoded subunits of the enzyme complexes of oxidative phosphorylation. In my
thesis, I examined metabolic properties and hypoxia tolerance of bluegill (Lepomis macrochirus),
pumpkinseed (L. gibbosus), and their unidirectional F; hybrids (male bluegill x female
pumpkinseed). Electron transport system (ETS) complex activities were examined in isolated
mitochondria of bluegill, pumpkinseed and hybrids. The specific activities (units per mg
mitochondrial protein) of complexes I, 11, and V were indistinguishable between groups;
however, both complex III and IV showed indications of depressed activities in hybrid
mitochondria. The nature of sequence differences in complex IV catalytic subunits (CO1, CO2,
CO3) were minor, however the mtDNA-encoded subunit of complex III (cytochrome b) showed 8
differences between bluegill and pumpkinseed, several of which could have structural
consequences to the multimeric enzyme and contribute to the depressed complex III catalytic
activity in hybrids. I next examined hypoxia tolerance in bluegill, pumpkinseed and hybrids to see
if metabolic disruption in hybrids would lead to a reduced ability to cope with this stress. Though
no difference in critical oxygen concentration (P;) was noted, the time to loss of equilibrium
(LOE) in 0.8 mg O, /ml suggests that hybrids and bluegills have a lower hypoxia tolerance than
pumpkinseeds. Hybrids showed a unique independence between size and LOE time. Analysis of
tissue metabolite levels during normoxia, after LOE, and after a short-term hypoxia exposure
suggest that differences in hypoxia tolerance are not due to differences in starting metabolite

levels or differential metabolite use during hypoxia exposure.

ii



Co-Authorship

I was responsible for most of the experimental design, the experiments themselves, and
subsequent analysis, with the following caveats:

* Some of this thesis includes excerpts from a published paper (Davies et al. 2013). I have
included in this thesis my work on CO1, CO2, and CO3 sequencing and analysis.

* The thesis also includes analysis of mitochondrial enzyme activities performed by Dr.
Chris Moyes.

* Dr. Yuxiang Wang is coauthor on the Davies et al. (2013) paper and will also be coauthor
on the manuscript that emerges from this work. He contributed to experimental design
and assisted with the setup and analysis of hypoxic experiments.

* My supervisor, Dr. Chris Moyes, provided advice on experimental design, the
experiments themselves, and subsequent analysis. His NSERC Discovery Grant funded

the work.

Davies, R., Mathers, K.E., Hume, A.D., Bremer, K., Wang, Y. and C.D. Moyes. Hybridization
in sunfish influences the muscle metabolic phenotype. 2013. Physiological and Biochemical
Zoology 85:321-331.

iii



Acknowledgements

Thank you to my supervisor, Chris Moyes, for all your guidance and patience. You’ve been an
amazing teacher and I’'m grateful to have had the opportunity to work with you and learn from
you. To my lab-mates: Katharina Bremer — thank you for teaching me most of the lab techniques
I know and for being a role model in the lab. Tika, Trevor, Emily and Jared — thanks for being
great labmates and friends... I couldn’t have done this without you. Thanks to my parents for the
emotional (and often financial) support. I want to thank Rhiannon Davies and Alex Hume for
their work on the Davies et al. (2012) paper, as well as Dr. Jia Zongchao and Trevor Snider for
their help with interpreting the structural consequences of cytochrome c variation. I also want to
thank the staff of Queen’s University Biological Station for their help with the capture and

holding of fish.

v



Table of Contents

ADSEIACT ...ttt st sttt st sttt st sttt ii
LT RN 11 1103 ¥ 1 ¥ o SRS iii
ACKNOWICAZEMENLS ....eoiiiieiiieeiie ettt ettt st e st e e et eeteeessseessseesnseesnseesnseeenseean v
LIST OF FIGUIES 1..vieeiiie ettt ettt ettt et e st e st e st e s s e e neeesnbeesnseesnseesnseeanneeennnenn viii
LSt OF TaDLES. ...ttt sttt bbbt naeen ix
LSt OF ADDIEVIALIONS.....couiiiiiiiiiiiiiiiie ettt sttt st st sbe e s e e beesree s X
Chapter 1 INtrOAUCTION ......eiiiiiiiiieiie ettt ettt ettt se e et esbeeeteeesaeesaeesnseesnneesnseas 1
1.1 OVRIVIBW ..ttt sttt sttt b e bt sbe e s bt e s bt e bt e s beesbeesbeesbeenbeenbeenbeens 1
1.2 Metabolism and energy production...........cueecueeerieerieerieesiee st eseeeeee e eeeeseeeesneeesseeeneeas 2
1.2.1 Oxidative phoSPROTYIAtION ....ccueeeiireiiieeiieeiee ettt e eereesneeas 2
1.2.2 GLYCOLYSIS .uteiutieeiieeiit et e ettt ettt ettt e et e st e st e st e esteesnteesnseesnteesnseeennaeeanseennseennseas 3

1.3 Hypoxia tolerance in fiSh ..........cceeviiiiiiriiiicie ettt 4
1.3.1 Behavioural adaptations ..........ceeecueeeriireriieeiiesieeeieeeiee ettt e aee st e seeesseeesneeesnseesneeas 5
1.3.2 Gill 1€MOAEIING ....ooveiieiiieeiie ettt ettt s e st eeseeesneeesnbeeeneeas 5

LI B I 2 3 (oY Ta B e T 1 ] T ) A USSR 7
1.3.4 Metabolic and molecular TESPONSES .......c.eevveervieriiieeieeeiiee ettt eiee e ereeeeneeeeaeeeneees 9

1.4 HyDIIdIZAtION. ... .eieeiieeiieeeiie ettt ettt ettt e s te e st e snteeenteeesaeeenteesnseesnseesnsneens 10
1.5 Bluegill and pumpkinseed €COLOZY ......cuiiriiiriiiiiiiieieecie ettt 11
1.6 Thesis goals and hyPOtheSes ........coeiiieriiiiiie et ens 14
Chapter 2 Materials and MethOdS ........cceeiiiiiiieiiiiee e e 16
2.1 Fish capture and holding .........coouieeiiiiiiiiieceee et 16
2.2 Mitochondrial 1SOLation .......cc.eeriiriiiiiiiiiieieeeeee et e 16
2.3 Mitochondrial eNZYme aCtIVITIES .......eevvieriieriieeiie ettt et eteeeereeneeeenaeeseeee e 17
2.4 Cytochrome € SEqUENCE ANAlYSIS....ccueeririeriieriieeiieeiie ettt eee et e steeeeeesereeneeesneeesnaee e 19



2.5 Perit aNd TESPITALION TALES....eeevieeeieeeiieeetieeieeeieeeteeeiteesaeeestteesseeesnteesaseesnseesseesseeessseessseennns 19

2.6 L0SS OF @QUILIDITUIM ....eeiiiiiiieiic ettt ettt et e et e et e e naeesnnee e 20
2.7 MELaADOIILE ASSAYS .uveeeuvireiiriiieeiieeeieeeteesteesteeeteeesteesseeesseeaseeesnseesaseesnseesseesseeesnseesssesnnns 20
2.7.1 [Lactate] determMInation ...........ceccuieeieciieeeiiieeeeiieeeeeiieeeeeiteeeeetaeeeesereeeeseraeeessseeeassseeaenns 21
2.7.2 [ATP] determination ..........ccueeeiiuiieeieiiieeeiiieeeeieeeeeireeeeeiteeeestaeeeeereeeeserseeessseeesnsseeaanns 21
2.7.3 [ADP] determination ..........ccuveeiiiuieeeeiiieeeeiieeeecteeeeeeiteeeesiteeeestaeeeesereeeesesseaessseeesnsseeaenns 21
2.7.4 [Phosphocreatine] determination ...........cc.eeeueerieeriieersieeeieeriee e e seeesieeeeeeesneeeseeeeens 22
2.7.5 [Creatine] determMINAtion ..........cccuveeeeeiieeeiiieeeeiieeeeeiteeeeeteeeestaeeesereeeeseraeeessseeesssseeaanes 22
2.7.6 [Glucose] determination..........cecvieeeeeiieeeiiieeeeiieeeeiieeeeeteeeestaeeesereeeeseraeeeesreeeennseeaanns 22
2.7.7 [Glycogen] determination ..........ccceeerueeerieerieenieeeieeeieeeeeeeseeesreeseeesteesseeenneeesnseenns 23
2.8 DNA extraction and SENOTYPING .....c.ceecveeruieriuierriieerieesieesteeeeeesteesreesseessresnseeessseessseesnns 23
2.9 STALISEICS +eeuveeteertienieenteeniteteert ettt et ettt ettt et e bt et et et e et e et e et eab e et e et et e eate et eaneeanes 24
CRAPLET 3 RESULLS ...eeieiiieiii ettt ettt ettt e ettt e et e st e e steeeteeesaeeenseesnseesnneesnseeans 26
3.1 OXPHOS COMPIEX QCHIVILY c.uveeririeeiieiiieeiie ettt stee et e et e ieeeeiteesbeeseteesteesseeeeseeesnneenes 26
3.2 Cytochrome ¢ SeqUENCE aNalYSiS.......cccerrriirerieeriieiiieeieeeiteesiee et e e et eeeeeesseeesnae e e 27
3.3 RESPITALION TALES ...uvveeueieetieeriiieeiteeeieeeteeeteeestteesateeseteessteesnseeasaeesnseessseessseesnseesnseeessseesssesnnns 30
34 P it ceeenteete ettt ettt bt h ettt h ettt h e bt et e bt bt e st e bt bt en e et e bt eneetenteenes 30
3.5 Loss of equilibrium (LOE) .....ccccuiiiiiiiie ettt 31
3.6 TiSSUE MEADOLITES ..c..eeiiiiiiiiiieie ittt sttt sttt et e 32
3.6.1 FTeSh CAUGNE ...ooviiiiiiiie et ettt et e e e e e snte e b e sneeas 32
3.6.2 Loss of equilibrium and normoxia acclimation .............cccceeceeriieeriieenieenieeeee e 33
3.6.3 HYPOXIQ EXPOSULC.....eeeiieeiieeiieeniieeitieeeteeetteeteeetteessaeesseeesnseesnseesnseeesaeessseesnseessessses 36
CRAPLET 4 DISCUSSION. ....eetiieieiieetieeieeesiee et ettt e st esteeette e steesseeesnteesnseesnseeanseeensseesnseesnseesnseesnseeans 39
4.1 Do sunfish hybrids suffer from genetic incompatibility? ..........cccoeoveeviiieniieniiniiieeieeene 40
4.2 Does hybridization influence hypoxia tolerance in hybrids?.........ccocceveeniinieniininccnennn 43

