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Abstract 

Environmental hypoxia is a phenomenon in which low oxygen conditions force organisms to 

respond behaviourally and physiologically to survive in an otherwise lethal habitat. Animals 

display different mechanisms to cope with the harsh living conditions of a hypoxic environment, 

most of which can be summarized as: (i) improvement of oxygen transport capacity, (ii) 

improvement of oxygen storage, and (iii) supply of energy via anaerobic metabolism. Daphnia 

respond to hypoxia by increasing the expression of extracellular hemoglobin (Hb), an oxygen 

transport/storage protein. It is generally thought that this upregulation is used as a strategy to 

sustain sufficient oxygenation to tissues, allowing Daphnia to stay systemically normoxic even 

when the environment is hypoxic. Although the changes/differences in Hb levels have been 

studied in many contexts, very little has been done exploring the basic properties of energy 

metabolism in Daphnia. My focus was on the link between the Hb response and the metabolic 

phenotype. I sampled different Daphnia species from 20 lakes in the Frontenac Arch Biosphere. 

The resulting metabolite analyses support the idea that the benefit of Hb is facilitating oxygen 

delivery rather than to increase oxygen storage. I found a distinct lack of coordination in the 

responses of the glycolytic enzymes relative to Hb. Daphnia pulicaria from four lakes appeared 

to demonstrate one of two strategies in relation to coordination of glycolytic genes and Hb. In 

some lakes D. pulicaria showed a pronounced induction of Hb without changes in glycolytic 

enzymes, whereas other lakes showed a blunted Hb response but pronounced glycolytic 

response. Serial sampling showed the Hb response early in the season (May-June) and a 

glycolytic response later in the season (September- October). Further studies should include 

transcriptome analyses exploring if lake-by-lake differences are due to microevolutionary 

variation or phenotypic responses to different degrees and durations of oxygen stress. 
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Chapter 1 

General Introduction 

Low oxygen conditions, or hypoxia, is an environmental phenomenon that affects a wide range 

of fauna from high-altitude flying birds (reviewed by Scott et al., 2015) to benthic invertebrates 

(reviewed by Diaz and Rosenberg, 1995). In response to environmental hypoxia, organisms must 

modify their behaviour and physiology to meet their respiration needs. When oxygen is scarce, 

they may require anaerobic metabolism to supply their energy demand. Lakes can show 

environmental hypoxia with areas in the water column that can reach near anoxic levels. This can 

become a stressful habitat for organisms that spend time in these areas of the water column, 

including zooplankton of the genus Daphnia. 

Daphnia are small crustaceans of the order Cladocera. Daphnia play an important role in 

a freshwater food chain by grazing on algae and bacteria, while also experiencing predation 

pressure from larger invertebrates (e.g. Chaoborus genus) and many species of small fish (Ebert, 

2005). In response to predation, Daphnia will migrate to the hypolimnion of a lake in search of 

refuge. Occasionally, lakes display near anoxic (0% oxygen) conditions in the hypolimnion, 

requiring Daphnia to respond physiologically to ensure survival. 

In this thesis, I examine the metabolic phenotype of Daphnia in response to 

environmental hypoxia. It is well known that Daphnia upregulate the expression of hemoglobin 

(Hb) genes when exposed to low oxygen, causing them to turn red as a result of accumulation of 

extracellular Hb (Fox and Phear, 1953; Green, 1956). It is thought that all individuals have the 

potential to transition to a red phenotype, with variation across and within Daphnia species 

(Green, 1956). Some of the lakes that I focused on in this study have a mixture of red and pale 
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phenotypes, with red Daphnia found predominately in deeper hypoxic regions and pale 

individuals found in more surface, normoxic waters (Kobayashi and Gonoi, 1985; Meyer and 

Nelson, 2019).  

Though much is known about the Hb response in Daphnia, the exact benefits remain 

unclear. For example, it is not known if Hb works primarily as a scuba tank, benefiting Daphnia 

as an oxygen store. Alternatively, it may work to facilitate oxygen delivery in oxygen-poor 

waters. The distinction between the two strategies is that the former (oxygen store) implies that 

Daphnia likely experience bouts of hypoxia, which necessitates metabolic response to meet 

energy demands. In the latter case, the presence of Hb may be sufficient to ensure that Daphnia 

remain largely normoxic. Thus, it is not clear what would be expected when investigating the 

metabolic phenotype. Both strategies have been reported in other organisms. For example, as a 

dive response, seals use oxygen-binding proteins (such as Hb or myoglobin) as a scuba tank for a 

limited duration of their dive and subsequently experience systemic hypoxia, which requires 

anaerobic metabolism (Kooyman et al., 1980). When bar-headed geese migrate over the 

Himalayas, they use an alternate strategy. Their Hb is modified to meet the high demands of their 

advanced circulatory system (reviewed by Scott et al., 2015). 

Although the changes/differences in Daphnia Hb levels have been studied in many 

contexts (Fox and Phear, 1953; Green, 1956; Kobayashi and Hoshi, 1982; Kobayashi et al., 

1990; Goldmann et al., 1999; Kimura et al., 1999; Zeis et al., 2003, 2004), very little has been 

done exploring the basic properties of energy metabolism in Daphnia.  

My thesis explores the metabolic phenotype of Daphnia. I ask if the changes seen in Hb 

are accompanied by changes in glycolytic enzyme profile. This would be expected because, in 

vertebrates, Hb genes and glycolytic genes share an overlapping pathway in oxygen-sensitive 
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gene expression, namely the hypoxia-inducible factor (HIF) pathway (Semenza et al., 1994). 

Along these lines, I also asked if the enzymes of glycolysis change in parallel, as is typically 

seen in organisms that use glycolysis as a hypoxic response (reviewed by Semenza, 2012). My 

studies revealed complex patterns in these relationships, with differences seen between lakes, 

between seasons, and between years. I evaluate whether the complexity could be due to the 

clonal life history of Daphnia, regulation of genes in response to hypoxia, or heterogeneity in the 

nature of environmental oxygen patterns. 

In this general introduction, I will discuss the nature of the relationship between oxygen 

and the biology of lakes and introduce Daphnia as a study organism in ecological studies of lake 

biology. I will also introduce metabolic processes which are important to the results of these 

studies. 

Hypoxia as a variable in the biology of lakes 

Oxygen levels stay fairly consistent in the natural world, but lakes represent an interesting 

situation because they can change rapidly and display steep gradients over short distances. In 

addition, lakes experience warmer temperatures in the summer to cold winter temperatures, 

which simultaneously reduces oxygen solubility while increasing metabolic rate in ectotherms. 

Because of some degree of isolation between lakes, there are also opportunities for reproductive 

isolation and microevolution. The biology of lakes, similar to islands, is a well-studied natural 

system offering contained study populations and an opportunity for replication. 

Stratification in temperate lakes  

Central to the thermal biology of lakes is thermal stratification, a seasonal change in the physical 

and chemical composition of a lake. Ice loss in early spring is a rapid process where changes in 
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temperature will result in water density differences. Thus, wind across the surface can circulate 

the entire water column or parts of it. This phenomenon, known as spring turnover, typically 

lasts days to weeks in lakes depending on size, depth, and surrounding vegetation (Wetzel, 

2001). Further into spring, the surface water of lakes is heated by the sun at a faster rate than 

turnover can circulate the heat through the water column. As the surface waters heat and density 

decreases, the thermal resistance of circulation increases, eventually reaching a temperature that 

prevents circulation (Wetzel, 2001). A lake is stratified when it is divided into three separate 

regions that differ in temperature. The epilimnion is the region found at the top of the lake where 

warm water is circulating. Below that is the metalimnion, a cold and undisturbed non-mixing 

region which forms the thermocline, an area where temperature decrease with depth is at a 

maximum rate. The deep region of a lake is the hypolimnion, an area where temperature has 

reached its coldest point in the lake (usually 4° C). The temperature in this layer is determined by 

the final water temperature during spring turnover and stays relatively unchanged during summer 

stratification (Wetzel, 2001). The lakes in my study show a dimictic stratification pattern where 

they turnover in the spring and fall and remain stratified during the summer and winter. This 

allows for the distinction of the layers that differ in temperature and thus, dissolved oxygen 

content. 

Temperature changes in the water column affect the availability of dissolved oxygen 

(DO) for aquatic organisms. The hypolimnion of a lake will receive little DO from the 

atmosphere and is has comparatively less light to support algal life, which in epilimnetic water, 

provides the lake with oxygen via photosynthesis. Throughout summer, the hypolimnion of a 

lake can become anoxic, which can affect the metabolism of aquatic organisms that occupy this 

part of the lake.  
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Zooplankton are important fauna in freshwater lake ecosystems and serve as a keystone 

component of the food web. Zooplankton display a wide range of body size. The smaller 

zooplankton graze upon algae, keeping a balance in phytoplankton levels. Smaller zooplankton 

are preyed upon by the larger zooplankton which are successively consumed by small fish. 

Zooplankton populations vary spatially in the water column, and patchiness can vary seasonally 

and diurnally depending on abiotic and biotic lake factors (Hembre and Megard, 2003). One 

organism that has been studied extensively in relation to how hypoxia governs food webs is 

Daphnia. These animals are studied because of their ability to respond to environmental 

challenges using phenotypic plasticity. Given that Daphnia retreat to hypolimnetic water as a 

means of limiting predation (Hanazato et al., 1989; Lampert, 1993; Larsson and Lampert, 2011), 

there are intriguing possible connections between how they respond to predators and how they 

respond to oxygen when the hypolimnion is hypoxic.  

Daphnia in ecological studies 

Members of the genus Daphnia are distributed world-wide across freshwater habitats ranging 

from small ditches and ponds to large lakes and rivers, including the North American Great 

Lakes (Brooks, 1957). Daphnia are not limited to temperate freshwater and many species have 

been reported in other regions of the world such as Australia, Africa, and Asia (Benzie, 1988; 

Havel and Hebert, 1993; Dzialowski et al., 2000; Mergeay et al., 2006).  

Researchers have studied Daphnia to evaluate the impact of toxicants on freshwater 

environmental change (Hanazato and Dodson, 1995), the evolution of sexual reproduction due to 

their cyclic parthenogenetic life cycle (Decaestecker at al., 2009), and phenotypic plasticity in 

response to kairomones released by predators (Tollrian and Dodson, 1999).  
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The Daphnia genus is represented by over 100 species distributed worldwide (Ebert, 

2005). Lakes in the Frontenac Arch Biosphere contain four commonly observed species, which 

are a focus of these studies, including D. pulicaria, D. mendotae, D. dubia, and D. retrocurva 

(Arnott, unpublished data). These species show a range of ecological variation, including body 

size (Brooks, 1957), physiology (Dudycha, 2003), life history, and behavior (reviewed by 

Schwartz, 1984). In the spring, all Daphnia species will occupy the epilimnion (Leibold and 

Tessier, 1991). During summer, all Daphnia species will show some degree of diel vertical 

migration (DVM), however, the larger bodied D. pulicaria tend to spend more time in the 

hypolimnion than the smaller bodied D. mendotae (Leibold and Tessier, 1991).  