vi



4.3 What is the metabolic basis for differences in hypoxia tolerance?...........cccccevecerrneeennnnne 45

4.4 General dISCUSSION ...c..eeruiiriiiniiriiiiienitent ettt ettt et ettt et e bt e bt e bt e b enbeeneeenaeenne 47
4.5 Conclusions and PEISPECLIVES .....cueerruirerieerieeerieeeieesteesteesseeesseeesseeessseessseesnseesseesnseeenseeans 48
RETEIEIICES ...ttt ettt ettt et e sb e bt et ebe et e e e e 50
BN 0] 0153116 OSSR 57

vii



List of Figures

Figure 1. Oxidative phosphorylation (OXPHOS) complex activities. ......cc.cceveereereeneeneeneenneenn 27
Figure 2. Alignment of cytochrome b (cytb) genes from bluegill and pumpkinseed. ................... 29
Figure 3. Respiration rates and Prit. .c.oeeeveeiiriiiiiiiiiiiiieieeececeeeeeeee e 30
Figure 4. Loss of equilibrium (LOE). ...cocooiiiiiiiiiiiieeeeeeeee e 31
Figure 5. Metabolite levels in fresh caught fish. .......cccccooiiiiiiiiiii 32
Figure 6. Metabolites in brain tissue of normoxia-acclimated and LOE fish. ......c...cc.ccocenecenn 34
Figure 7. Metabolites in white muscle tissue of normoxia-acclimated and LOE fish. .................. 35
Figure 8. Metabolites in heart tissue of normoxia-acclimated and LOE fish. ......c..cccccooceneenncen 36
Figure 9. Metabolites in brain tissue of fish after a short-term hypoxia exposure.............ccccu..... 37
Figure 10. Metabolites in white muscle tissue of fish after a short-term hypoxia exposure.......... 37
Figure 11. Metabolites in heart tissue of fish after a short-term hypoxia exposure....................... 38

viii



List of Tables

Table 1. PCR primers for genotyping and SEQUENCING. .......c.ceevueerriirrrireerieenieenieenieesieesreeeneeeens 24
Table 2. Mitochondrial-encoded complex IV subunit variation in bluegill and pumpkinseed...... 29
Table 3. Statistics from 2-way ANOVA performed on metabolite concentrations in white muscle
EISSUL. .ttt ettt ettt et a e e a e st s h e e bt e a e e he e a e r e ne e eae 57
Table 4. Statistics from 2-way ANOVA performed on metabolite concentrations in brain tissue
showing effects of species and treatmMent. .........ccecueiriiiirieerie et 59
Table 5. Statistics from 2-ANOVA performed on metabolite concentrations in heart tissue

showing effects of species and treatmMent. .........ccecueiiiiiirieeiie et 59

X



List of Abbreviations

ADP, adenosine diphosphate

AMP, adenosine monophosphate
ASR, aquatic surface respiration
ATP, adensosine triphosphate

BSA, bovine serum albumin

CPK, creatine phosphokinase

Cr, creatine

CrP, phosphocreatine

ETS, electron transport system
G6PDH, glucose-6-phosphate dehydrogenase
GTP, guanosine triphosphate

Hb, hemoglobin

HIF, hypoxia inducible factor

HK, hexokinase

LDH, lactate dehydrogenase

LOE, Loss of equilibrium

P, critical oxygen tension

PEP, Phosphoenolpyruvic acid

PO,, partial pressure of oxygen

PK, pyruvate kinase

OXPHOS, oxidative phosphorylation
NAD', nicotinamide adenine dinucleotide

NADH, nicotinamide adenine dinucleotide (reduced)



Chapter 1

Introduction

1.1 Overview

Metabolism, which is fundamental to organism function, is tightly regulated to ensure a
balance between energy supply and demand. Cells produce energy in the form of ATP aerobically
via oxidative phosphorylation (OXPHOS) or anaerobically via glycolysis. Disruption of these
ATP-producing pathways can have catastrophic consequences for an organism. One such event
that can lead to disruption of metabolic pathways is interspecies hybridization. Though most
species breed true to species, hybridization between species occurs naturally despite biological
mechanisms meant to prevent it. Many hybrids suffer metabolic defects due to incompatibilities
between parental genomes, which tend to accumulate through successive generations (Burton et
al. 2006; Ellison and Burton 2006; Niehuis et al. 2008). Incompatibilities between nuclear and
mitochondrial genomes can affect the structure/ function/ catalytic activity of proteins involved in
OXPHOS and thus impact overall energy production. However, many hybrids are able to survive
and reproduce despite the incompatibilities arising between genomes (Burke and Arnold 2001).

Sunfish of the Lepomis family are a popular model for studying the consequences of
hybridization in vertebrates; although they last shared a common ancestor 14.6 million years ago,
viable hybrids can be generated from crosses between species (Near et al. 2005). When crosses
are made between Lepomis species, hybrids from species with greater evolutionary distance
between parentals show more pronounced defects than hybrids between more closely related
species (Bolnick and Near 2005). In my thesis, I examined the impact of hybridization on
metabolism and hypoxia tolerance of local sunfish, bluegill (Lepomis macrochirus) and

pumpkinseed (L. gibbosus). Though considered to be hypoxia tolerant in general, sunfish species
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can differ widely in their hypoxia tolerance (Nilsson and Ostlund Nilsson 2008). I studied the

biochemical properties of pumpkinseed, bluegill, and hybrids to explore the mechanistic basis of

their hypoxia tolerance, and the potential impairment of energy production in hybrids.

1.2 Metabolism and energy production

Production of cellular energy in the form of ATP is critical for virtually all processes in an
organism. The balance between ATP synthesis and ATP utilization is an important factor that
determines a cell’s ability to survive and function. ATP turnover can vary dramatically between
tissues, and thus regulation of ATP synthesis is critically important for cellular homeostasis. In
eukaryotes, ATP can be produced aerobically via OXPHOS or anaerobically via glycolysis
(Hochachka and Somero 2002). While glycolysis has the benefit of ATP production in the
absence of oxygen, it is not very efficient, yielding only two molecules of ATP for each molecule
of glucose that is broken down. OXPHOS is considerably more efficient, yielding between 30-36

molecules of ATP for each glucose molecule.

1.2.1 Oxidative phosphorylation

Most ATP in eukaryotes is produced by the process of OXPHOS, which couples the proton
pumping activity of the electron transport system (ETS) with the ATP synthetic capacity of the
F,F, ATP synthase. In the ETS, electrons are transferred from donors to acceptors in a series of
redox reactions that eject protons from the mitochondrial matrix, across the inner mitochondrial
membrane. The ETS consists of four enzyme complexes (complexes I to IV) and two electron
carriers (ubiquinone and cytochrome c). Reducing equivalents (NADH, FADH,) produced by the

tricarboxylic acid (TCA) cycle transfer electrons to complex I (NADH dehydrogenase) and



complex II (succinate dehydrogenase), respectively. Complex III (cytochrome c reductase) then
passes electrons from ubiquione to cytochrome c. In the final electron transfer, complex IV
(cytochrome c oxidase) oxidizes cytochrome c and transfers electrons to molecular oxygen to
form water. Energy released by the redox cycles as electrons move through the ETS is used to
transport protons across the mitochondrial inner membrane. This generates the proton motive
force, which is composed of the combination of the pH gradient and electrical potential across the
membrane. The F,F, ATP synthase utilizes this potential energy to phosphorylate ADP,
generating ATP.

OXPHOS is regulated by substrate availability, subunit isoform expression, allosteric
regulation of enzyme complexes, and post-translational modifications (Ludwig et al. 2001).
Complexes I, III and IV contain subunits encoded by both the mitochondrial and nuclear
genomes, which makes the regulation of OXPHOS more complex; both genomes must coordinate

for the production of functional complexes.

1.2.2 Glycolysis

When environmental oxygen is limited, organisms must compensate by producing ATP
through anaerobic pathways. Glycolysis is the pathway by which glucose is converted into
pyruvate, producing ATP by substrate-level phosphorylation. Glycolysis does not require oxygen,
and thus it is the main option for cells to produce ATP under anaerobic conditions.

Glycolysis involves a sequence of ten reactions catalyzed by ten separate enzymes, and the
free energy released from this process is used to generate ATP and NADH. Glycolysis is
regulated through substrate availability, concentrations of enzymes involved in the pathway,
allosteric regulation of these enzymes, and post-translational modifications (e.g.,
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phosphorylation). The three key regulatory enzymes in the glycolytic pathway are hexokinase
(HK), phosphofructokinase (PFK), and pyruvate kinase (PK). These enzymes all catalyze
essentially irreversible reactions. Arguably the most important enzyme for regulation of
glycolysis is PFK, which catalyzes the phosphorylation of fructose-6-phosphate (Bosc and
Corredor 1984). PFK is allosterically inhibited by ATP, which decreases its affinity for its
substrate. AMP reverses this effect, which causes an increase in enzyme activity when the

ATP/AMP ratio is lowered.

1.3 Hypoxia tolerance in fish

Hypoxia can pose a metabolic challenge to organisms. Since anaerobic ATP production is
much less efficient than aerobic ATP production, maintaining a balance between ATP supply and
demand can be challenging under hypoxic conditions.

Environmental hypoxia is quite common in aquatic environments and is globally increasing
in prevalence due to eutrophication caused by anthropogenic nutrient loading (Boesch 2002). Fish
commonly experience hypoxia in their natural environments, and as a result, many species have
evolved a suite of mechanisms to tolerate and survive this stress. The degree of hypoxia that a
fish is able to tolerate can vary drastically among species. Mechanisms of hypoxia tolerance
generally fall into two categories: increasing oxygen uptake from the environment, and
decreasing the consequences of a reduced oxygen supply at the tissue level. These mechanisms

include morphological, behavioural, biochemical, and molecular adaptations.



1.3.1 Behavioural adaptations

Fish have several behavioural responses to hypoxic stress, which can allow them more
flexibility by decreasing the degree of hypoxic exposure. Two of the most common behavioural
responses are avoidance of hypoxic areas and aquatic surface respiration. The degree to which
fish display these behaviours can vary between species that differ in their hypoxia tolerance and
exposure to hypoxia.

Aquatic surface respiration (ASR) is a behaviour that is common in many teleosts (Kramer
and McClure 1982). It involves ventilating near the surface of the water, as the top layer of water
is in contact with the air and is richer in dissolved oxygen. ASR has been shown to be a reflex
driven by oxygen-sensitive chemoreceptors; once dissolved oxygen concentration falls below a
certain partial oxygen pressure (PO,) threshold, the behaviour begins (Shingles et al. 2005;
Florindo et al. 2006). The threshold at which fish begin ASR varies widely between species
(Kramer and McClure 1982). Many comparative studies have shown that a higher ASR threshold
can indicate a lower hypoxia tolerance, as it is indicative of a higher threshold for regulation of
metabolism in response to hypoxia (Chapman and Kaufman 1995; Rosenberger 2000). A more
hypoxia tolerant species may have a lower ASR threshold (i.e., begin ASR at a lower PO,)
because they are able to maintain aerobic energy production at lower oxygen levels. Some fish
have morphological adaptations to increase efficiency of ASR, such as upturned mouths or

flattened heads (Lewis 1970).