Daphnia phenotypic plasticity in relation to oxygen 

Predation can influence the vertical position of Daphnia in the water column. When predation 

pressure is low, Daphnia will spend more time in the epilimnion of a lake. However, in the 

presence of predators, Daphnia will perform DVM to the hypolimnion to avoid predation from 

fish (Dawidowicz and Loose, 1992; Bentkowski et al., 2010). During the day, Daphnia avoid the 

well-luminated epilimnion and migrate to the deep, dark hypolimnion to avoid detection by 

visual predators. In many lakes, this reduces zooplankton population growth as the hypolimnion 

has low temperature and diminished food availability (reviewed by Lampert, 1989). At dusk, 

when visual predation is challenging, zooplankton will return to the nutrient rich epilimnion to 

graze on algae that accumulated during their daily departure from the epilimnion. 

Thermal stratification allows for the development of the thermocline, which reduces the 

amount that oxygen can diffuse through the water column. This leads to hypoxic conditions in 

the cold hypolimnion. Organisms that migrate to the hypolimnion will then have to use strategies 

to cope with hypoxia, which is less prevalent in the epilimnion. 
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Life history strategies 

Daphnia perform an unusual form of reproduction known as cyclical parthenogenesis. This is 

defined as a life cycle which combines long periods of asexual clonality with bouts of sexual 

reproduction. When Daphnia are under favourable conditions, they will reproduce asexually. 

This produces a clonal line of females that are genetically identical. When the habitat becomes 

stressful (e.g. food depletion, predation, hypoxia), males are produced along with eggs that 

require fertilization, allowing sexual reproduction to occur in the population (Stross and Hill, 

1965). One benefit of sexual reproduction is the creation of a stage that is capable of surviving 

hostile conditions. Under environmental pressure, fertilized egg development is stopped, and the 

eggs are contained in a membrane known as an ephippium, which is attached to the carapace and 

eventually shed with it (Decaestecker et al., 2009). An ephippium can remain dormant in the 

sediment for a period of days to decades. Some emerge the following season when conditions are 

favourable again, however, most remain in the sediment for years (Cáceres, 1998; Decaestecker 

et al., 2009; Mushegian et al., 2016). When ephippia emerge, they develop into female offspring 

(Decaestecker et al., 2009). This cyclical parthenogenetic strategy enables Daphnia to have high 

asexual reproductive output, while bouts of sexual reproduction and the use of ephippia 

introduce genetic variation into a population (Decaestecker et al., 2009). 

The hemoglobin response of Daphnia 

Along with being an interesting ecological model, Daphnia are also a common research model 

for physiologists. Under a microscope their translucent carapace allows for the observation of a 

beating heart and fecundity (i.e. egg counts). A well-studied phenomenon that is observable in 

Daphnia is their ability to accumulate hemoglobin (Hb) when exposed to low oxygen levels in 
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the water column, giving them a red hue compared to their usual pale appearance. (Fox, 1945; 

Fox and Phear, 1953). When ambient oxygen levels in a lake fall below ~3 mg O2 l
-1, Daphnia 

may respond with reduced respiration and filtering rates (Kring and O’Brien, 1976). However, 

these are usually short-term strategies employed by Hb-poor (pale) Daphnia who cannot survive 

up to 5 h exposure to oxygen levels below ~3.5 mg O2 l
-1 (Sell, 1998). With Hb upregulation, 

some Daphnia species can survive hypoxic conditions and can even survive up to 3 hours of 

anoxia (0 mg O2 l
-1; Sell, 1998).  

The synthesis of Hb is strongly induced in Daphnia living in poorly aerated waters (Fox, 

1948). The DO content in a freshwater environment is inversely correlated with the Hb 

concentration of Daphnia living there. Red and pale Daphnia differ in Hb content, but in 

addition, the protein itself can differ in structural (Kimura et al., 1999; Zeis et al., 2003, 2013) 

and functional properties, such as oxygen affinity (Kobayashi et al., 1988; Kobayashi and 

Tanaka, 1991; Kobayashi et al., 1994). These differences will improve the ability of Daphnia to 

cope with hypoxic conditions (Fox et al., 1951), often leaving researchers wondering how Hb 

levels affect physiological performance (Fox et al., 1951; Kobayashi and Gonoi, 1985; Pirow et 

al., 2001; Bäumer et al., 2002). Hb-rich Daphnia tolerate low oxygen availability. Hb-poor 

Daphnia must remain in the oxygen rich epilimnion or induce Hb synthesis.  

Many researchers have studied the red/pale variation in relation to environmental 

conditions (Fox, 1948; Fox and Phear, 1953; Green, 1956; Kobayashi et al., 1991; Paul et al., 

1998; Zeis et al., 2003; Schwerin et al., 2010). However, despite many years of study, there are a 

number of questions about how this trait factors into the metabolic properties of Daphnia. 

Although it is well studied in an ecological context, few studies have explored how the Hb 

response integrates into a broader metabolic response. Before discussing the metabolic 
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phenotype of Daphnia in detail, I will introduce some basic features in metabolic biochemistry to 

highlight the nature of the questions that remain. 

Hypoxia and metabolism 

When oxygen is abundant, cells and organisms rely on aerobic (mitochondrial) metabolism to 

produce adenosine triphosphate (ATP) from diverse fuels. When oxygen becomes limiting, cells 

and organisms shift to anaerobic (glycolytic) metabolism, using carbohydrate fermentation. This 

anaerobic pathway is a last resort because it is less efficient in terms of ATP production, but it is 

also the only option for ATP production when oxygen is limiting. The current understanding of 

hypoxia tolerance comes from studies that compare hypoxia-sensitive species with hypoxia-

tolerant species, looking for differences in their metabolic properties (Stickle et al., 1989; 

Rytkönen et al., 2007). Other studies focus on phenotypic plasticity, looking at how specific 

animals remodel their metabolism in an effort to improve hypoxia tolerance (Hochachka et al., 

1982).  

Before discussing specific mechanisms, I want to survey some of the solutions used by 

other animals facing hypoxia to see if there may be parallels with Daphnia. Though the 

adaptations are diverse, they can be subdivided into three categories. (i) improving oxygen 

facilitation, (ii) improving oxygen storage, and (iii) improving hypoxic metabolism. 

Many species cope with low environmental oxygen by using mechanisms to get more 

oxygen from the environment or storing it for later use (i and ii). Bar-headed geese are examples 

of animals that survive low environmental oxygen by using their advanced circulatory system 

(e.g. Hb modifications) to maximize oxygen extraction from an oxygen-poor environment 

(reviewed by Scott et al., 2015). Some species, such as seals, survive low oxygen conditions 

during a dive by maximizing oxygen storage and ensuring resources are directed to critical 
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tissues, such as the heart and brain (Irving et al., 1942). Many marine mammals increase oxygen 

storage by producing high levels of the muscle oxygen-binding protein myoglobin (Blessing, 

1972; Kooyman et al., 1980). The main solution for these animals is to maximize oxygen storage 

ensuring that their tissues can remain normoxic for as long as possible. The added benefit is that 

they do not incur an oxygen debt when they return to normoxic conditions. Other species greatly 

reduce metabolic rate as a means of reducing the need for oxygen. Racehorses cope with 

functional hypoxia by storing oxygenated red blood cells in the spleen, squirting them into the 

circulatory system during periods of high oxygen demand (reviewed by Art and Lekeux, 2005). 

In each of these cases, the animals avoid the negative effects of hypoxia by retaining or obtaining 

as much oxygen as possible to ensure that the critical tissues receive sufficient oxygen. Each of 

these strategies involves oxygen-binding proteins, including myoglobin and Hb.  

Many animals that are unable to avoid experiencing low oxygen in the tissues have 

adaptations that improve the ability to provide ATP by oxygen-independent pathways. I will 

discuss the nature of glycolysis in a later section, but many of the hypoxia-tolerant animals have 

elevated activities of substrates, transporters, and enzymes involved in glucose fermentation. For 

example, bivalves that live in the intertidal zone, and turtles that overwinter in temperate lakes, 

each experience prolonged periods of anoxia. Part of their adaptation to these conditions is an 

ability to store extraordinary amounts of glycogen (Hochachka and Somero, 2002). Many 

animals are able to remodel metabolism to become more reliant on glycolysis, while others have 

adaptations that make them better suited to use anaerobic metabolism. These animals typically 

respond by increasing the activities/levels of transporters for glucose and enzymes that 

metabolize glucose. For example, Davies et al. (2011) found that two similar species of sunfish, 

bluegill (Lepomis macrochirus) and pumpkinseed (Lepomis gibbosus) differed in their glycolytic 



 

11 

 

enzyme activities when measured directly following lake retrieval. However, when exposed to 7 

days of normoxia, the more hypoxia tolerant pumpkinseed’s glycolytic enzyme levels decline to 

the bluegill’s levels. Rees et al. (2001) found that the killifish (Fundulus heteroclitus), 

upregulates lactate dehydrogenase (LDH) in response to prolonged hypoxia exposure. Webster 

(1987) found a 2-5-fold increase in transcription rates of genes for LDH, pyruvate kinase (PK), 

triosephosphate isomerase (TPI), and aldolase (ALD) in rat skeletal muscles which were exposed 

to chronic hypoxia (72 hr, 2% oxygen). These animals also typically increase the levels of 

oxygen-binding proteins, including myoglobin and Hb.  

Oxidative phosphorylation 

To understand the significance of hypoxic metabolism, it makes sense to start with what animals 

do under normoxic conditions, utilizing the mitochondrial pathway of oxidative phosphorylation. 

Almost all eukaryotic cells consume oxygen to generate cellular energy in the form of ATP via 

oxidative phosphorylation (OXPHOS), which produces the majority of ATP required for cellular 

function. OXPHOS in the mitochondria is efficient and produces ~30-36 ATP per glucose 

molecule, however, has an absolute requirement of oxygen. In the presence of oxygen, OXPHOS 

couples the electron transport system (ETS) with ATP synthase to generate ATP through a series 

of enzyme complexes and electron carriers. The ETS is composed of four enzyme complexes 

that facilitate the flow of electrons down the chain and the pumping of protons across the chain 

into the intermembrane space, establishing a proton gradient and promoting homeostasis. The 

pumping of protons from enzyme complexes generates the proton motive force, which provides 

energy for ATP synthase to phosphorylate ADP and generate ATP required for cellular 

processes. 
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The substrate for OXPHOS is a reducing equivalent, primarily NADH and FADH. These 

are produced in the mitochondria tricarboxylic acid cycle (TCA). Various substrates, including 

glucose, can be converted to acetyl CoA. This is combined with oxaloacetate to produce citrate, 

the entry point for carbon into the TCA cycle. The enzyme that mediates this reaction, citrate 

synthase (CS), is commonly used as a marker for mitochondrial capacity. It is not subject to 

covalent regulation (i.e. phosphorylation) so changes in activity correspond with changes in CS 

protein levels. 