1.3.2 Gill remodelling

Gill remodelling allows fish to optimize aerobic metabolism under hypoxic conditions while

avoiding problems with ionoregulation during normoxic conditions. In fish gills, there exists a
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trade-off between the need for gas exchange and problems associated with too much water flux.
While a greater flux of water through the gills means greater opportunity for oxygen uptake, it is
also associated with several problems. Greater water uptake can be energetically costly; more
water flux upsets the osmotic balance within cells, and requires energetically expensive ion
pumping to correct (Gonzalez and McDonald 1992). Greater flux also leads to increased exposure
to toxins, pathogens and parasites (Wood 2001). Additionally, larger gills take up more space,
which may impede a fish’s capacity for feeding (Schaack and Chapman 2003), and with larger
gills, fish are more likely to sustain gill injuries. It stands to reason then that a larger gill surface
area, while beneficial for increased oxygen uptake, is associated with several disadvantages, and
thus there is strong selection for an optimal gill surface area. A fixed gill surface area however
may not be ideal, as the oxygen requirements of a fish can vary depending on developmental
stage, activity level, and environmental conditions.

When faced with a greater oxygen demand, a fish can respond to this challenge by increasing
water flow over the gills (by adjusting ventilation rates) or by increasing the respiratory surface
area. Fish have been long known to be able to adjust the cellular makeup of gill lamellae in
response to environmental stressors; by changing the number of ion-pumping chloride cells near
the surface of the lamellae, a fish can alter the oxygen diffusion distance (Goss et al. 1998; Perry
1998). More recently, it was discovered that fish can alter the respiratory surface area of the gills
in a more dramatic way by rapidly and reversibly changing the morphology of their gills (Sollid
2003), which has been termed gill remodelling (Nilsson 2007). During normoxic conditions and
at low temperatures, an interlamellar cell mass (ILCM) fills the space between gill lamellae,
reducing the functional respiratory surface area. After exposure to hypoxia (even as little as 6

hours), the ILCM recedes, exposing the lamellae and increasing the respiratory surface area by up
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to 7.5 times. The disappearance of the lamellae is due to an increase in cellular apoptosis and
reduction in mitosis (Sollid 2003). It has also been proposed that the ICLM is loosely attached to
the lamellae and can detach itself when faced with hypoxia as an emergency response. The
transcription factor hypoxia inducible factor (HIF1) has been proposed to mediate the gill
remodelling response (Rissanen et al. 2006), although it is likely not the only signal that
coordinated the reduction in ICLM. Currently, the exact molecular mechanisms of gill
remodelling are unknown. Gill remodelling was first observed in crucian carp (Carassius
carassius), but has since been observed in many other species (Tzaneva et al. 2011; Turko et al.

2012).

1.3.3 Blood-gas transport

The circulatory system in fish must be efficient to ensure an adequate supply of oxygen to
tissues under all conditions. The protein haemoglobin (Hb) is fundamental to oxygen transport.
Hb is a tetrameric oxygen-transport protein present in most vertebrates. It carries oxygen from the
respiratory organ to tissues, and allows oxygen to diffuse against its concentration gradient across
the gas exchange membrane. The capacity of blood to carry oxygen is limited by the amount of
Hb. Increasing Hb concentration increases the blood-oxygen carrying capacity, though this is
limited by blood viscosity at high Hb concentrations (Baldwin and Wells 1990). Hb concentration
can vary between species that experience different degrees of environmental hypoxia. Fish that
live in environments with consistently low oxygen seem to have higher Hb concentrations
(Chapman et al. 2002), and the ability to change Hb concentration in response to hypoxia

exposure also varies between species. In general, increasing Hb concentration is useful as a



response to short-term hypoxia, but longer-term hypoxic exposure requires more efficient
strategies.

The oxygen-binding properties of Hb vary between species and can influence hypoxia
tolerance. The oxygen equilibrium curve describes the relationship between PO, and the fraction
of Hb that is bound to oxygen. The shape of the oxygen equilibration curve is determined by the
degree of cooperative binding between Hb subunits, which is indicated by the Hill coefficient, n.
A coefficient of 1 arises from a hyperbolic curve, which indicates independent binding, whereas a
coefficient greater than 1 is seen when the curve becomes sigmoidal, indicating cooperative
binding between subunits. Once oxygen is bound to one subunit, the enzyme’s affinity for oxygen
is increased. Another important property of haemoglobin is Pso, the PO, at which half the Hb is
oxygenated. A low Psj indicates a higher Hb-O, affinity, which favours oxygen loading at the
gills. A high Psjindicates a lower Hb-O, affinity, which favours unloading of oxygen at the
tissue. Psq can be influenced by temperature, pH and phosphate compounds within red blood cells.
Fish that are adapted to consistently low oxygen levels tend to have high blood-O, affinity, a low
Hill coefficient, and blood that is insensitive to pH — this favours loading of oxygen at the gills,
which enables better overall functioning at low PO, (Richards 2009).

Red blood cell phosphates are important for acclimation and adaptation to hypoxia. All fish
have ATP in their red blood cells, but fish that commonly experience environmental hypoxia tend
to have high proportions of GTP in their red blood cells. These phosphates bind specifically to the
Hb tetramer, stabilizing the structure in the low affinity, deoxygenated conformation. This
allosteric regulation allows adjustments in oxygen affinity under different conditions. A decrease
in phosphate levels increases Hb-O, affinity, which is beneficial in hypoxia conditions as it

favours oxygen loading at the gills. Phosphate regulation of Hb-O, affinity was first observed in
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eels, where decreases in red blood cell ATP levels during hypoxia led to an increased Hb-O,
affinity (Wood and Johansen 1972). GTP was later found to have a great impact on adjusting Hb-

O, affinity (Weber et al. 1976).

1.3.4 Metabolic and molecular responses

Fish have evolved many metabolic and molecular responses to hypoxia to optimize oxygen
extraction from the environment and minimize the effects of limited oxygen at the cellular level.
These responses are essential for survival below a critical oxygen tension (Pg). Pyt is defined as
the PO, at which an individual’s rate of oxygen consumption shifts from being independent of
environmental oxygen to dependent on environmental oxygen (Pdrtner and Grieshaber 1993). At
oxygen concentrations above P, an animal is an oxyregulator showing a constant rate of
respiration. When oxygen falls below P, the animal shows a decrease in respiration rate in
proportion to the oxygen concentration; it becomes an oxyconformer. P is considered a good
measure of hypoxia tolerance, as it represents the ability of a fish to extract oxygen from the
environment (Chapman et al. 2002). Fish with lower P values are generally thought to be more
hypoxia tolerant, maintaining their routine metabolic rate at lower environmental oxygen levels.
Physiological adaptations such as gill remodelling and changes in Hb characteristics can affect a
fish’s P, by enhancing oxygen uptake. At oxygen concentrations below a fish’s Py, it is
metabolically limited by oxygen availability, and hypoxic survival depends upon several
molecular responses.

Part of the organismal response to oxygen limiting conditions is a change in the levels or
types of proteins produced. Thus, changes in gene expression are critical to hypoxia tolerance and
hypoxic survival. Many microarray studies have been conducted on fish exposed to hypoxia, and

9



each one has shown the expected metabolic switch from aerobic to anaerobic metabolism. After
hypoxia exposure, there is a general increase in expression of genes involved in anaerobic
metabolism and a decreases in expression of genes involved in aerobic metabolism (Gracey et al.
2001; Ton et al. 2003; van der Meer et al. 2005).

Glycogen is the carbohydrate usually used for glycolysis, and thus the levels of glycogen in a
tissue are generally indicative of its glycolytic capacity. Hypoxia-tolerant species of fish
generally have high levels of tissue glycogen, most notably in the liver, than do more hypoxia-

sensitive species (Nilsson and Ostlund-Nilsson 2008). Changes in gene expression in response to

hypoxia are mediated mainly by hypoxia inducible factor (HIF), which has been characterized in
mammals and fish.

An important adaptive strategy in response to hypoxia is an overall decrease in ATP demand,
brought on by a decrease in metabolic rate. Cellular mechanisms of metabolic rate suppression
are similar across hypoxia-tolerance species. General trends include decreases in RNA

transcription, protein synthesis, and protein ion movement (Richards 2010).

1.4 Hybridization

Despite many mechanisms that should prevent interbreeding between species, interspecies
hybrids can occur naturally. Hybridization is not very common; interbreeding between divergent
species is typically prevented by pre-zygotic and post-zygotic isolating mechanisms. The
Dobzhansky-Muller model (Muller 1942) proposes that these genetic barriers occur when alleles
of two populations have diverged to the point that they are no longer compatible with each other
and the genetic background of the other population. Many hybrids suffer from hybrid breakdown

— a loss of fitness compounded through successive generations — which is likely due to
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incompatibilities between the two parental genomes (Breeuwer and Werren 1995). The effects on
F1 hybrids however are often unpredictable; hybrids can display increased fitness in some area
relative to the parental species (Livesay 1930; Manwell et al. 1963; McDaniel and Grimwood
1971), but more commonly display defects.

In many cases, defects in hybrids are linked to incompatibilities between nuclear and
mitochondrial genomes (Liepins and Hennen 1977; Edmands and Burton 1999; Sackton et al.
2003; Ellison and Burton 2006, 2008; Ellison et al. 2008; Lee et al. 2008; Niechuis et al. 2008).
While a hybrid’s nuclear DNA is inherited from both parents (and therefore both species), its
mitochondrial DNA is inherited from only one parent, in most cases the mother. Though
sequence variation could lead to defects arising through changes in mtDNA replication and
translation (Ellison and Burton 2010) or codon bias (Montooth et al. 2009), the most likely
process that is affected by genetic incompatibility is OXPHOS. Complexes I, Il and IV of the
electron transport system are large, multi-subunit complexes composed of both nuclear- and
mitochondrial- encoded gene products. The coordination between these two genomes is thus
critically important for aerobic energy production, and incompatibilities between the two
genomes can lead to impaired catalytic activity of enzyme complexes (Sackton et al. 2003;
Willett and Burton 2003), reduction in OXPHOS efficiency, or production of reactive oxygen

species (Lane 2011).

1.5 Bluegill and pumpkinseed ecology

Among the species that hybridize naturally are the bluegill and pumpkinseed sunfish, two
closely related fish from the family Centrarchidae. They are found together in many lakes,

streams and ponds throughout North America. Bluegill and pumpkinseed are sister species,
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having diverged approximately 14.6 million years ago (Near et al. 2005). As juveniles, both
species have similar diets and habitats in vegetation-rich areas (Mittelbach 1984). While it has
been proposed that the two species are equal competitors as juveniles (Mittelbach 1984), studies
have shown that the presence of bluegills impairs the growth of juvenile pumpkinseeds (Osenberg
1988; Arendt and Wilson 1999). As the fish mature they develop different jaw morphologies,
which allows them to specialize on different prey. Pumpkinseeds develop a hardier pharyngeal
structure that allows them to feed on hard-shelled gastropods, while bluegills continue to feed on
small invertebrates such as Daphnia (Keast 1978; Mittelbach 1984; Osenberg et al. 1992). This
size-specific shift in diet leads to the habitat differentiation among adult sunfish; adult
pumpkinseeds occupy vegetation-rich areas that are home to plenty of gastropods, while bluegills
are driven into the open waters in search of free-floating invertebrates. The two species have
similar preferred temperatures (Bettinger and Magnuson 1979; Cincotta and Stauffer 1984),
though bluegills are considered more tolerant of higher temperatures than pumpkinseeds.

Though their geographical ranges overlap for the most part, there are several isolated lakes
where pumpkinseeds are found without bluegills (Keast and Fox 1990). These lakes tend to be
small, shallow, and in the northern part of the sunfish range. These smaller lakes are more likely
to experience winterkills (Tonn and Paszkowski 1986), in which the freezing of the lake in the
winter reduces the amount of dissolved oxygen in the water, leading to massive fish mortality. In
a study of a northern lake that experienced two successive years of winterkill, the bluegill
population was entirely eliminated, whereas the pumpkinseed population increased (Mittelbach et
al. 1999). Pumpkinseeds have been shown to have a greater hypoxia tolerance than bluegills,
giving them an advantage over bluegills in areas where oxygen is low. This has been proposed to

explain the differences in geographical distribution (Farwell et al. 2006). The greater hypoxia
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tolerance in pumpkinseeds is attributed to a greater anaerobic capacity, suggested by a higher
activity of lactate dehydrogenase (Farwell et al. 2006).

When spawning, bluegills and pumpkinseeds build nests in the same areas and exhibit
similar, polymorphic mating strategies. Most (~75%) of bluegills are characterized as “parental”
males, maturing at around 7-8 years of age, building and defending nests, attracting females to
spawn with, and providing parental care for their young (Gross 1982). A subset of males matures
much faster, reaching reproductive maturity at around 2 years of age. These males do not build
nests, attract females, or provide for their young, but rather exhibit a cuckoldry strategy. By
sneaking on to the nest or by mimicking females, they steal fertilizations from parental males.
Male pumpkinseeds have also been observed to exhibit cuckoldry mating strategies, but at a
much lower frequency than bluegills (Gross 1980).

Because of the niche overlap and similarity of life history, hybridization commonly occurs
between bluegills and pumpkinseeds. A molecular genetic analysis of bluegill-pumpkinseed
hybrids in Lake Opinicon revealed that all hybrids sampled were unidirectional F1 hybrids
resulting from crosses between bluegill males and pumpkinseed females (Konkle and Philipp
1992). The mechanisms behind unidirectionality of hybridization are not well understood, though
several hypotheses have been proposed. Pumpkinseed females are less discriminating than
bluegill females, and parental male bluegills are less discriminating than parental male
pumpkinseeds — this asymmetry in sexual discrimination makes matings between female
pumpkinseeds and male bluegills more likely to occur (Konkle and Philipp 1992). Parental male
bluegills have also been shown to build nests close to the nests of parental male pumpkinseeds.
With nests in such close proximity, female pumpkinseeds are more likely to mistake a male

bluegill for a pumpkinseed and spawn with him. The higher frequency of cuckolding bluegills
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may also contribute to the unidirectionality of the hybridization; sneaking male bluegills may
mistakenly fertilize pumpkinseed eggs.
Though hybridization in sunfish is quite common, the metabolic characteristics of these

hybrids remain largely unknown.

1.6 Thesis goals and hypotheses

A critical aspect to the survival of any organism is the balance between energy supply and
demand, and any disruption to energy production processes can have catastrophic consequences
for metabolism. Though interspecies hybridization occurs naturally, it has the potential to disrupt
energy production through dysfunctional enzymes due to genetic incompatibility, both nuclear-
nuclear and mitochondrial-nuclear. Defects that are not observable under normal conditions may
be intensified with environmental stress. Hypoxia is a logical stress to study when investigating
potential metabolic defects, as aerobic energy production is critically important to hypoxia
tolerance.

In my thesis, I explored the metabolic phenotype of bluegill-pumpkinseed hybrids. Given that
the bluegill and pumpkinseed sunfish are genetically distinct species, I hypothesized that their
hybrids will display nuclear-mitochondrial incompatibilities. Since these incompatibilities have
the potential to impair the activity of OXPHOS protein complexes that have both nuclear- and
mitochondrial-encoded subunits (complexes I, III and IV), I hypothesized that the aerobic
capacity of hybrids will be impaired. I further hypothesize that due to these metabolic defects, the
hybrids will have a reduced hypoxia tolerance relative to the parental species.

I addressed these hypotheses by studying the metabolic phenotype of bluegills,

pumpkinseeds, and hybrids in various contexts. Comparisons between fresh caught and normoxia
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acclimated allowed me to assess if these fish in their natural environments display phenotypic
plasticity with respect to energy metabolism. I also compared the responses to hypoxia in these
groups, both as whole animal metabolic rates and through metabolite analysis of tissues. These
studies build on previous work (Davies et al. 2012). My thesis includes data generated by me and

published in that study.
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Chapter 2

Materials and Methods

2.1 Fish capture and holding

Bluegill (Lepomis macrochirus), pumpkinseed (Lepomis gibbosus) and bluegill-pumpkinseed
hybrids were caught with hook and line from Lake Opinicon at Queen’s University Biological
Station (44°35°N, 76°20°W). Fish were transferred to the Biology Aquatic Facility at Queen’s
University and held in an aerated 800L flow-through tank at 15-20°C. They were fed daily with
commercial feed, and held at least 2 months prior to sampling. Fish masses were as follows
(mean +/- sd): bluegill (144 +/- 39 g); hybrid (185 +/- 32 g), pumpkinseed (163 +/- 39 g). There
were no significant differences between groups (p=0.12), and this size range has little impact on
mitochondrial enzymes (Davies and Moyes 2007). This research was approved by the Queen’s

University Animal Care Committee (protocol: Moyes-2008-034 with renewals R1-R3).

2.2 Mitochondrial isolation

Fish were lethally anaesthetized in a solution of tricaine methane sulphonate (0.4 g/L) and
sodium bicarbonate (0.8 g/L). Muscle for mitochondrial isolation was collected from epaxial
tissue along the entire length of the fish (20-25 g). The isolation procedure was based on Moyes
et al. (1992). The tissue was finely chopped on a glass petri dish sitting on ice and then
homogenized in mitochondrial isolation medium containing 20 mM Hepes (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid), pH 7.4, 140 mM KCI, 10 mM EDTA (ethylenediamine

tetraacetic acid), 5 mM MgCl,) containing 0.5% bovine serum albumin (BSA). The muscle was
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homogenized using 55 ml Potter-Elvehjem tissue grinders, first with three passes of a loose-
fitting pestle, then three more passes using a tight-fitting pestle. Homogenates were diluted to
approximately 300 ml and centrifuged at 800 xg (4 min). The supernatant was decanted through 4
layers of cheesecloth and centrifuged again at 800 xg (10 min). The supernatant was decanted
through 8 layers of cheesecloth and centrifuged at 9000 xg (10 min). The resultant pellet was
resuspended in 10 ml of mitochondrial isolation medium (no BSA), centrifuged at 9000 xg (10
min) and resuspended in 0.5-1 ml of isolation medium (no BSA). Aliquots of mitochondria were

frozen (-80°C) for subsequent enzyme analyses.

2.3 Mitochondrial enzyme activities

Mitochondrial aliquots used for enzyme analyses were thawed in ice-water. Samples were
centrifuged for 10 minutes at 20,000 xg at 4°C, and resuspended in either isotonic or hypotonic
medium. For complexes III and IV, mitochondria were resuspended in isotonic medium (100 mM
KCl, 25 mM K;HPO,, 5 mM MgCl, , pH 7.4) to 1 mg protein/ml and subjected to three cycles of
freeze-thaw. For complex I, I, and V, the pellets were resuspended in hypotonic medium (25 mM
K,HPO, , 5 mM MgCl,, pH 7.4) to 1 mg protein/ml, then freeze-thawed three times (Kirby et al.
2007). Assays were performed using a Spectromax plate spectrometer (Molecular Devices,
Sunnyvale, CA) thermostated to 25°C.

Complex I activity (Kirby et al. 2007) was measured following the addition of 10 ml lysed
mitochondria to 250 ml of assay mixture containing 25 mM K,HPO, (pH 7.4), 2 mg/ml
antimycin, 25 mM DCPIP (dichlorophenol indophenol), 65 mM ubiquinone-2, 2 mM KCN and

0.2 mM NADH. To correct for non-specific DCPIP reduction, parallel controls were run with the
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complete assay mixture with the addition of 2 mg/ml rotenone. Absorbance values (600 nm) were
collected for 3-5 minutes.

Complex II activity (Kirby et al. 2007) was measured following the addition of 10 ml lysed
mitochondria to 250 ml of assay mixture containing 25 mM K,HPO, (pH 7.2), 2 mg/ml
antimycin, 25 mM DCPIP, 65 mM ubiquinone-2, 2 mM KCN and 20 mM succinate. Absorbance
values (600 nm) were collected for 3-5 minutes.

Complex V activity (Kirby et al. 2007) was measured following the addition of 10 ml lysed
mitochondria to 250 ml of assay mixture containing 5 mM ADP, 1 mM phosphoenolpyruvate
(PEP), 0.2 mM NADH, 1 U/ml pyruvate kinase (PK), and 1 U/ml lactate dehydrogenase (LDH).
Parallel reactions were run with and without 0.5 mg/ml oligomycin. Absorbance values (340 nm)
were collected for 3-5 min, with F;F, ATPase rates derived from the difference between total
ATPase activity and the residual activity after oligomycin inhibition.

Complex III activity was measured following the addition of 10 ml lysed mitochondria to 250
ml of assay mixture containing 25 mM K,HPO, (pH 7.2), 5 mM MgCl,, 2.5 mg/ml BSA, 2 mM
KCN, 2 mg/ml rotenone, 0.6 mM lauryl maltoside, 35 mM reduced ubiquinol, and 50 mM
oxidized cytochrome c. Ubiquinol was reduced according to Rieske (1967). In brief 10 mg
ubiquinone, were dissolved in 5 ml ethanol and added to 15 ml of 100 mM K,HPO, (pH 7.4) and
250 mM sucrose. Cyclohexane (2 ml) was added with 10 mg sodium dithionite. The mixture was
shaken vigorously until it became colourless. After phase separation, the upper cyclohexane layer
was recovered. The cyclohexane extraction was repeated twice and the combined extracts dried to
1 ml under a stream of nitrogen.