CS: Acetyl CoA + oxaloacetate → citrate + CoASH 

The TCA cycle is also able to utilize fuels that arise from diverse macromolecules. Like 

glucose, lipids and many amino acids are broken down into acetyl CoA, whereas other amino 

acids can be used to make other TCA intermediates. Collectively, OXPHOS is a pathway that is 

very flexible in that it can rely on many fuels, and very efficient in capturing the available energy 

in the form of ATP. Aerobic oxidation of glucose yields approximately 36 ATP per glucose. 

However, it is also a pathway that is absolutely reliant on oxygen.   

Glycolysis 

When oxygen is present, cellular respiration proceeds and pyruvate enters the TCA cycle which 

leads to ATP production via OXPHOS. Mitochondria also indirectly oxidize glycolytic NADH, 

allowing the glycolytic pathway to continue. However, in the absence of oxygen, organisms must 

rely on glycolysis and fermentation in attempt to compensate for the reduction in OXPHOS. 

Glycolysis occurs in the cytoplasm and ultimately converts glucose to pyruvate, which produces 

a net amount of 2 ATP per glucose. There is an additional ATP produced if the starting substrate 

is glycogen rather than glucose, because one fewer ATP is needed, since glycogen breakdown 
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produces a phosphorylated hexose substrate. In comparison to OXPHOS, glycolysis is relatively 

inefficient, producing 2 (or 3) ATP per glucose, relative to the ~36 ATP produced by OXPHOS. 

Glycolysis (from glucose) is a series of ten enzyme-catalyzed reactions. It is regulated at 

multiple steps depending on the circumstances. In many tissues, the rate of glucose activation 

(glucose → glucose 6-phosphate) is regulated through hexokinase. Another important site of 

regulation is phospho-fructokinase. Both enzymes experience complex regulation. The last three 

enzymes of glycolysis are enolase (ENOL), pyruvate kinase (PK), and lactate dehydrogenase 

(LDH).  

ENOL: 2-phosphoglycerate → phospho-enol-pyruvate 

PK: phospho-enol-pyruvate + ADP → ATP + pyruvate 

LDH:  pyruvate + NADH → lactate + NAD+ 

These enzymes are frequently used as marker enzymes to explore the glycolytic poise of 

a tissue. Tissues that rely on hypoxic metabolism typically have high levels of these enzymes 

(Semenza et al., 1996; Discher et al., 1998; reviewed by Webster, 2003). While regulatory 

enzymes, such as phosphofructokinase, are often regulated by phosphorylation-

dephosphorylation, ENOL, PK and LDH are not usually regulated by covalent modification. 

This means that, like CS, the activity of the enzymes typically reflects the levels of the enzyme 

protein. A simplified diagram of the substrates, enzymes, and end-products of anaerobic 

glycolysis and OXPHOS are depicted in Figure 1. 
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Figure 1. Pathways of anaerobic metabolism and OXPHOS 

A simplified diagram that highlights the enzymes, substrates, and end-products of anaerobic 

glycolysis and OXPHOS. It is important to note that there are multiple steps in these pathways 

that were not included in this diagram for the sake of simplicity. The key enzymes that we 

measured in our studies are circled and abbreviated as: ENOL (enolase), PK (pyruvate kinase), 

CS (citrate synthase), and LDH (lactate dehydrogenase). 

Hypoxia and the metabolic phenotype 

Oxygen sensing is important for organisms to maintain homeostasis in tissues and cells. In 

vertebrates, low oxygen triggers remodelling of oxygen-sensitive physiology and biochemistry in 

an effort to both improve oxygen delivery (to mitigate peripheral hypoxia) and increase 

anaerobic capacity (to compensate for oxygen shortfalls). It is worth while to look at how 

vertebrates use this pathway to remodel their physiology, to see if and where we would expect an 

analogous response in invertebrates. Oxygen delivery is improved by enhancing perfusion 

through tissue by stimulating angiogenesis (formation of blood vessels) and the expansion of the 

capillary bed in peripheral tissues. This response is triggered by the paracrine factor VEGF 

(reviewed by Palmer and Clegg, 2014). 
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The vertebrate hypoxia response 

The hypoxic response is best studied in vertebrates because of the relevance to many 

pathological conditions (reviewed by Semenza, 2012). In vertebrates, hypoxia triggers an 

increased expression of select genes that encode products that improve anaerobic metabolic 

capacity (e.g. glycolytic enzymes and glucose transporters). In vertebrates, which have a closed 

circulatory system, the central regulator of this process is hypoxia-inducible factor, or HIF. This 

transcription factor induces the expression of the hormone erythropoietin (EPO), which 

subsequently induces a signal transduction to increase the synthesis of red blood cells 

(erythropoiesis). It is worth noting that Hb genes are not directly regulated by HIF, but they are 

expressed in response to the erythropoiesis pathway. EPO works in conjunction with other 

factors (e.g. hepcidin) to coordinate the transport and processing of iron, synthesis of heme, and 

production of erythrocytes from erythroid precursors (reviewed by Camaschella and Pagani, 

2018). Vertebrates tightly regulate these processes to reduce the potential for mismatches in 

iron/heme handling and erythrocyte synthesis, which may lead to iron toxicity (reviewed by 

Papanikolauo and Pantopoulos, 2017). Thus, EPO works on erythroid precursor cells to 

coordinate the elements of erythrocyte proliferation and maturation (including hemoglobin 

synthesis) via transcription factors particularly GATA-1 and KLF1. 

HIF also induces the synthesis of vascular endothelial-derived growth factor (VEGF), 

which promotes the synthesis of new blood vessels to help improve oxygen circulation. 

Endothelial cells in the capillary beds can recognize oxygen insufficiency, then produce VEGF 

to promote the synthesis of additional capillaries (angiogenesis), which improves oxygen 

delivery to tissues.  
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HIF plays a pivotal role in the regulation of physiological processes in response to 

hypoxia because it induces the expression of genes that encode glycolytic enzymes and 

transporters for glucose metabolism. Glycolytic gene induction in response to hypoxia is a 

commonly studied phenomenon among comparative physiologists and has been reported to be 

ubiquitous in animals (Hochachka and Somero, 2002). In oxygen limiting situations, glycolysis 

becomes more important and tissues typically increase glycolytic enzyme levels and the transport 

of glucose as part of an aerobic-anaerobic transition. This requires that the genes for these 

enzymes and transporters become activated. Typically, conditions that lead to changes in the 

activities of enzymes work on all of the enzymes, more or less in parallel (Webster, 1987; 

Webster et al., 1990; Discher et al., 1998).  

Hypoxia-inducible factor 

Each of the above responses to oxygen is triggered by HIF. Although best studied in mammalian 

models (Xiao et al., 2017; Zhu et al., 2018; Bi et al., 2015), it is a pathway that is found in fish 

(Soitamo et al., 2001), reptiles (reviewed by Storey, 2007), birds (Faraci et al., 1984), and 

invertebrates (reviewed by Gorr et al., 2006), though the specific targets of the transcription 

factor differ among species.   

The HIF pathway is often partitioned into afferent and efferent components, where 

afferent refers to the factors that work on HIF to activate it (primarily oxygen but there are other 

factors that change HIF activity) and efferent, the target genes that are regulated by HIF, which 

include proteins involved in other signalling pathways and transcription factors (Gorr et al., 

2004). The pathway itself is highly conserved across species and usually does not differ, 

however it is possible that the target genes do. 
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HIF is a transcription factor composed of a heterodimer of a regulatory alpha subunit 

(HIFa) and a constitutive beta subunit (HIFb), also known as the aryl hydrocarbon receptor 

nuclear translocator (ARNT). Both alpha and beta subunits are represented by gene families, 

allowing the possibility of making different HIFs. HIF1, the main stimulator of oxygen-sensitive 

gene expression, is composed of HIF1a and HIF1b. Both subunits can be replaced by other 

proteins from a larger gene family, so the dimer is often treated as a combination of a Class 1 

basic helix-loop-helix/PAS protein and a Class II ARNT partner. Despite the structural 

differences, the dimers all bind the same HIF-responsive element (HRE) on genes, but effects 

can vary depending on the gene (reviewed by Button et al., 2017).  

When oxygen is abundant, HIFa is degraded, preventing the formation of active HIF. In 

the absence of oxygen, HIF1a accumulates and the active HIF1 dimer forms, stimulating 

expression of suites of HIF-responsive genes. Though HRE consensus sequences are present in 

many genes, not all of these genes are responsive to HIF1. If an HRE is identified on a gene, it is 

considered a putative HRE until it can be shown experimentally that the element responds to the 

transcription factor. The sequence around the HRE influences which combinations of Class I and 

II dimers bind to activate the gene.  

The oxygen-dependent remodeling in animals relies on direct activation of HIF targets in 

various cells tissues. In the vascular endothelium, oxygen-dependent HIF activation stimulates 

VEGF synthesis. In peritubular interstitial cells of the kidney, oxygen-dependent HIF activation 

triggers synthesis and ultimately secretion of EPO. Throughout the body, oxygen-dependent HIF 

activation stimulates genes encoding the proteins of anaerobic glucose utilization, including 

glucose transporters, glycolytic enzymes and inhibitors of oxidative metabolism (e.g. PDHK; 

Kim et al., 2006). Each of the HIF-target genes possess HRE.  
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Hypoxia responses in Daphnia versus vertebrates 

If the vertebrate response is characterized as angiogenesis, erythropoiesis, and metabolic 

compensation, there are many reasons to expect that there may be similarities and differences in 

the Daphnia system (reviewed by Gorr et al., 2006; Kimura et al., 1999). While angiogenesis is 

important in a vertebrate response to hypoxia, Daphnia have an open circulatory system where 

hemolymph bathes tissues, reducing any benefit from improved vascularization. There have been 

few studies that address whether glycolytic genes also respond to low oxygen in Daphnia (Zeis 

et al., 2009). In fact, there is relatively little known about energy metabolism in Daphnia and 

how it changes in response to low oxygen. Finally, while the vertebrate response is largely about 

making more red blood cells, in Daphnia, the Hb is released directly into the hemolymph and 

many of the globin genes are directly responsive to HIF (Gorr et al., 2004).  