Complex IV activity was measured following the addition of 10 ml lysed mitochondria to 250

ml of assay mixture containing 25 mM K,HPO, (pH 7.2), 5 mM MgCl,, 2.5 mg/ml BSA, 0.6 mM
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lauryl maltoside, and 50 mM reduced cytochrome c. Horse heart cytochrome ¢ was dissolved in a
minimal volume of 25 mM K,HPO, (pH 7.2), reduced with an equivalent mass of ascorbic acid,
and dialyzed against 200 vol of 25 mM K,HPO, (pH 7.2), with 4 changes of buffer. The reduced
cytochrome ¢ was frozen in aliquots (-80°C). The change in absorbance (550 nm) was determined

over a period of time where absorbance declined by less than 10%, typically 1-2 minutes.

2.4 Cytochrome c sequence analysis

Bluegill and pumpkinseed mtDNA fragments were amplified using primers based on
consensus sequences of other perciform fish (Table 1). Fragments were gel purified, ligated into
plasmid, transfected into DH5a cells and plated. Single colonies were grown in LB broth, then
plasmids were purified and sequenced in both directions via the Robarts sequencing facility at the

University of Western Ontario.

2.5 P.it and respiration rates

Fish were transferred to individual 5.1 liter plexiglass test chambers and held for 18-22 h.
During this period, tanks were supplied with aerated, flow-through water and a small pump to
internally circulate water. After this period, flow-through and aeration were shut off and the tanks
were sealed. Dissolved oxygen concentration was monitored with FOXY oxygen probes (Ocean
Optics, Dunedin, FL), with measurements taken every 6 sec. Standard metabolic rate was
calculated from the rate of decrease in oxygen concentration over a 20 min period starting after
the first 10 minutes. During this period, the rate of respiration was linear, and oxygen

concentration declined by no more than 20%.
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Fish were left in the chambers to self-deplete oxygen until the water reached 0% saturation.
P..it was calculated using a critical points calculator (P, calculator, Queen’s University,
Kingston, ON) that identifies the critical partial pressure of oxygen (PO,) at which the fish shifts

from regulation of oxygen consumption to conformation of oxygen consumption.

2.6 Loss of equilibrium

Fish were transferred to individual 5.1 liter plexiglass test chambers and held for 18-22 h.
During this period, tanks were supplied with aerated, flow-through water and a small pump to
internally circulate water. To begin the trial, aeration and flow-through were shut off. A mix of
nitrogen and air was bubbled into the tank to decrease the dissolved oxygen concentration to 9-
10% within 10 min. Dissolved oxygen concentration was monitored with FOXY oxygen probes.
Fish were monitored for signs of disequilibrium, with loss of equilibrium (LOE) defined as the
time at which a fish could no longer maintain an upright position. Following LOE, fish were
lethally anesthetized in a solution of tricaine menthane sulphonate (0.4 g/L) and sodium
bicarbonate (0.8 g/L). Brain, heart and white muscle were collected and immediately frozen in

liquid nitrogen.

2.7 Metabolite assays

Frozen white muscle, brain and heart tissues were broken into small pieces in liquid nitrogen
using a mortar and pestle. Tissue (500-1000 mg) was transferred to a small test tube, combined
with 10 volumes of ice cold 3.5% perchloric acid, then homogenized at medium speed for 10
seconds using a Polytron homogenizer. An aliquot of the homogenate was removed for

[glycogen] determination. The remaining homogenate was centrifuged at 15,000 xg for 5 min.
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The supernatant was removed and neutralized with a neutralization buffer (saturated
tris(hydroxymethyl)aminomethane, 2.5 M KCl, 1 M KOH, 0.1M phenol red). Neutralized
metabolite extracts were frozen (-80°C) until metabolite determination. Assays were performed
using a Spectromax plate spectrometer (Molecular Devices, Sunnyvale, CA), described as

follows.

2.7.1 [Lactate] determination

Neutralized metabolite extract (50 ul) was added to a spectrophotometer plate in triplicates
for each sample. 250 pl of assay mix (0.2 M hydrazine, 0.5 M glycine, | mM
Ethylenediaminetetraacetic acid (EDTA), 2 mM NAD") was added to each well and mixed
thoroughly. The plate was pre-read, setting initial absorbances to zero. LDH (1 U) was pipetted

into each well and mixed. Absorbances were read at 340 nm after 30 minutes.

2.7.2 [ATP] determination

Neutralized metabolite extract (50 ul) was added to a spectrophotometer plate in triplicates
for each sample. 200 pl of assay mix (50 mM Tris, 5 mM MgCl,, 5 mM glucose, 2 mM NAD",
0.4 U/ml G6PDH) was added to each well and mixed thoroughly. The plate was pre-read after 10
minutes, setting initial absorbances to zero. HK (1 U) was pipetted into each well and mixed.

Absorbances were read at 340 nm after 20 minutes.

2.7.3 [ADP] determination

Neutralized metabolite extract (50 ul) was added to a spectrophotometer plate in triplicates
for each sample. 200 pl of assay mix (50 mM Hepes, 5 mM MgCl,, | mM PEP, 2 mM NADH, 1

U/ml LDH) was added to each well and mixed thoroughly. The plate was pre-read after 10
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minutes, setting initial absorbances to zero. PK (1 U) was pipetted into each well and mixed.

Absorbances were read at 340 nm after 20 minutes.

2.7.4 [Phosphocreatine] determination

Neutralized metabolite extract (50 ul) was added to a spectrophotometer plate in triplicates
for each sample. 200 pl of assay mix (50 mM Tris, | mM ADP, 5 mM MgCl,, 5 mM glucose, 2
mM NAD", 0.4 U/ml G6PDH, 1.5 U/ml HK) was added to each well and mixed thoroughly. The
plate was pre-read after 10 minutes, setting initial absorbances to zero. CPK (2.5 U) was pipetted

into each well and mixed. Absorbances were read at 340 nm after 20 minutes.

2.7.5 [Creatine] determination

Neutralized metabolite extract (50 ul) was added to a spectrophotometer plate in triplicates
for each sample. 200 pl of assay mix (50 mM Hepes, 5 mM ATP, 5 mM MgCl,, 1 mM PEP, 2
mM NADH, 1 U/ml LDH, 1 U/ml PK) was added to each well and mixed thoroughly. The plate
was pre-read after 10 minutes, setting initial absorbances to zero. CPK (2.5 U) was pipetted into

each well and mixed. Absorbances were read at 340 nm after 20 minutes.

2.7.6 [Glucose] determination

Neutralized metabolite extract (50 ul) was added to a spectrophotometer plate in triplicates
for each sample. 200 pl of assay mix (50 mM Tris, 1 mM ATP, 5 mM MgCl,, 0.5 mM NAD", 0.4
U/ml G6PDH) was added to each well and mixed thoroughly. The plate was pre-read after 10
minutes, setting initial absorbances to zero. HK (1 U) was pipetted into each well and mixed.

Absorbances were read at 340 nm after 20 minutes.
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2.7.7 [Glycogen] determination

Aliquots of acidified tissue homogenate, described above (2.7) were immediately combined
with 200 pl of 2 M sodium acetate containing 50 U/ml amyloglucosidase and incubated at 40°C
for 3 h. Samples were centrifuged at 15,000 xg for 5 minutes, then neutralized with a
neutralization buffer (saturated Tris, 2.5 M KCl, 1 M KOH, phenol red). A glucose assay as
described above (2.7.6) was performed on each sample, and the glycogen content for each tissue
was calculated as [glucose (amyloglucosidase-treated extracts)] — [glucose], each corrected for

the differences in dilution arising throughout the assays.

2.8 DNA extraction and genotyping

DNA was extracted from white muscle samples using a phenol-chloroform extraction of a
proteinase K digest. Muscle samples were digested in 20x volume of buffer containing 200 mM
NaCl, 20 mM Tris, 50 mM EDTA, 1% SDS, and 0.2 mg/ml proteinase K. The digest was
extracted in an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1). DNA purity and
concentration were determined by absorbance at 260 and 280 nm. Genotyping was accomplished
using PCR targeting two genes: nuclear S7 ribosomal protein intron 1 and mitochondrial ND2
(Near et al. 2004).

The nuclear gene S7 fragment was amplified from both species using the primers identified in
Table 1. The PCR reaction (25 ul) contained 0.6 pM of each primer and 50ng of template, with
30 cycles of denaturation (30 sec at 94°C) annealing (30 sec at 59°C) and elongation (30 sec at
72°C). The PCR products were electrophoresed on a 2% agarose gel. The amplicons differ in size

between bluegill (327 bp) and pumpkinseed (350 bp). Thus, bluegill and pumpkinseed parental
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species appeared as a single band differing in size by 23 bp, whereas hybrids presented as a

doublet.

Table 1. PCR primers for genotyping and sequencing.

Gene |dentification 5’-forward- 3’ 5’-reverse- 3’
ND2 GTCGAAGCCACCACCAAATA CAGGGCCAGGATAATGATTG
S7 Intron TGTAACGGGGAGCAGTTAGC ACAGCCGATGTAGGAAACAG

CO1 (N-terminal region)

GGGCTACAATCCACCGCTTAA

TGGATTTTTGTTCAGGTGCTGTG

CO1 (C-terminal region)

CTAAACACCACTTTCTTTGACCC

GGTTATGTGGTTGGCTTGAAACC

CO2

GGTTTCAAGCCAACCACATAACC

AAAGACTAGAATGGCAAATCAAGG

Cco3

CTAGGACACCTTCTTCCAGAAGG

TAACCAAGACCGGGTGATTGGAAGT

cytochrome b

AAAACCACCGTTGTTATTC

GCATCCAGTTTACAAGAC

The mitochondrial-encoded subunit of Complex I (ND2) was amplified by primers that

detected pumpkinseed mitochondrial DNA (Table 1). After PCR, exactly as described above, the
products were electrophoresed on a 2% agarose gel. A 175 bp band appeared from samples with
individuals with maternal pumpkinseeds (i.e., pumpkinseeds and hybrids between male bluegills

and female pumpkinseeds).

2.9 Statistics

Comparisons of OXPHOS complex activity, respiration rates, P value, and tissue metabolite

levels in fresh caught and short-term hypoxia exposed fish were tested for statistical significance

with one-way ANOV As, followed by Tukey-Kramer HST tests. Comparisons of metabolite

levels in normoxic acclimated and post-LOE fish were test for statistical significance with two-

way ANOVAs, followed by Tukey-Kramer HST tests. Comparisons of LOE times and their
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relation to fish mass were tested with an ANCOVA. All statistical tests were performed using

JMP 9.0.1 (SAS Institute Inc., Cary, NC). Statistical significance was accepted at p<0.05.
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Chapter 3

Results

To investigate the effects of hybridization on metabolism and hypoxia tolerance in sunfish, I

used a variety of methods from whole animal respiration to gene sequence analysis.

3.1 OXPHOS complex activity

I measured the activities of oxidative phosphorylation (OXPHOS) protein complexes to
assess if there was any evidence of mitochondrial-nuclear incompatibility in hybrids. Complexes
L, III and IV, having both nuclear and mitochondrial subunits, were expected to have reduced
activity in hybrids if they do indeed suffer from genomic incompatibility. Complexes Il and V,
having only nuclear subunits, were expected to escape the effects of genomic incompatibility and
thus have intermediate activity in hybrids.