Daphnia and the regulation of hemoglobin levels 

Daphnia phenotypes are often categorized into red and pale, reflecting animals that are rich in 

Hb versus those that are Hb-poor. It is important to note that even pale Daphnia possess Hb. Pale 

Daphnia possess 1.4 to 25 mg Hb/g dry weight (0.5-2.5 mg Hb/ mL hemolymph) whereas red 

Daphnia possess 80-117 mg Hb/g dry weight (9.2-16 mg Hb/ mL hemolymph) (Kobayashi et al., 

1982, 1988, 1991, 1994; Kobayashi and Gonoi, 1985). When Daphnia are presented with the 

challenge of low oxygen availability, they will respond by increasing their Hb concentration, 

modifying and regulating subunits, and raising Hb’s affinity to bind oxygen. 

Kimura et al (1999) reared Daphnia magna under hypoxia and analyzed purified Hb 

using gel-electrophoresis. They found that the Hb protein is composed of 6 major subunits 

(DHbA to DHbF) encoded by 4 different genes. Zeis et al. (2003) used these results to explore 
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the hypoxic response for 3 of the 4 genes. They found that mRNA increased markedly within a 

one-hour hypoxic exposure in 2 of the 3 genes, while 1 gene was expressed constitutively. These 

two studies collectively show that D. magna contain multiple Hb genes that are responsible for 

expressing different protein subunits within Hb. Among those subunits, some are expressed only 

in hypoxia while others are constantly transcribed and do not respond to hypoxia. They 

ultimately show that hypoxia regulated Hb genes at the mRNA level. 

Daphnia and the regulation of glycolytic metabolism 

Based on the vertebrate model, it would be reasonable to hypothesize that Daphnia that 

experience sufficient hypoxia to trigger Hb synthesis would also induce expression of glycolytic 

genes in parallel. This presumes that the Hb and glycolytic genes are similarly responsive to 

hypoxia. The alternative would be that hypoxia will trigger Hb synthesis, however induction of 

glycolytic enzymes is not observed. 

Paul et al. (1998) performed experiments where they exposed D. magna to up to 24 hours 

of anoxia and measured various metabolic responses including perfusion rate, heart rate, and 

lactate accumulation. Over an approximately 6-hour window, they observed different patterns 

which they categorized into early anoxia (first 1-2 hours) and late anoxia (last 4 hours). During 

early anoxia, they found that perfusion rate did not change in anoxia, but heart rate was either 

similar to normoxia or higher in anoxia. At this time, they also found lactate accumulated, which 

they suggested provided the energy to maintain perfusion and heart rate. At the beginning of late 

anoxia, lactate accumulation stopped, and perfusion and heart rate decreased. They suggested 

that a metabolic depression at around 1 or 2 hours of anoxia allowed D. magna individuals to 

survive up to 24 hours of anoxia. Using the data of other hypoxia studies on crustaceans, they 

compared anoxia tolerance across the taxon. A cray fish species (Orconectes limosus) survived at 
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least 16 hours of anoxia (Gäde, 1984). An isopod species (Cirolana borealis) survived 2-3 days 

of anoxia (de Zwaan and Skjoldal, 1979) and two shrimp species (Upogebia pugettensis and 

Calianassa californiensis) survived 1-5 days of anoxia (Thompson and Pritchard, 1969; Zebe, 

1982). This information would suggest D. magna is less anoxia tolerant than the above species, 

however, the oxygen consumption rate of Daphnia (Paul et al., 1997) is about ten times higher 

than the two shrimp species. The authors concluded that during anoxia, Daphnia require 

increased anaerobic capacity, and/or a decrease in metabolic rate (Paul et al., 1998). 

Experimental approach 

In my thesis I want to examine how Daphnia metabolism responds to low oxygen, assessing the 

response of individuals and species. The approach includes sampling of Daphnia from the field, 

taking advantage of diversity in limnology, and performing biochemical assays to create a 

snapshot of their metabolic pathway. The objective was to use Daphnia to explore the extent to 

which the Hb response is coupled to glycolytic gene induction in relation to the categorization of 

the lake. Since this study was one of the first of its kind, the approach taken early in my studies 

was fairly broad and grew more specific with each sampling season.  

Q1. Do glycolytic enzyme levels differ across species and lakes? In hypoxia tolerant animals, 

the degree of hypoxia tolerance can differ across species if there are differences in niche 

specialization between species. For example, in previous studies in the Moyes lab, glycolytic 

enzyme profiles help explain why pumpkinseed sunfish are more hypoxia tolerant than bluegill 

sunfish (Farwell et al., 2007; Davies and Moyes, 2007; Davies et al., 2011). Four main species of 

Daphnia dominate in local lakes, including Daphnia pulicaria, Daphnia mendotae, Daphnia 

dubia, and Daphnia retrocurva (Arnott, unpublished data). Since these Daphnia species display 



 

21 

 

variation in body length (1.5 – 3.5 mm, 1.2 – 2.8 mm, 1.5 – 2.0 mm, 1.3 – 1.8 mm, respectively; 

Brooks, 1956), size selective predation from fish predators can influence niche specialization 

within a species (Galbraith, 1967). The larger bodied D. pulicaria may spend more time in deep 

hypoxic areas of a lake in comparison to their smaller bodied relatives (Leibold and Tessier, 

1991). 

To address this question, I sampled early in the summer before Daphnia differentiated 

into pale and red phenotypes. With this, I wanted to explore if there were differences among 

species or between lakes. I measured LDH and PK in the four species sampled from 20 lakes. I 

found intriguing patterns in species distribution among lakes, but it was noteworthy that Daphnia 

pulicaria stood out as being only found in lakes which contain a hypoxic hypolimnion. The 

remainder of my studies focused on this species.  

Q2. Do Daphnia pulicaria with elevated Hb have elevated glycolytic enzymes, and do the 

enzymes change in parallel with each other and Hb? In vertebrates, the enzymes of pathways 

like glycolysis are encoded by independent genes but often regulated to ensure that activities 

change in parallel. Robin et al. (1984) demonstrated a coordinated regulation of glycolysis in 

mammalian cells. Hypoxic exposure to mouse lung macrophages and rat skeletal muscle cells 

demonstrated an increased activity of all glycolytic enzymes, which includes LDH, ENOL, and 

PK (all p<0.05). Hance et al. (1980) showed that chronic (96 hr) hypoxic regulation of glycolysis 

is at the enzyme level. They cultivated rat lung cells and fibroblasts under hypoxic and normoxic 

conditions. Their results showed a significant increase (p<0.01) in PK content in hypoxic 

treatment of both cells; however, they did not see a significant increase in specific activity of PK. 

This suggests that hypoxia increases the glycolytic capacity of a cell. Hypoxia tends to cause 

parallel changes in all glycolytic enzymes, although there are also examples where hypoxia 
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adapted species have elevations in LDH specifically because of its dedicated role in anaerobic 

glycolysis (Robin et al., 1984). Thus, to address this question, I sampled individuals of Daphnia 

pulicaria (red and pale) from various lakes to see if the glycolytic enzymes covary. I returned to 

my study lakes late in the season in 2018, choosing a time point where I expected any of the 

seasonal changes in response to oxygen to have stabilized and the two different coloured 

phenotypes partition to different regions of the lake. I asked if red Daphnia possessed higher 

glycolytic enzymes than pale Daphnia. I measured ENOL, PK, and LDH, and expressed them 

relative to CS.  

Q3. Are there lake and seasonal differences in glycolytic enzyme levels, particularly LDH? 

With sampling at multiple times throughout the year, each round of sampling seemed to provide 

evidence of different strategies depending on the lake and the time of the year. The reds from 

different lakes had a different relationship between Hb and glycolytic enzymes. However, the 

complexity of the environment (water depth, degree of hypoxia, temperature, onset of hypoxia) 

made it difficult to rule out other explanations. In the final phase of my thesis, I returned to my 

test lakes repeatedly throughout the season (May-October) to assess if the differences between 

lakes were due to seasonal changes in the metabolic profile of reds and pales. In other words, I 

asked if the glycolytic enzyme levels (with a focus on LDH) in D. pulicaria differed across 

seasons. Although my sampling cannot distinguish whether this was a consequence of the 

environmental differences or a consequence of microevolutionary variation, it is an interesting 

question for future research.  
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Chapter 2 

Materials and Methods 

Field sites and collections 

My research began with sampling multiple lakes in the Frontenac Arch Biosphere, where 

previous studies showed Daphnia species (D. pulicaria, D. mendotae, D. dubia, D. retrocurva) 

to be abundant (Arnott, unpublished data). Zooplankton were collected during the day from the 

deep point of each lake using a large (50 µm mesh size, 35 cm opening diameter) 

macrozooplankton net. Daphnia were collected using hauls that sampled the entire water 

column. They were collected in the field and returned to Queen’s University for sorting while 

alive and were identified based on Haney et al. (2003). During certain sampling periods, 

Daphnia were sorted and frozen in the field. Each downstream application necessitated specific 

sampling approaches including number of Daphnia per pool, delays between sampling and 

storage, and end-use.  

Samples for enzyme and hemoglobin analyses were frozen in liquid nitrogen then stored 

at -80o C until further analysis. The sampling seasons are briefly described below with a title that 

they will be referred to for the remainder of this thesis. Oxygen was measured on the day of 

sampling and the profiles are shown in Figures A1 and A2 in the appendix. 

Fall 2017  

This was the first sampling period of my studies that I used to broadly address my research 

questions. I collected D. pulicaria from 5 lakes (listed below). The entire water column was 

sampled, poured into 1L Nalgene bottles and subsequently transported to Queen’s University. 
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There the Daphnia were sorted into red and pale by visual categorization and pooled into 20 

Daphnia per sample, 6 samples per phenotype. The 5 lakes were sampled between October 1st 

and November 11th, 2017 and are detailed in the following list: 

• L2: Black 44°33'15.6"N 76°29'08.5"W,  

• L3: Doe 44°30'04.0"N 76°32'21.5"W,  

• L4: Long 44°31'35.8"N 76°24'15.2"W,  

• L6: Round 44°32'16.2"N 76°24'00.2"W,  

• L8: South Otter 44°29'48.7"N 76°32'46.7"W 

Spring 2018 

The second sampling period of my studies ran from June 7th to July 4th, 2018. I sampled 20 lakes 

(Figure 2) that contained the four common Daphnia species in the Frontenac Arch. For this 

sampling period I planned to measure RNA, which required me to process samples in liquid 

nitrogen immediately following collection. I used a homemade sampling apparatus built with a 

tube of acrylic, mesh bottom, and a magnifying glass on top. I only collected the pale phenotype 

but followed the same protocol of 20 Daphnia per sample and 6 samples per species. 