Given the differences in hypoxia tolerance between bluegill and pumpkinseed, I expected
differences in OXPHOS complexes. However, the pattern of ETS complex activity was similar
across species. The mean activities of complexes I-IV appeared to be 20-25% higher in
pumpkinseed relative to bluegill, though these were not significant differences (Figure 1).

However, the complex V activities were indistinguishable between the parentals.

I also expected differences between hybrids and parentals, given the potential for genomic
incompatibility but for complexes I, II, and V, hybrids were statistically indistinguishable from
either parental. The patterns seen with complexes III and IV were very similar to each other,
though the statistical support was conflicting. Hybrid complex activities appeared lower than in

pumpkinseeds for both complex III (DF=2, F-ratio=7.8, p=0.02) and complex IV (DF=2, F-
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ratio=4.3, p=0.06). Bluegill activities were intermediate and not statistically different from either

pumpkinseed or hybrids.
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Figure 1. Oxidative phosphorylation (OXPHOS) complex activities.

Complex activities are shown for mitochondria prepared from white muscle of bluegill (n=7),
hybrids (n=12), and pumpkinseed (n=8). The actual values that correspond to a relative value of 1
are depicted on the bar for bluegill (nmol/min/mg mitochondrial protein). Data are presented as
mean + standard deviation. Where letters are shown, different letters denote significant difference
between groups.

3.2 Cytochrome c sequence analysis

Sequences of pumpkinseed mtDNA were compared with published bluegill sequences. The
amino acid sequences were highly similar between species, with only a few substitutions, though
there were examples of apparent polymorphisms among the pumpkinseeds that were sequenced.
Without conducting population-level analyses, we were not in a position to identify the relative

frequencies of polymorphisms that we found. Instead, we report the sequence obtained in at least
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five of six analyses. In complex IV subunit 1 (CO1), there were six differences between
pumpkinseed and the published bluegill mitochondrial genome; two sites showed differences in
more than a single fish, indicative of a potential polymorphism (Table 2). Position 138 is a highly
conserved histidine in a wide range of fish; of the six fish sequenced, four possessed a histidine,
and two possessed an arginine. This residue is located N-terminal to helix I'V. Position 401 is
threonine in most fish, including pumpkinseed, but is serine in bluegill. This residue is part of the
linker between helices X and XI. Position 407 is a serine in pumpkinseed and a threonine in
bluegill. This residue is within helix XI, close to threonine 408, which is a site that interacts with
phospholipid (Tsukihara et al. 1996). Residue 451, a histidine in a wide range of fish and
mammals, is also histidine in bluegill but serine in pumpkinseed. The last two residues of the C-
terminus, which are highly variable in fish, were different between species: alanine and histidine
in pumpkinseed, serine and asparagine in bluegill. In complex IV subunit 2 (CO2), there were
differences at two sites. Position 79 is proline in most fish, including bluegill and four of six
pumpkinseed, with the other two possessing a histidine. Residue 129 is a serine in pumpkinseed
and a threonine in bluegill. In complex IV subunit 3 (CO3), there were differences at two sites.
Residue 44 was an alanine in all pumpkinseeds and a threonine in bluegill. Residue 122 was an
asparagine in all pumpkinseeds and a serine in bluegill. Complex III functions as a dimer of 11
subunit monomers encoded by 10 nuclear genes and mtDNA-encoded cytochrome b (cytb). The
first 114 residues of cytb were identical in bluegill and pumpkinseed, but the C-terminal region

displayed eight amino acid differences (Figure 2).
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Figure 2. Alignment of cytochrome b (cytb) genes from bluegill and pumpkinseed.

A, Bluegill sequence was obtained from the National Center for Biotechnology Information, and I
obtained pumpkinseed sequences from sequencing six individuals. B, Ribbon diagram of cytb

structure (red) based on bovine crystal structure. Differences between bluegill and pumpkinseed

are shown as space-filling green balls. The position of cytochrome cl is illustrated in blue.

Table 2. Mitochondrial-encoded complex IV subunit variation in bluegill and pumpkinseed.

Bluegill Pumpkinseed | Protein
Residue Residue Location
HIS (4/6); .
HIS 138 ARG (2/6) Helix IV
SER 401 THR Linker X-XI
THR 407 SER Helix XI
cot ASN (4/6)
ASN 451 SER (2/6) Helix XII
SER 515 ALA C-terminus
ASN 516 HIS C-terminus
PRO 79 PRO (4/6); Helix Il
co2 HIS (2/6)
THR 129 SER C-terminus
THR 44 ALA Helix Il
Co3
SER 122 ASN Linker 11 - 111
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3.3 Respiration rates

Resting metabolic rate measurements were taken on adult fish (75-150 g) at 25°C (Figure 3A).
Pumpkinseeds showed 50% higher rates than bluegill (DF=2, F-ratio=5.8, p=0.04) and hybrid
(DF=2, F-ratio=5.8, p=0.02). Hybrids and bluegill were not significantly different from each

other.

3.4 Pic

Critical oxygen tension (P.) values were calculated from adult fish (75-150 g) at 25°C
(Figure 3B). There were no significant differences among the three groups of fish, with a mean

P, of 48.6 torr.
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Figure 3. Respiration rates and P.

(A) Respiration measurements were performed on seven bluegill, six hybrids, and nine
pumpkinseed. (B) Critical oxygen tension (P) in bluegill (n=7), hybrid (n=6) and pumpkinseed
(n=9). Data are presented as mean + standard deviation. Different letters denote significant
difference between groups.
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3.5 Loss of equilibrium (LOE)

LOE times were determined from adult fish (85-160g) at 25°C. A higher LOE value indicates
greater hypoxia tolerance. When plotted against fish mass (Figure 4), there was a significant
positive correlation between LOE time and mass in bluegill (r2 =0.59; p<0.05), less with
pumpkinseed (r* =0.27; p=0.10) and no correlation with hybrids (r* =0.06; p=0.49). The average
LOE times for each group were as follows (presented as average + standard deviation): PS =45.3
+15.4; HY =19.2 £ 4.6; BG =26.0 + 8.5. The average LOE time of pumpkinseeds was
significantly greater than both bluegill and hybrids (p<0.05), but bluegill and hybrids were

indistinguishable from each other (p=0.29).
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Figure 4. Loss of equilibrium (LOE).

Loss of equilibrium times were measured in 15 bluegill, 9 hybrids, and 11 pumpkinseed. There
was a significant positive correlation between LOE time and mass in bluegill (r2 =0.59; p<0.05),
indicated by a solid least squares regression line. There was no significant correlation between
size and LOE time in pumpkinseed (r*= 0.27; p=0.10) or hybrids (r* = 0.06; p=0.49); the
regression trend is shown as a dashed line.
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3.6 Tissue metabolites

3.6.1 Fresh caught

To get an idea of the cellular energy state of the fish in their natural environment, I measured
metabolites in various tissues of fish that had been sampled 24 h after being captured. Metabolites
were measured in white muscle (Figure 5). There were no significant differences in any tissue

metabolite among any of the three groups.
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Figure 5. Metabolite levels in fresh caught fish.

Relative metabolite levels in white muscle from fish that were sampled 24h after being caught.
Tissue metabolites were measured in 8 bluegill, 8 hybrids, and 10 pumpkinseeds. The actual
values that correspond to a relative value of 1 are depicted on the bar for bluegill (umol/g). Data
are presented as mean + standard deviation.
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3.6.2 Loss of equilibrium and normoxia acclimation

I measured various metabolites and white muscle, brain, and heart tissues of fish that had
been acclimated to normoxic conditions for at least a month, and fish that were sampled
immediately after their loss of equilibrium. Data are presented for each tissue separately, with a
graph showing the concentration of each metabolite for the normoxic treatment and after LOE, to

allow for comparisons between treatments.

In white muscle (Figure 7), there was a significant species effect on [ATP] and [glycogen],
and a significant treatment effect on [ADP], [creatine], and [phosphocreatine]. Pumpkinseeds had
significantly less [ATP] than bluegills after LOE, with no other significant differences between
groups. There was a significant difference between [creatine] in normoxia-acclimated and LOE
bluegills, but no differences between treatments for pumpkinseeds and hybrids. There was a
significant difference in [lactate] between treatments for all three groups, but no differences
between species. Bluegills had significantly higher white muscle [glycogen] after normoxia-

acclimation than the other species.

Metabolite levels in brain tissue (Figure 6) had a more consistent pattern — for creatine,
lactate and glycogen, there was a significant treatment effect, but no species effect. A post-hoc
Tukey-Kramer test shows significant differences in [creatine] between treatments for hybrids and
pumpkinseeds, but not for bluegills. There was a significant difference in [lactate] between
treatments for bluegill and pumpkinseeds, but not hybrids. There were significant differences in

[glycogen] between treatments for all species.

Significant treatment effects were seen in all metabolites measured in heart tissue (Figure 8).

Significant differences in ADP levels between treatments were present in bluegills and hybrids,
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but not pumpkinseeds. There were significant differences in lactate levels between treatments for
bluegills and pumpkinseeds, but not hybrids. And there was a significant difference in glycogen

levels between treatments for hybrids, but not for bluegills and pumpkinseeds.
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Figure 6. Metabolites in brain tissue of normoxia-acclimated and LOE fish.

Metabolite levels were measured in brain tissue of fish acclimated to normoxic conditions (black
bars) and fish that were sampled immediately following loss of equilibrium (white bars). Data are
presented as mean + standard deviation. Where letters are shown, levels not connected by the
same letter are significantly different (according to a Tukey-Kramer post-hoc test).
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Figure 7. Metabolites in white muscle tissue of normoxia-acclimated and LOE fish.

Metabolite levels were measured in white muscle tissues in fish that had been acclimated to
normoxic conditions (black bars) and fish that were sampled immediately following loss of
equilibrium (white bars). Data are presented as mean + standard deviation. Where letters are
shown, levels not connected by the same letter are significantly different (according to a Tukey-
Kramer post-hoc test).

35



ADP Creatine

2 - 20 A
a a
1.5 1 b a g =
b b b 10
1 - ﬂ 5 -
0 - T T 1 0 - T T 1
BG HY PS BG HY PS
Lactate Glycogen
15 A 20 -
a a
a - a
10 - b 15 2 b
10 - b b b
0 - 0 - T T
BG HY PS BG HY PS

Figure 8. Metabolites in heart tissue of normoxia-acclimated and LOE fish.

Metabolite levels were measured in heart tissue of fish acclimated to normoxic conditions (black
bars) and fish that were sampled immediately following loss of equilibrium (white bars). Data are
presented as mean + standard deviation. Where letters are shown, levels not connected by the
same letter are significantly different (according to a Tukey-Kramer post-hoc test).

3.6.3 Hypoxia exposure

To investigate the metabolic basis of differences in hypoxia tolerance, I measured
metabolites in various tissues of fish that had been exposed to short-term hypoxia. Metabolites
were measured in brain (Figure 9), white muscle (Figure 10), and heart (Figure 11). Similar
results were found in each tissue; there were no significant differences between groups in any of

the metabolites measured in any of the three tissues.
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Figure 9. Metabolites in brain tissue of fish after a short-term hypoxia exposure.

Relative metabolite levels in brain tissue from fish that were exposed to (%?) hypoxia for 30 min.
Tissue metabolites were measured in 13 bluegill, 8 hybrids, and 5 pumpkinseed. Mean metabolite
levels (set to 1 for comparison) are embedded in the bluegill bar (umol/g). Data are presented
as mean + standard deviation.
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Figure 10. Metabolites in white muscle tissue of fish after a short-term hypoxia exposure.

Relative metabolite levels in brain tissue from fish that were exposed to hypoxia for 30 min.
Tissue metabolites were measured in 13 bluegill, 8 hybrids, and 5 pumpkinseed. Mean metabolite
levels (set to 1 for comparison) are embedded in the bluegill bar (umol/g). Data are presented
as mean + standard deviation.
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Figure 11. Metabolites in heart tissue of fish after a short-term hypoxia exposure.

Relative metabolite levels in brain tissue from fish that were exposed to hypoxia for 30 min.
Tissue metabolites were measured in 13 bluegill, 8 hybrids, and 5 pumpkinseed. Mean metabolite
levels (set to 1 for comparison) are embedded in the bluegill bar (umol/g). Data are presented
as mean + standard deviation.
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Chapter 4

Discussion

Hybridization has the potential to disrupt the evolved processes that an organism uses to
produce cellular energy. The negative effects of genomic incompatibility are often magnified
when F; hybrids breed, though the effects on F, individuals themselves are unpredictable and
depend on the genetic divergence of the parentals (Bjorklund 2013). The sunfish group is an
excellent model to look at the consequences of hybridization, as different species commonly
interbreed. We can infer from their viability and abundance that the genetic differences between
species do not have catastrophic effects for F; hybrids.

My thesis began by exploring the metabolic phenotype of bluegill-pumpkinseed hybrids. I
wanted to see if hybrids suffered from genetic incompatibility; specifically, mitochondrial-
nuclear incompatibilities, the effects of which may disrupt aerobic energy production through
impaired oxidative phosphorylation (OXPHOS). When I found evidence of mitochondrial-nuclear
incompatibility, I began to explore its effects on metabolism in hybrids. I looked at hypoxia
tolerance, which was a particularly interesting question since the two parental species differ
dramatically in their hypoxia tolerance (Farwell et al. 2006). I was interested to see where the
hybrids would fit — would their hypoxia tolerance be intermediate to the two parental species, or
would it be reduced because of metabolic disruption? I then looked at the metabolic basis for
differences in hypoxia tolerance by measuring metabolite levels in various tissues to see if

differences in metabolite levels could explain differences in hypoxia tolerance.
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The overall hypothesis was that hybrids would suffer from metabolic defects due to genomic
incompatibility, and that this would extend to a reduced hypoxia tolerance. I further hypothesized
that differences in starting metabolite levels would parallel differences in hypoxia tolerance (i.e.,
the most hypoxia-tolerant of the three would have the most tissue glycogen), as would differences

in metabolite use during hypoxia exposure.

4.1 Do sunfish hybrids suffer from genetic incompatibility?

Differences in muscle OXPHOS complex activities between species can be attributed to
active control mechanisms: differences in gene expression and mitochondrial biogenesis.
However, with hybridization, the potential effects of genomic incompatibilities must be
considered. Conflicts could arise between nuclear and mitochondrial subunits, between maternal
and paternal nuclear subunits, or between mtDNA and nuclear regulators of mtDNA transcription
and translation (Ellison and Burton 2010). The faster rate of mtDNA evolution means that
nuclear-mitochondrial incompatibilities are more likely than nuclear-nuclear incompatibilities,
particularly in hybrids between closely related species, whose nuclear DNA is more similar.

I explored the potential for genome incompatibilities in sunfish hybrids with an analysis of
OXPHOS complex activities using isolated mitochondria. My expectation was that if
mitochondrial-nuclear incompatibilities are present in hybrids, this would manifest as reduced
activity of the complexes that have both mitochondrial- and nuclear-encoded subunits
(Complexes I, III and IV). The complexes that are entirely nuclear-encoded, however, should
escape the effects of genomic incompatibility, and be intermediate in hybrids. When interpreting
differences between hybrids and parentals, it is important to consider that tissues have some

capacity to overcome suboptimal enzyme complexes by stimulating expression of the appropriate
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genes to increase enzyme content as a mechanism to obtain the desired total catalytic activity.
Three complexes (I, II, V) were indistinguishable between groups (Figure 1). However, two
complexes (III, IV) showed patterns that could be consistent with genome incompatibility. The
activities of complexes III and IV of hybrids were not intermediate to parentals but in both cases
appeared to be 20% lower than bluegill (not significant) and about 40% lower than pumpkinseed
(p=0.02 for complex III; p=0.06 for complex 1V).

To better understand how such differences in complex III and IV activity may arise in
hybrids, I investigated mtDNA sequence variation. It is expected that the bluegill mtDNA and
nuclear gene products work fine together (as they are coevolved), as do pumpkinseed mtDNA
and nuclear gene products. However, with hybridization (between male bluegill and female
pumpkinseed) the paternal alleles of the nuclear genes may have suboptimal interactions with the
maternal mtDNA gene products. This specific scenario does not address two other potential
influences: (i) the extent to which epigenetic modifications silence maternal or paternal alleles or
(i) the potential for incompatibilities between maternal and paternal nuclear alleles in the
heteromeric complexes (Willett and Burton 2003).

Sequence analyses of mtDNA gives some insight into potential nuclear-mtDNA
incompatibilities. Comparing pumpkinseed sequences to published bluegill sequences, I found
some situations that suggest sites of genomic incompatibilities (Table 2). I examined the
sequences of the three mitochondrial-encoded subunits (CO/, CO2, CO3). Subunit CO2 displays
little in the way of interspecies differences, although we found evidence of polymorphisms within
pumpkinseed. Subunit CO3 also displays few interspecies differences. More differences are seen
with CO1, but the variation in either minor (serine/threonine substitutions) or tolerable (two

differences in the C-terminal tail). As with CO2, we saw evidence of polymorphisms within
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pumpkinseed. The two differences between species in CO3 were in sites where there is little
conservation between species.

The overall similarity in complex IV genes between closely related species is perhaps
expected, making the interspecies differences in cyb all the more surprising. This gene,
contributing the sole mtDNA-encoded subunit of complex III, displays a remarkable eight
differences between species. All of these fall outside the regions identified by Howell (1989) as
highly conserved in animals (25-40, 127-158, 174-190, 271-299). Seven substitutions are in
transmembrane helices (115, 125 in helix C; 219, 233 in helix E; 349, 366, 370 in helix H) and
one (314) is in the linker between helices F and G. Several of the substitutions are unlikely to
have a significant effect on the structure of the subunit itself. Position 349 in helix H is fully
exposed, and the minor difference between side chains of methionine and isoleucine is unlikely to
have an impact on subunit interactions. Likewise, the interspecies differences in residue 366
(serine versus threonine) would have little influence on the structure of helix H as the side-chains
are not exposed. The substitution of glycine for alanine at position 370 would also have little
effect; though glycine would tend to destabilize the helix, the region would be fairly flexible
because it is at the C-terminus. Residue 233 is on the surface of helix E; alanine and valine would
have similar effects on stabilizing the helix. However, the residue is in close proximity to
cytochrome cl (Figure 4B). Structural consequences are more likely for the other substitutions.
Residue 115 is semi-exposed on the surface and the valine-isoleucine substitution could have a
small effect. Residue 125 (valine or methionine) is in a surface cavity, and the longer methionine
side chain could partially reach to the surface and exert a minor effect. Residue 219 is at the N-
terminus of helix E and could potentially form a hydrogen bonding interaction with aspartate 20

which, if true, would play a major role in orienting and stabilizing helix A of the protein. Hence
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change of serine (bluegill) to leucine (pumpkinseed) would result in the loss of the hydrogen
bond and may have impact. This region is also very close to cytochrome c1 (Figure 4B). Residue
314 is at a turn between helix F and helix G, and the flexibility of glycine would be important in
permitting the sharp turn. The change of glycine to serine could have significant effect on the
protein structure. I do not suggest that either of the species has an impaired complex I1I as a result
of these differences; within each species, any structural differences would likely be tolerated. It
remains an open question as to whether the interspecies differences lead to genomic
incompatibilities in hybrids. Nonetheless, I continued this study by asking if there were metabolic

differences between the species and the hybrid.

4.2 Does hybridization influence hypoxia tolerance in hybrids?

Once I found evidence that hybrids may suffer from genetic incompatibility, I decided to
explore their hypoxia tolerance. Hypoxia tolerance is the culmination of many physiological
parameters, and as such, can be quite difficult to measure. There are several different measures
that are commonly used to infer whole-animal hypoxia tolerance, but each says something
different about the animal’s physiology. Two measures commonly used as indicators of hypoxia
tolerance in fish are critical oxygen tension (P;) and loss of equilibrium (LOE).

Pt is the oxygen concentration at which animal switches from being an oxyregulator to an
oxyconformer, and reflects the animal’s ability to extract oxygen from the water. A lower P is
generally associated with greater hypoxia tolerance, as the animal is able to maintain routine
oxygen uptake and energy production at lower oxygen concentrations. However, a lower P

might also arise in an animal with a low metabolic rate. I expected P.,;; values to differ between
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the sunfish species, as bluegill and pumpkinseed have previously been shown to differ in hypoxia
tolerance as measured by LOE (Farwell et al. 2006). When I measured P, in sunfish, however, |
found no significant differences between bluegills, hybrids, and pumpkinseed (Figure 3B). The
indistinguishable P;; values may not necessarily mean that the species do not differ in their
hypoxia tolerance; though P, has historically been considered to be a good measure of hypoxia
tolerance in fish and used for cross-species comparisons of hypoxia tolerance (Portner and
Grieshaber 1993; Chapman et al. 2002; Mandic et al. 2009), a recent study has shown that P,
does not fully explain variation in hypoxia tolerance between species and may not be an accurate
predictor of whole-animal hypoxia tolerance (Speers-Roesch et al. unpublished results).