Fall 2018 

The third sampling period of my studies was from September 20th to September 29th, 2018. The 

goal was to return to the same 5 lakes that I sampled in Fall 2017; however, I was unable to 

sample South Otter lake due to an unexpected lack of D. pulicaria. With this sampling period, I 

wanted to explore if enzyme levels changed across lakes and years. Here I followed the same 

protocol as Spring 2018. 
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Serial Sampling 2019 

The final sampling period of my studies was from May 14th to October 22nd, 2019. I returned to 

the same 4 lakes that I sampled in Fall 2018 with a multi-seasonal focus of sampling in May, 

June, September, and October. During each month I sampled all 4 lakes within 4 days for 

consistency. During this sampling period, I followed a new protocol of 20 samples of 3 Daphnia 

where each sample fell on a spectrum from 1 (most pale) to 20 (most red). The goal of this 

protocol was to collect Daphnia that showed a pale, pink, and red phenotype and is detailed 

below. 

Additional sampling details 

In the second set of studies (Spring 2018), Daphnia were collected from different lakes in Spring 

2018 to explore the relationships between species presence/absence and metabolic profiles. Early 

sampling was chosen to focus on the metabolic profile before stratification. Of the 32 lakes 

previously studied (Arnott, unpublished data), I chose 20 based on a depth requirement (≥ 9 

meters), while considering the accessibility of the lake. The 20 lakes were then sorted into two 

categories: lakes with a hypoxic hypolimnion (< 1 mg/mL O2) and lakes with a normoxic 

hypolimnion (5-10 mg/mL O2) (Figure 2). I identified Daphnia visually (Haney et al., 2003), 

sorted based on species on site, and froze in pools of 20 in a liquid nitrogen then stored at -80 °C. 

At this time of year (Spring 2018) red phenotypes are rare in the lake, so I chose to visually 

select only pale phenotypes. 
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Figure 2. Oxygen profiles of the 20 lakes sampled in Spring 2018 from previous data 

These oxygen profiles show previous data that helped me select which lakes to sample. Oxygen 

profiles from the day of sampling can be found in the appendix. Lakes were categorized as IDs to 

represent lake replication. For further information, the lakes IDs are as follow: L1=Arab, 

L2=Black, L3=Doe, L4=Long, L5=Lower Rock, L6=Round, L7=Sand, L8=South Otter, 

L9=Stonehouse, L10=Labelle, L11=Big Clear, L12=Big Salmon, L13=Birch, L14=Buck, 

L15=Desert, L16=Devil, L17=Gould, L18=Little Salmon, L19=Loughborough, L20=Upper 

Rock. 

Subsequent studies (Fall 2018 and Serial Sampling 2019) focused on 4 lakes which were 

found to possess only D. pulicaria: Doe, Round, Long, and Black. I returned to these lakes 

frequently, collecting Daphnia in the field, processing them on site or at Queen’s University, and 

freezing as above in various pools of Daphnia. In Fall 2018, I collected 6 samples of 20 Daphnia 

per phenotype per lake. This required visually selecting Daphnia which appeared the palest and 

reddest. When I returned to these four lakes for Serial Sampling 2019, I chose a method that 

aimed to capture a spectrum of Hb quantification. This required collecting 20 samples of 3 

Daphnia that fell on a spectrum from 1 (most pale) to 20 (most red). I grouped 3 Daphnia in a 

sample only if they were a similar body size and colour phenotype. 
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For glycogen experiments, Daphnia were collected during Serial Sampling 2019, 

returned to Queen’s University, separated into bins of red and pale, and cultured for 3 days. Each 

vial contained 20 mL filtered Lake Ontario water and 6 Daphnia supplemented with 2.5 mL 

daily of CPCC 243 Chlamydamonas reinhardtii (Canadian Phycological Culture Centre for 

Algae, Cyanobacteria, and Lemna at the University of Waterloo). These Daphnia were harvested 

after 3 of days feeding and were frozen for glycogen measurements (detailed below).  

Enzymes analyses 

Assays for enzymes and hemoglobin were conducted on a microplate reader, either a Spectramax 

Plus or Paradigm, both from Molecular Devices. Assays for enzymes were conducted at 25 °C.  

Preparing homogenates for enzymes 

Daphnia were homogenized using a polypropylene disposable pestle in a 1.5 mL 

microcentrifuge tube with buffer composed of 20 mM Hepes (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), 1 mM EDTA (ethylene diamine tetracetic acid), and 0.1% Triton 

X-100 (pH 7.4). The homogenate was centrifuged (10,000 xg for 5 min) then used for Hb, 

enzyme, and protein analyses. 

Hemoglobin assays 

Following centrifugation, the supernatant was transferred to a 96-well plate for Hb detection. 

The absorbance spectrum of a single Daphnia homogenate was measured using a SpectraMax 

Plus microplate spectrophotometer. The Hb concentration was estimated using measurements at 

560, 576, 600 nm using the formula from Yampolsky et al. (2014). Specifically, the absorbance 
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for the Hb-specific peak (576 nm) was corrected for baseline derived from the mean of 

absorbance at 560 nm and 600 nm. Using a standard 96 well plate, a solution of 100 µL of 1 

mg/mL bovine Hb (= 6.2 nmol heme per 0.1 mg) showed an absorbance of 0.0045. This standard 

value could be used to express Daphnia Hb in terms of µmol heme per individual, taking into 

consideration the volumes and number of Daphnia. This approach was used because the 

molecular weight of Daphnia Hb is not known as was not available for use as a standard.  

Lactate dehydrogenase assays 

Lactate dehydrogenase (LDH), the terminal step of anaerobic glycolysis, is the enzyme that 

catalyzes the reversible oxidation of lactate to form pyruvate. The homogenate was added to the 

microplate, then the reaction started by addition of a batch composed of buffer (50 mM Hepes, 

pH 7.0), 0.2 mM NADH (reduced nicotinamide adenine dinucleotide), and 2.0 mM sodium 

pyruvate. NADH and pyruvate were prepared fresh every 4 hr. The reaction rate was determined 

by the loss of NADH, which was measured at 340 nm for 3 min. 

Pyruvate kinase assays 

Pyruvate kinase (PK) is the terminal enzyme in aerobic glycolysis. It is an important regulatory 

site for glycolysis. The PK assay couples PK activity to LDH, resulting in NADH oxidation, 

measured at 340 nm. Homogenate was added to the microplate and the reaction started with 

250 µL of a batch composed of 50 mM Hepes (pH 7.4), 150 mM KCl, 5 mM MgCl2, 0.2 mM 

NADH, 0.5 mM PEP (phospho-enol-pyruvate), and 1 mM ADP (adenosine 5’ diphosphate). 

NADH and pyruvate were prepared fresh every 4 hr. ADP was prepared as a 100 mM stock, pH 

adjusted to 6.8, and frozen in single use aliquots. 
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Citrate synthase assays 

Citrate synthase (CS) catalyzes the entry of acetyl CoA into the TCA cycle, by conversion of 

acetyl CoA and oxaloacetate to citrate and CoA. This assay is a reliable indicator of TCA 

activity and thus can serve as a denominator to anaerobic activity. Homogenate was added to the 

microplate, and the reaction started with 250 µL of buffer (pH 8.0) composed of 50 mM Tris, 0.1 

mM DTNB (dithio-nitrobenzoic acid), 0.12 mM acetyl CoA, and 0.5 mM oxaloacetate. 

Preliminary studies showed that the rate in the absence of oxaloacetate (thiolase) was below 

detection limits, and thus this control was omitted in subsequent experiments. CS was detected 

by the increase in absorbance at 412 nm, and remained linear for at least 5 min. 

Enolase assays 

Enolase (ENOL) is the second last enzyme involved in aerobic glycolysis, before PK. It 

catalyzes the conversion 2-phosphoglycerate (2-PG) to phosphoenolpyruvate (PEP) and is often 

studied because of its characteristic responsiveness to hypoxia (Semenza et al., 1996; Discher et 

al., 1998). The assay couples ENOL with both LDH and PK activity and similarly to the PK 

assay, results in NADH oxidation, measured at 340 nm. Homogenate was added to the 

microplate and the reaction was started with 250 µL of batch composed of 50 mM Hepes (pH 

7.4), 50 mM KCl, 3 mM MgCl2, 0.2 mM NADH, 5 mM 2-PG (2-phosphoglycerate), 5 mM 

ADP, 1 U/mL LDH, and 1 U/mL PK. 
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Protein assays 

Measuring protein standardizes for the total mass of the Daphnia homogenate. Soluble protein in 

the homogenate was detected using a Biorad reagent, using bovine serum albumin as a standard. 

Absorbance of standards and unknowns was measured at absorbance 595 nm. 

Glycogen assays 

After 3 days of feeding, Daphnia were transferred to 200 µL of 3% (PCA) perchloric acid and 

homogenized using polypropylene pestle. Without centrifugation, 100 µL of the suspension was 

transferred to a new tube for glycogen determination and the remainder reserved for glucose 

measurements. To each tube, 100 µL of 2M sodium acetate (pH 4.8) and 50 µL 1M KHCO3 

were added. The glycogen tubes were also given 10 U amyloglucosidase, then incubated 2 hr at 

40 °C. Both tubes were frozen at -80 °C for subsequent glucose determinations.  

Upon thawing, samples were neutralized with 20 µL of 1 M KOH, then centrifuged 5 min 

at 10,000 xg. The supernatant was used for the glucose assay. The glucose assay consisted of 

unknown or standard (similarly prepared) added to a batch containing 1 mM ATP, 2 mM NAD+, 

1 U/mL hexokinase (HK), and 1 U/mL G6PDH (glucose 6-phosphate dehydrogenase, from 

Leuconostoc). The plate was incubated at room temperature for 60 min, or until the reaction had 

reached its endpoint. Values of glycogen were translated back to levels per individual Daphnia, 

as well as levels per mg protein. We could not measure protein directly in the acid-extracted 

Daphnia. Instead, 6 individual animals from each group (4 lakes, 2 colour phenotypes) were 

used to determine protein per individual Daphnia, with the mean used to estimate glycogen per 

mg protein, which would correct for Daphnia of different sizes in the treatment groups. 
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Statistical analyses 

I performed an F-test for variance ratios of the enzyme data for all species. A Šidák correction 

was applied to confirm the significance (p<0.005) of the variance differences and account for 

multiple comparisons. The enzyme data were compared against the Hb data in an analysis of 

covariance test (ANCOVA). I used AICc scores to do model selection. There is no evidence that 

these data were not distributed normally when the quantiles and residuals of the model were 

plotted. An ANCOVA was used to see if Hb influenced enzyme levels with a lake or seasonal 

effect. The response variable was the enzyme being tested. The categorical variable was species 

or lake and the covariate was Hb. An ANCOVA was performed for data where I wanted to focus 

on D. pulicaria and compared across lakes or species. All of the statistical analyses and graphs 

were done using R version 3.4.2. 
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Chapter 3 

Results 

Metabolic phenotypes of Daphnia amongst 20 lakes 

We sampled 20 lakes during Spring 2018 with the goal of sampling multiple Daphnia species 

across two categories of lake: normoxic and hypoxic hypolimnion. Table 1 reports the species 

distribution of the different Daphnia identified in the 20 lakes surveyed in Spring 2018.  