I chose to measure LOE in addition to P.; for a broader assessment of hypoxia tolerance, as
the two parameters reflect different aspects of an animal’s hypoxia tolerance. LOE — a measure of
the time it takes until a fish loses equilibrium at a given oxygen concentration — has been a
popular method of assessing whole-animal hypoxia tolerance in fish. It reflects the degree to
which a fish is able to withstand hypoxia, and is dependent on both the aerobic and anaerobic
capacity of a fish. Though there were no differences in P between sunfish species, there were
differences in LOE times (Figure 4), suggesting differences in overall hypoxia tolerance. When
considering the average LOE time of each species, pumpkinseeds displayed a greater hypoxia
tolerance than both bluegills (p=0.04) and hybrids (p=0.01), but bluegills and hybrids were
indistinguishable. The story becomes a bit more complex when plotting LOE time against fish
mass. There was a significant positive correlation between LOE time and fish mass in bluegill (’
=0.59; p<0.05) less so in pumpkinseed (r* =0.27; p=0.10), and no correlation in hybrids (*
=0.06; p=0.49). This suggests that hybrids suffer from reduced hypoxia tolerance, with

differences being more pronounced at larger sizes. It has been suggested that differences in
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hypoxia tolerance between bluegill and pumpkinseed are due to greater LDH activity and thus
greater anaerobic capacity (Farwell et al. 2006), but this has not been measured in hybrids.
Production of reactive oxygen species (ROS) has been shown to be elevated in copepod
hybrids due to nuclear-mitochondrial incompatibilities (Barreto and Burton 2013). It is possible
that sunfish hybrids lack the size-specific hypoxia tolerance seen in bluegills and pumpkinseeds
because the larger fish have lived longer and have accumulated more ROS-induced damage,
impairing aerobic capacity. Further research is necessary, however, to fully understand the size-

dependence of hypoxia tolerance in sunfish.

4.3 What is the metabolic basis for differences in hypoxia tolerance?

To get a better understanding of the differences in hypoxia tolerance between species, |
looked at metabolite levels in various tissues. I first looked at metabolite levels in tissues of fresh
caught fish to see if in their natural environment there were any differences between species, or if
hybrids were inferior to parentals. I reasoned that the species differences in hypoxia tolerance
might be due to differences in starting amounts of certain metabolites (i.e., glycogen) or
differential use of metabolites during hypoxia exposure. When I looked at metabolite levels in
white muscle of fish sampled 24h after capture (Figure 5), I saw no significant differences
between either of the species and hybrids for any of the metabolites. This indicates that in their
natural environment, bluegills, pumpkinseeds and hybrids do not have significant differences in

metabolite levels.

The pattern among metabolite levels between normoxia-acclimated fish and post-LOE fish is
more complicated. Starting with white muscle (Figure 7), we see few significant treatment

effects. One of the most noticeable findings is that bluegills have significantly higher tissue
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[glycogen] than both pumpkinseeds and hybrids. White muscle is, however, highly glycolytic as
it is used predominantly for burst exercise. Hypoxia should not affect these tissues as much as

others since they have a small oxygen requirement.

A more interesting story is seen in the brain and heart. The brain is the organ that is most
likely affected in LOE fish. Some species show significant depletion of brain [ATP] after loss of
equilibrium (DiAngelo and Heath 1987; van Raaij et al. 1994; Ginneken and Nieveen 1996;
Ishibashi et al. 2002), while other show no changes (DiAngelo and Heath 1987; Ginneken and
Nieveen 1996). We were unable to measure [ATP] in both brain and heart, but other metabolites
show some interesting trends. The most striking result is that brain [glycogen] was significantly
reduced after LOE in all species, although brain [glycogen] was not completely depleted. There
was a significant increase in brain [lactate] that was only seen in pumpkinseed. In the heart, we
see similar trends. There were significant increases in heart [lactate] for all species, and
significant decreases in heart [glycogen] for all species. There were no differences between

species, however.

These data indicate that the three groups begin with more or less the same metabolite levels in
each tissue, and show similar patterns after LOE. This is interesting because of the drastic
differences in hypoxia tolerance and thus exposure time. The brain of a hybrid that lost
equilibrium after 20 minutes was indistinguishable from the brain of a pumpkinseed that endured
the same level of hypoxia for over an hour. We next wanted to look at the effect of a short-term
hypoxia exposure with the expectation that metabolite levels would show differences between
species. We found, however, that there were no significant differences between any of the species

in any metabolites in brain (Figure 9), white muscle (Figure 10), and heart (Figure 11).
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The finding that the two species and hybrids have indistinguishable P;; values means that the
hypoxic response starts at the same oxygen concentration. It is perhaps not surprising, then, that
metabolite levels would change at the same rate for each species. These data indicate that
differences in hypoxia tolerance do not parallel starting metabolite levels or metabolite use during

hypoxia exposure.

4.4 General discussion

Hybrid dysfunction can manifest in many different ways. This study shows that while genetic
incompatibility may not be immediately apparent in hybrid sunfish, it can have consequences for
hypoxia tolerance. When looking at hypoxia tolerance in these sunfish, it is particularly
interesting to note that the P values did not differ among the groups, but the LOE values did.
This suggests that bluegills, pumpkinseeds and hybrids have the same capacity to extract oxygen
from the environment, but differ in their metabolic responses past that point, where aerobic
respiration is limited. It is also interesting to note that they start at more or less the same level
metabolically- metabolite levels were similar in each group in both fish that were freshly caught
and fish that were acclimated to normoxic conditions, indicating that a greater ability to cope with
hypoxic stress in not due to simply having a greater glycogen store. There were patterns in
metabolite changes before and after loss of equilibrium (i.e., depleted glycogen in the brain), but
none of the metabolites differed between the three groups in a way that would explain the
observed differences in hypoxia tolerance. We can conclude from these data that the differences
in hypoxia tolerance among the three groups are not due to differences in metabolite levels in any

of the tissues measured.
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Since the differences in hypoxia tolerance seen among groups are not due to differences in
metabolite levels or use in brain, white muscle or heart, some other mechanism must be
responsible. It is difficult to argue that differences in hypoxia tolerance are due to differences in
capacity for anaerobic energy production, since the three groups do not differ in tissue metabolite
levels at normoxia, after short-term hypoxia, and after loss of equilibrium. It is possible, however,
that the more hypoxia tolerant groups have great tissue glycogen stored in their livers, which I did
not measure in my study. It is also possible that pumpkinseeds, the most hypoxia tolerant of the
three groups, are able to depress their metabolic rate to a greater extent after the point of P,

reducing ATP demand.

The size-independence of loss of equilibrium time in hybrids has interesting implications for
the ecology of the sunfish. It is the largest hybrids that are most affected by this reduction in
hypoxia tolerance; the smallest hybrids have a similar hypoxia tolerance to bluegills and
pumpkinseeds of the same size, but at larger sizes, hybrids have a far reduced hypoxia tolerance
relative to the parentals. This could potentially explain why F; hybrids exist throughout the lake,

but no F, hybrids have been found.

4.5 Conclusions and perspectives

There is a rich history of the study of metabolic consequences of hybridization in plants, yeast
(Lee et al. 2008), and invertebrate models such as copepods (Ellison and Burton 2010) fruit flies
(Sackton et al. 2003), and wasps (Breeuwer and Werren 1995). Though many vertebrates
hybridize, physiological studies of the consequences of hybridization are limited. Insight can be
gained from studies of nucleocytoplasmic incompatibilities in humans in the context of

mitochrondrial diseases (Barrientos et al. 1998). Though there are functional differences between
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humans with heterplasmy (mixtures of mutant and wildtype mtDNA) and actual hybrids, these
studies have provided insight into the tolerance for structural variation and mechanisms of
cytonuclear incompatibilities. Studies on naturally occurring hybridization between closely
related vertebrate populations, such as sunfish, offer ways of studying the evolution of energy
metabolism, the consequences of hybridization, and the capacity for hybrids to compensate for

dysfunction.

Though nuclear-mitochondrial incompatibility does not have catastrophic effects on F,
sunfish hybrids, my results show that the resulting impairment in OXPHOS becomes more
apparent at hypoxic conditions. Bluegills and hybrids have a significantly lower hypoxia
tolerance than pumpkinseeds, and hybrids display a unique size-independence. While bluegills,
pumpkinseeds and hybrids differ in their tolerance to hypoxia, this is not due to differences in

metabolite levels in brain, heart or white muscle.
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Appendix

Table 3. Statistics from 2-way ANOVA performed on metabolite concentrations in white
muscle tissue.

Statistics shown are degrees of freedom (DF), sum of squares, F ratio, and p-value. Asterisks
indicate significance.

Sum of

Source DF Squares F Ratio Prob > F
Species 2 157.18 3.10 0.05
Lactate  Treatment 1 338.71 13.34 0.0006*
Species*Treatment 2 73.55 1.45 0.24
Species 2 0.41 0.17 0.85
Glucose  Treatment 1 17.36 14.00 0.0005*
Species*Treatment 2 1.56 0.63 0.54
Species 2 270.26 10.35 0.0002*
Glycogen Treatment 1 9.07 0.70 0.41
Species*Treatment 2 8.24 0.32 0.73
Species 2 69.59 5.45 0.0073*
ATP Treatment 1 1.41 0.22 0.64
Species*Treatment 2 11.08 0.87 0.43
Species 2 0.04 0.33 0.72
ADP Treatment 1 0.56 8.90 0.0044*
Species*Treatment 2 0.09 0.73 0.49
Species 2 6.42 0.83 0.44
PCr Treatment 1 4.03 1.04 0.31
Species*Treatment 2 5.57 0.72 0.49
Species 2 7.26 0.03 0.97
Cr Treatment 1 2498.30 20.91 <.0001*
Species*Treatment 2 333.21 1.39 0.26
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Table 4. Statistics from 2-way ANOVA performed on metabolite concentrations in brain
tissue showing effects of species and treatment.

Statistics shown are degrees of freedom (DF), sum of squares, F ratio, and p-value. Asterisks
indicate significance.

Source DF F Ratio Prob > F
Species 2 0.3135 0.7324
ADP Treatment 1 0.3858 0.5374
Species*Treatment 2 0.6135 0.5455
Species 2 3.3961 0.0416
Creatine  Treatment 1 33.37 <.0001*
Species*Treatment 2 0.4959 0.612
Species 2 2.1239 0.1304
Lactate Treatment 1 10.8082 0.0019*
Species*Treatment 2 2.6616 0.0799
Species 2 2.8277 0.0688
Glycogen Treatment 1 94.0233 <.0001*
Species*Treatment 2 0.3192 0.7283
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Table 5. Statistics from 2-ANOVA performed on metabolite concentrations in heart tissue
showing effects of species and treatment.

Statistics shown are degrees of freedom (DF), sum of squares, F ratio, and p-value. Asterisks
indicate significance.

Source DF F Ratio Prob > F
Species 2 0.9865 0.3802
ADP Treatment 1 11.6695 0.0013*
Species*Treatment 2 0.8361 0.4395
Species 2 1.8401 0.1696
Creatine  Treatment 1 7.4936 0.0086*
Species*Treatment 2 0.5722 0.568
Species 2 0.144 0.8663
Lactate  Treatment 1 33.189 <.0001*
Species*Treatment 2 0.4049 0.6693
Species 2 1.4657 0.2409
Glycogen Treatment 1 16.5443 0.0002*
Species*Treatment 2 2.7668 0.0727
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