An interesting observation made from this sampling is the absence of D. pulicaria in 

lakes that possessed a normoxic hypolimnion. Members of this species were found in all but 2 

hypoxic hypolimnion lakes surveyed. D. mendotae populations were found across both lake 

categories, but D. dubia and D. retrocurva were found only in lakes that possessed a normoxic 

hypolimnion. At this time of year, the Daphnia populations tend not to be differentiated into 

distinct red and pale phenotypes, so our measurements reflected baseline differences that existed 

within and between species. 
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Table 1. Presence and absence of Daphnia species in Frontenac Arch lakes (Spring 2018) 

The grey boxes represent the presence of a species in that lake. 

  

ID Lake Name D. pulicaria D. mendotae D. dubia D. retrocurva 

 Hypoxic     

L1 Arab     

L2 Black     

L3 Doe     

L4 Long     

L5 Lower Rock     

L6 Round     

L7 Sand     

L8 South Otter     

L9 Stonehouse     

L10 Labelle     

 Normoxic     

L11 Big Clear     

L12 Big Salmon     

L13 Birch     

L14 Buck     

L15 Desert     

L16 Devil     

L17 Gould     

L18 Little Salmon     

L19 Loughborough     

L20 Upper Rock     
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When the data are separated by lake type (normoxic vs. hypoxic hypolimnion), the 

Daphnia found in normoxic hypolimnion lakes showed very similar activities for both LDH 

(Figure 3a) and PK (Figure 3b). D. mendotae, which was found in both categories of lake, 

showed LDH activities that were higher in lakes with a hypoxic hypolimnion, though PK 

activities were similar regardless of lake category. D. pulicaria, only found in lakes with a 

hypoxic hypolimnion, showed high variation in LDH levels compared to the other species 

(Table 2). For example, L2 and L3 showed Daphnia with over 20-30-fold higher LDH levels 

than L4, L5, L6, and L9 (Figure 3a). 

Similar to LDH, PK did not vary across species in normoxic hypolimnion lakes 

(Figure 3b). PK levels were generally higher in D. pulicaria than other species, but unlike LDH, 

it did not vary across lakes. 
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Figure 3. Glycolytic enzyme activities across species and lake type (Spring 2018)  

Data points are jittered horizontally to avoid visual overlap of ranges within a lake. Each data 

point represents the mean of a lake (6 pools of 20 Daphnia each), with standard error shown. (a) 

LDH/CS and (b) PK/CS. For species abbreviation, Dm, Dp, Dd, and Dr refers to D. mendotae, 

D. pulicaria, D. dubia, and D. retrocurva, respectively. Hypoxic and Normoxic categories refer 

to the hypolimnion of the lakes.  
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I expressed LDH relative to CS because the data were less subject to errors in protein 

measurements, and later studies would include a centrifugation step that would make it more 

difficult to compare between trials due to sedimentation of some protein. For this study, I also 

expressed the enzymes relative to protein (Figure 4). The variation seen in LDH/CS was driven 

by LDH activity rather than CS, which was constant across lakes and species (Figure 4). 

Although I collected these samples early in the season (in an effort to minimize the effects of 

hypoxia) and I collected visibly pale Daphnia, I also wanted to make certain that the differences 

in LDH were not due to variation in hypoxic responses, as indicated by Hb. Although Hb levels 

were universally low, there were species differences (see appendix; Table A3). There was no 

correlation between Hb, which was very low, and LDH (p–value = 0.068, R2 = 0.107; Figure 5). 

Table 2. LDH Variance across lakes within a species category shows D. pulicaria has the 

strongest variance (Spring 2018) 

An F-test for the ratio of variances suggested the variances between D. pulicaria and D. dubia 

were the only groups that differed significantly (see appendix, Table A1 for details). 

Species Lake Category Variance Significance Group 

D. pulicaria Hypoxic 0.850 A 

D. mendotae Hypoxic 0.459 AB 

D. mendotae Normoxic 0.143 AB 

D. dubia Normoxic 0.017 B 

D. retrocurva Normoxic 0.207 AB 
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Figure 4. LDH drives the variation in D. pulicaria (Spring 2018) 

The variation in (a) is shown to be driven by (b) LDH since the same degree of variation is not 

seen when the data is expressed (c) CS/mg protein. Dm, Dp, Dd, and Dr refers to D. mendotae, 

D. pulicaria, D. dubia, and D. retrocurva, respectively. Hypoxic and Normoxic categories refer 

to a hypoxic hypolimnion and normoxic hypolimnion of the lakes, respectively. 
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Figure 5. Lack of correlations between Hb and LDH activities across species (Spring 2018) 

Bins of 20 Daphnia were collected in Spring 2018, at a point where few red phenotypes were 

seen. They were homogenized and used to measure hemoglobin and enzyme levels. Heme is 

expressed as the square root of the measurement (nmol/mg protein) as a means of reducing the 

impact of outliers. 
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These preliminary studies raised many questions about the determinants of the metabolic 

phenotype. We sought to further explore this by focusing on lakes that possessed only 

D. pulicaria (to minimize the risk of heterogenous samples) and repeat sampling at different 

times to assess biological reproducibility. Due to larger body size, D. pulicaria can be easily 

identified in the field relative to D. mendotae, D. dubia, and D. retrocurva. 

Exploring glycolytic enzyme stoichiometries 

In Fall 2017, I collected samples of Daphnia pulicaria with the goal of measuring the activities 

of select glycolytic enzymes to assess if they differed between red and pale to the same extent. 

We expected that red Daphnia would have similar enzyme profiles irrespective of lake, but 

collectively differ from pale Daphnia, which would also be similar across lakes. Based on 

vertebrate models, we also expected that glycolytic enzymes would covary because of shared 

sensitivity to HIF regulation in relation to hypoxia. Neither of these expectations were supported.  

When expressing the data relative to pale within each lake (Figure 6a), the three enzymes 

showed very different patterns. Of the three enzymes, LDH was the most different between reds 

and pales, whereas ENOL was almost invariant (Figure 6b). Thus, these data show that there was 

not a fixed stoichiometric relationship among these three glycolytic enzymes. 
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Figure 6. Glycolytic enzyme ratios across lakes (Fall 2017) 

Activities of glycolytic enzymes were expressed relative to CS as a universal denominator. Lakes 

are categorized as IDs to help show lake replication. For further information, the lake IDs are as 

follow: L2=Black, L3=Doe, L4=Long, L6=Round, L8=South Otter. In (a) Activity Ratio 

represents the amount of glycolytic enzyme (ENOL, PK, LDH) per CS enzyme. In (b) Relative 

Activity shows the same data but with the pale animal’s mean scaled to 1 in order to emphasize 

fold differences. 
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For ENOL, we did not see a large difference between reds and pales across lakes. 

However, lakes showed major differences in LDH patterns. There was a significant interaction 

between phenotype and lake for LDH and PK (see appendix; Table A2). Although both LDH and 

PK showed a significant interaction between phenotype and lake, there was a stronger effect for 

LDH. These statistics are summarized in Table A1 and Table A2 of the appendix. In two lakes 

(L3 and L4), LDH of red Daphnia was almost the same as that of pale Daphnia. This suggests 

that these Daphnia induced Hb synthesis but did not induce anaerobic glycolysis. In contrast, L2 

and L6 showed nearly 2-2.5-fold more LDH in reds than pales.  

The differences between pales amongst lakes suggested that the lakes might differ in the 

nature of pales, but because of our binning approach we could not determine if those in Lake X 

contained more Hb than those in Lake Y. For the next studies, we applied a non-destructive 

hemoglobin assay to permit us to measure Hb in a manner that allows use of the same sample to 

measure enzymes.  

Effects of season on enzyme patterns 

We returned to four lakes in Fall 2018. I was unable to collect animals from L8 due to the 

absence of D. pulicaria at this time of the year. I collected samples of 20 binned animals, 

combining individuals that appeared to have a similar colour. The relationship between Hb level 

and glycolytic enzyme activities is shown in Figure 7. 

Though each lake possessed both red and pale phenotypes as measured by Hb, not all 

lakes showed elevated glycolytic enzymes in red Daphnia (see appendix; Table A5). Also, where 

glycolytic enzymes were elevated, there were differences in terms of increase in the two 

glycolytic enzymes. These results suggested that Daphnia in different lakes might use different 

strategies in response to hypoxia, where some rely on Hb induction, and others alter glycolysis to 
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use the anaerobic LDH response. I did not assay ENOL because it consumed a large volume of 

sample and did not differ between phenotypes in previous studies (Figure 6). 

LDH showed a significant lake interaction (see appendix; Table A5), while PK did not. 

Activities of LDH, however, were much more variable within and between lakes. In L2, the 

increases in Hb were not accompanied by increases in LDH. L6 and L3 each showed an even 

spread pattern in LDH, which correlated with Hb with a similar slope. In L4, LDH (and Hb) 

were not an even spread but a clumped pattern. For this pattern, animals had either high levels of 

both Hb and LDH, or low levels of both. 

  



 

43 

 

 
Figure 7. Correlation between Hb and glycolytic enzymes in D. pulicaria (Spring 2018 and 

Fall 2018) 

Lakes are categorized as IDs to help show lake replication. For further information, the lake IDs 

are as follow: L2=Black, L3=Doe, L4=Long, L6=Round. Each point represents a sample of 20 

Daphnia. The dashed line represents that there was not a significant lake interaction. Heme and 

enzyme are expressed as the square root of (nmol/mg protein). This was as a means of reducing 

the impact of outliers. 
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What is unclear from Figure 7 is whether the differences between lakes are due to 

evolutionary variation in responsiveness to a similar environment, or simply exposure to a 

different environment, either in terms of duration, magnitude, or frequency of hypoxic exposure. 

It is not feasible to follow individuals to assess exposure to hypoxia in each lake. Instead, we 

used multiseason comparisons to see if the different patterns in Fall 2017 (Figure 6) and in 

Spring and Fall 2018 (Figure 7) were characteristic of a lake, and repeatable from year to year. 

At the beginning of the season (May), none of the lakes showed a strong relationship 

between LDH activity and Hb levels. Although red Daphnia at this time were relatively rare, I 

targeted them specifically to ensure a maximum range of Hb levels. Figure 8 summarizes the 

changes in patterns seen in LDH and Hb over the course of repeated samplings. By June, 

stronger relationships between Hb and LDH were seen in L3 and L6. By September, strong 

relationships were seen in these lakes as well as L2. By October, all four lakes showed a strong 

relationship between LDH and Hb. Thus, it appears that early in the season, animals increase Hb 

but not LDH, but as the season progresses (warmer temperatures, increasing hypoxia), LDH 

activities increase. 
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Figure 8. Relationship between LDH and Hb across multiple seasons in D. pulicaria (Serial 

Sampling 2019) 

Lakes are categorized as IDs are as follow: L2=Black, L3=Doe, L4=Long, L6=Round. Heme 

and enzyme are expressed as the square root of (nmol/mg protein). This was as a means of 

reducing the impact of outliers. L3 is missing data in May due to an unsuspected lack of 

D. pulicaria that month. 
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Table 3 and Table 4 summarize the model selection used to build the slopes and 

intercepts in Figure 8. Table 3 shows from the AICc scores, that there was a lake and season 

interaction for LDH changes with Hb. Table 4 shows that for L6, L2, and L4 there was a 

seasonal interaction for LDH changes with Hb, however L3 did not have a seasonal interaction 

and thus has the same slope but different intercepts in Figure 8. 
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Table 3. Model selection for LDH between Lakes (Serial Sampling 2019) 

MOD 1 was the best fitting model which assumes there is an interaction between lakes when 

analyzing LDH changes with Hb. 

Model Model 

Description 

df AICc ΔAICc 

MOD1 Hb*Lake*Season 31 1014.557 0 

MOD2 Hb*Lake+Season 12 1061.011 46.454 

MOD3 Hb*Season+Lake 12 1028.214 13.657 

MOD4 Hb+Lake+Season 9 1070.689 56.132 

MOD5 

MOD6 

MOD7 

MOD8 

MOD9 

MOD10 

MOD11 

MOD12 

Hb*Lake 

Hb*Season 

Hb+Lake 

Hb+Season 

Lake 

Season 

Hb 

Null 

9 

9 

6 

6 

5 

5 

3 

2 

1184.666 

1034.562 

1195.508 

1074.201 

1217.905 

1148.858 

1191.785 

1215.497 

170.109 

20.005 

180.951 

59.644 

203.348 

134.301 

177.228 

200.94 

 

Table 4. Model selection for LDH between sampling months (Serial Sampling 2019). For 

L2, L6, and L4 MOD 1 was the best fitting model which assumes there is an interaction between 

dates when analyzing LDH changes with Hb. 

   L2 L6 L4 L3 

Model Model 

Description 

df AICc ΔAICc AICc ΔAICc AICc ΔAICc df AICc ΔAICc 

MOD1 Hb*Date 9 247.92 0 290.52 0 278.17 0 7 200.42 4.38 

MOD2 Hb+Date 6 262.28 14.36 298.29 7.77 285.33 7.16 5 196.04 0 

MOD3 Hb 3 273.69 25.77 343.61 53.09 318.54 40.37 3 240.72 44.68 

MOD4 Date 5 279.28 31.36 335.40 44.88 287.57 9.40 4 224.88 28.84 

MOD5 Null 2 281.62 33.70 357.89 67.37 316.47 38.30 2 250.08 54.04 
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Glycogen content across lakes and phenotypes 

Although measuring enzymes can suggest the glycolytic capacity of an animal, measuring 

glycogen (a substrate to glycolysis) can suggest the flux of these animals. We held 6 red and 6 

pale Daphnia per vial and fed every day for 3 days (see methods for details). We subsequently 

measured glycogen and did not see a significant difference between reds and pales in 3 of 4 

lakes. The exception, L2, showed a significantly higher amount of glycogen (p–value = 0.005) in 

pales than reds (Figure 9). 
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Figure 9. Differences in glycogen content across four study lakes 

Only L2 showed a significant difference (p=0.005) in glycogen levels between pale and red 

Daphnia with pales having over 2-fold glycogen levels. Lakes are categorized as IDs to help 

show lake replication. For further information, the lake IDs are as follow: L2=Black, L3=Doe, 

L4=Long, L6=Round. 
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Chapter 4 

Discussion 

Daphnia is an intriguing system to study in ecology and evolution because of its peculiar mode 

of reproduction (reviewed by Hebert, 1978), its importance in food webs (Lynch and Shapiro, 

1981; Bergquist et al., 1985; Kerfoot et al., 1988), and its sensitivity and responsiveness to 

environmental stressors such as oxygen (Fox, 1948; Fox et al., 1949; Fox and Phear, 1953), 

temperature (Goss and Bunting, 1980; Kobayashi, 1981; Lamkemeyer et al., 2003) and chemical 

stressors (Chen et al., 2005; Guilhermino et al., 1994). Recent advances in genomic technologies 

has allowed researchers to explore many aspects of the underlying genetics that determine these 

traits (Colbourne et al., 2011). Although the Hb response is well studied (Gorr et al., 2004; 

Kimura et al., 1999; Kobayashi and Hoshi, 1982; Kobayashi et al., 1990; Schwerin et al., 2010; 

Zeis et al., 2003), there have been surprisingly few studies on the links between this phenomenon 

and the metabolic phenotype. 

 There has been a breadth of research focused on Hb in Daphnia since it was first 

observed with a spectroscope by Lankester (as cited by Fox, 1948). After some speculation as to 

what causes the redness in Daphnia, Verne (1923) proposed that redness in Daphnia was due to 

Hb upregulation. Fox (1948) was the first to control the Hb response under laboratory conditions, 

using different oxygen concentrations. He reported that Hb upregulation was due to little 

dissolved oxygen and was beneficial to respiration in Daphnia and their parthenogenetic 

reproduction, noting Hb in the parthenogenetic eggs. These studies pioneered an interest in 

research toward the Hb response, some of which includes: advantages of the response (Fox et al., 

1951; Kring and O’Brien, 1976; Pirow et al., 2001), composition of Hb subunits (Kobayashi et 
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al., 1988, 1994; Kimura et al., 1999; Zeis et al., 2003), localization of Hb synthesis (Goldmann et 

al., 1999), and HIF dependency of the Hb response (Gorr et al., 2004). In addition to physiology-

focused research on Daphnia, ecological studies (Landon and Stasiak, 1983; Salonen and 

Lehtovaara, 1992) used the Hb response to explore differences between pale and red phenotype 

ecology (Prepas and Rigler, 1978; Duffy, 2010). Despite the extensive amount of research on the 

Hb response, there is a lack of depth in the investigation of the metabolic phenotype that may be 

associated with it. 

My thesis explored the metabolic phenotype of Daphnia, asking if the conditions that 

give rise to Hb upregulation also alter the profile of metabolic enzymes associated with 

anaerobic metabolism. In brief, I asked if the Hb increases were sufficient to enable Daphnia to 

sustain a normoxic metabolic phenotype - either by storing sufficient oxygen or by facilitating its 

uptake from oxygen-poor waters - or whether Hb was only part of a response to cope with 

chronic hypoxia, necessitating compensatory changes in anaerobic enzymes. 

On the whole, my studies support an argument that the main point of Hb is to ensure that 

a normoxic metabolic phenotype can be used to support metabolism, as LDH differences were 

low between reds and pales. However, later in the season I saw increases in glycolytic enzymes, 

which suggests that Daphnia tissues experience hypoxia and compensate by increasing the 

activities of enzymes of anaerobic metabolism. In examining my collection of data, it became 

clear that the patterns that I saw when comparing lakes and seasons were likely due in large part, 

to the complexity of the environment and how gradients in oxygen, and probably temperature, 

arose throughout the season. 
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Spatial and temporal complexity in a lake environment  

My studies focused on metabolic enzymes of Daphnia species across lakes and across seasons. 

Since there is relatively little known about the topic, my first studies involved opportunistic 

sampling of lakes of various types. Before discussing the results, it is worth considering the 

nature of the lake physiochemical environment and how it changes in space and time. These 

factors certainly played a role in the species I found, and how their traits differed among lakes 

and over the seasons.  

Most lakes in the Frontenac Arch Biosphere are dimictic, meaning twice a year they are 

separated into three distinct layers; the epilimnion, metalimnion, and hypolimnion. These layers 

often display a temperature and oxygen gradient from the surface of the lake to the sediment. 

While some lakes display a strong thermocline/oxycline with a near anoxic hypolimnion (0-1 mg 

O2 l
-1), others have a rather consistent dissolved oxygen concentration through the water column 

(5-10 mg O2 l
-1; Figure 2). 

Zooplankton populations are affected by differences within and across lakes, as well as 

limnological changes that occur as seasons progress. Simply, lake dimensions have been shown 

to affect zooplankton populations (Keller and Conlon, 1994). Lakes experience seasonal changes 

that result in layered zones that differ in density, known as stratification (Wetzel, 2001). In 

addition to changes in temperature and dissolved oxygen, stratification can impact other physical 

(salinity, conductivity) and chemical properties (pH, nutrients) of a lake, which in turn, may 

affect Daphnia populations (Aladin and Potts, 1995; Dodson et al., 2009; Vijverberg et al., 1996; 

Elser et al., 2001). There are many limnological properties that can affect Daphnia populations, 

however, for the purpose of this study, we focused whether or not lakes had a hypoxic 

hypolimnion.  
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Variation in the oxygen concentration between the two lake categories can influence how 

Daphnia regulate their Hb concentration (Fox et al., 1951; Fox, 1955). This depends on where 

they spend most of their time in the water column, thus, contributing to the number of red or pale 

individuals observed in a lake (Fox et al., 1951). Also, the presence or absence of predators can 

affect where Daphnia individuals will spend time in the water column (Threlkeld, 1979; Stich 

and Lampert, 1981). In the absence of predators, Daphnia will be less inclined to venture down 

to the hypolimnion of a lake (Larsson and Lampert, 2011). Among my study lakes, those that do 

not reach hypoxia at the bottom did not typically yield red Daphnia. 

Role of hemoglobin in oxidative metabolism 

The red-pale dimorphism seen in Daphnia has intrigued researchers since Hb was first reported 

in Daphnia by Lankester (as cited by Fox, 1948). Much like the vertebrate protein, Daphnia Hb 

is an oxygen binding protein, and as such has a number of potential roles in animals living under 

low oxygen conditions. It can act as an oxygen store, loading under normoxic conditions and 

unloading under hypoxic conditions. It can also act by facilitating diffusion, extracting oxygen 

from hypoxic waters and improving delivery to tissues to sustain normoxia. Even though I 

focused less on Hb, these two alternatives have important distinctions in the context of metabolic 

processes that I studied.  

If Hb acts primarily as an oxygen store, then when the animal moves into anoxic waters, 

it could sustain normoxic metabolism until oxygen stores are depleted. At this point the Daphnia 

would rely on anaerobic metabolism until its glycogen stores are depleted. Thus, Daphnia that 

used these resources to live without oxygen would be limited in terms of how long they could 

remain in waters where oxygen was limiting. Based on the observations in Hb and glycogen 
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levels, this seems to be an unlikely scenario. I compiled the results of multiple studies that 

focused on respiration and metabolic rate of Daphnia in hypoxic and normoxic conditions (see 

appendix; Table A6) (Baillieul et al., 2005; Ullrich Jr. et al., 1983; Lari et al., 2017; Jensen and 

Hessen, 2007; Villarroel, 2013). My Hb measurements allow us to estimate oxygen carrying 

capacity of Hb, which shows that a 1 mg D. pulicaria with fully loaded Hb has enough oxygen to 

sustain normoxic metabolism for approximately 2 minutes. I combined this information with 

estimates from the above studies to calculate the average capacity of onboard glycogen. A 1 mg 

D. pulicaria has enough glycogen to support approximately 3 minutes of anoxic life. Between 

fully loaded Hb and a typical glycogen load, these calculations would suggest that an individual 

Daphnia would be able to swim approximately 4 cm before running out of both oxygen and 

glycogen. Meyer and Nelson (2019) reported that in Round Lake (L6 in my studies) D. pulicaria 

migrate an average of 6 m in the water column every 12 hours. Thus, it seems unlikely that 

Daphnia use Hb simply as an oxygen store. The alternative scenario is that Hb is used primarily 

to facilitate the diffusion of oxygen from hypoxic water into the animal. Kobayashi and Hoshi 

(1982) found that when animals were faced with a decline in oxygen, pales could sustain their 

rate of respiration until oxygen levels fell by 80%. Pirow et al. (2001) examined the performance 

and redox state ([NADH] of limb muscles in red and pale Daphnia magna that were exposed to a 

transition from normoxia (20.56 kPa) to anoxia (<0.27 kPa) over 51 minutes). Though both 

phenotypes were able to maintain limb beating frequency, the pale Daphnia showed a decline in 

NADH in hypoxia, suggesting that anaerobic metabolism played a role in pale Daphnia in 

hypoxia (Pirow et al., 2001). Usuki and Yamaguchi (1979) measured survival time and lactic 

acid in red and pale Daphnia magna exposed to a gradient of oxygen concentrations. Lactic acid 

is a good indicator of anaerobic metabolism as it is produced from pyruvate via LDH. In their 



 

55 

 

experiment, the red and pale animals showed a similar pattern in lactic acid production where 

both phenotypes had high production at low oxygen concentration and low lactic acid production 

at high oxygen concentration. However, the two phenotypes differed in survival time. Red 

Daphnia could survive up to 24 hours when oxygen levels were approximately 5% air saturation. 

Pale Daphnia died after 1-hour of oxygen levels less than 7% air saturation. The authors 

suggested that this difference in survival time is due to the better facilitation of oxygen in Hb-

upregulated red Daphnia. 

In principle, this greater reliance on anaerobic glycolysis could be achieved by regulation 

of existing enzymes, however in many models of hypoxia, animals respond to chronic exposure 

by increasing the levels of glycolytic enzymes (Webster, 1987; Webster et al., 1990). Zeis et al. 

(2009) used a proteomics approach to analyze protein changes in response to hypoxia 

(15%, 3 kPa) at 20 °C for at least 3 weeks. They found very little evidence of hypoxia-induced 

changes in glycolytic enzymes, with a modest increase seen only with ENOL. Since they too 

expected changes in glycolytic enzymes, they interpreted the treatment to be severe enough to 

induce Hb, which was sufficient to sustain near normoxic metabolism. Cristescu et al. (2014) 

examined the influence of hypoxia (2-3 mg/L) on expression of LDH and found no significant 

effect of hypoxia.  

At the outset of these studies, there was very little evidence for metabolic compensation 

in Daphnia, however, the studies to date have been largely limited to relatively modest hypoxic 

treatments under lab conditions. Since Daphnia are known to inhabit extreme hypoxic regions, I 

thought it worthwhile to explore the metabolic phenotype in animals that selected their preferred 

zones within the water column. Since an induction of glycolytic gene expression would be 

favourable to hypoxia tolerance, and these glycolytic genes are known to be hypoxia sensitive, I 
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thought it was likely that they would be recruited in animals that experience deeper and/or more 

prolonged hypoxia. In addition to enzyme changes, I also considered the possibility that red and 

pale animals might differ in their ability to store glycogen, if reliance on anaerobic metabolism 

was central to their survival. However, I found no evidence that red Daphnia stored more 

glycogen than pale Daphnia when each was presented with abundant food (Figure 9).  

Variation in glycolytic enzyme of Daphnia species across lakes 

Given the dearth of data on variation between species, one of my earliest studies compared 

glycolytic enzymes in Daphnia from various local lakes, including examples of lakes with a 

hypoxic hypolimnion and a normoxic hypolimnion. These studies focused on LDH as a marker 

for glycolytic enzymes, which was fortuitous in that my data show that of all the enzymes 

measured, LDH is most affected by hypoxia.  

Several generalizations can be made by exploring the species distribution across lakes, 

and the LDH activities found in these various species. The expectation was that lakes that had a 

history of hypoxia, would be populated by species that possessed a greater hypoxia tolerance, 

and would be better able to utilize anaerobic metabolism. Two Daphnia species were found only 

in lakes with a normoxic hypolimnion: D. dubia was found in 5 of 10 lakes, and D. retrocurva 

was found in 4 of 10 such lakes. Conversely, D. pulicaria was found only in lakes that had a 

hypoxic hypolimnion and were found in 7 of 10 such lakes. D. mendotae populations were found 

across both lake categories, though were absent from 4 lakes, which were the focus of our 

subsequent studies. Each Daphnia species uses different habitats within a lake (Williamson et al., 

1996), suggesting that they might display metabolic specializations. 

Analysis of LDH activities shows interesting trends (Figure 3). The three species present 

in normoxic hypolimnion lakes had similar LDH activities, though D. mendotae from two 
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hypoxic hypolimnion lakes showed higher LDH activities than those from normoxic 

hypolimnion lakes. Even though this sampling was performed early in the season, these 7 lakes 

possess a hypoxic hypolimnion year-round (see appendix; Figure A2). Thus, it is not clear from 

these studies whether the elevated LDH in these animals was due to microevolutionary variation, 

or a plastic response to more frequent or deeper hypoxia across lakes. The remaining studies 

focused on D. pulicaria, which were intriguing because they were only found in lakes with a 

hypoxic hypolimnion. In lakes with a hypoxic hypolimnion, these Daphnia also showed the 

greatest variation in LDH activities, with 4 lakes possessing Daphnia with extremely low LDH, 

and 2 lakes having very high LDH. When the analysis was extended to PK, I found that this 

enzyme was largely invariant between species and lakes, but D. pulicaria showed approximately 

two-fold more PK activity. There was little variation in PK patterns compared to LDH. On 

average, D. pulicaria spend more time in the hypolimnion of a lake than smaller Daphnia 

species (Sell, 1998). D. mendotae perform DVM between the hypolimnion and epilimnion more 

often than D. pulicaria (Leibold, 1991). Daphnia species differ in the extent to which they can 

induce Hb (Sell 1998). Sell (1998) found that D. pulex increased their Hb concentration nearly 5-

fold during development, while D. rosea did not show an increase. 

Daphnia that spend more time in hypoxic regions of a lake would require strategies to 

cope with low oxygen availability, whether that be using Hb upregulation or increasing the rate 

of anerobic metabolism. Although D. pulicaria tend to have higher Hb than the other species, 

there is no reason to believe that they would shut off anaerobic metabolism entirely. Red 

D. pulicaria, which have upregulated Hb, almost always showed elevated LDH, with lake or 

seasonal exceptions. When I performed both Spring 2018 and Fall 2018 sampling, I saw different 

patterns of LDH with Hb (Figure 7). This suggested that LDH levels change with Hb 
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upregulation depending on the lake. With this, I wanted to resample the same lakes but 

repeatedly through the seasons from spring to fall. Serial Sampling 2019 suggested that within 

the four study lakes, D. pulicaria relied on Hb upregulation early in the season (May-June) and 

by late season (September-October), started to rely more on the LDH enzyme.  

Control of glycolytic enzyme patterns 

The two main defense mechanisms that animals use against hypoxia are to a) depress the 

synthesis of ATP paired with the processes which require ATP, ultimately down-regulating 

energy turnover (Hochachka, 1986) and b) up-regulate the efficiency of glycolytic capacity (i.e. 

induction of glycolytic enzyme genes; Hochachka, 1993). As discussed previously, hypoxia-

induced increases in glycolytic enzymes is thought to be achieved by shared sensitivity to HIF, 

which coordinates regulation of many genes associated with anaerobic metabolism (Robin et al., 

1984). In mammalian cells, at least 8 of the 12 glycolytic enzyme genes induced by hypoxia are 

in parallel with each other (reviewed by Webster, 2003). These genes are regulated by HIF. It is 

known that HIF is responsible for Hb gene induction in Daphnia magna (Gorr et al., 2004). With 

this information, paired with the knowledge of HIF in vertebrate models, I hypothesized that the 

glycolytic enzymes in Daphnia would parallel each other, with activities elevated in red 

Daphnia. Since they were red by virtue of hypoxia-induced Hb, I expected to see elevations in 

glycolytic enzymes in reds because of the (presumed) shared sensitivity to HIF. The patterns 

seemed to be much more complex than expected. 

First, in my earliest studies when red and pale Daphnia were assayed for LDH, PK, and 

ENOL, I found a lack of stoichiometry between the enzymes. When the mean of pale Daphnia 

was scaled to one, increases did not appear to be parallel across glycolytic enzymes (Figure 6b). 
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LDH had a larger difference in red to pale Daphnia compared to the differences observed in 

ENOL and PK. Although PK was higher in reds than pales (Figure 6a), the differences when 

pales are scaled to one (Figure 6b) are less than LDH, suggesting that Daphnia within these lakes 

do not induce glycolytic genes in parallel. Zeis et al. (2009) acclimated Daphnia pulex (the pond 

relative to D. pulicaria) to 3kPa PO2 and found that they only slightly induced ENOL, which 

supports our results. They suggested that the moderate induction of ENOL was consequential of 

the increase in oxygen transport capacity from the strong induction of Hb. This inference, 

however, is not supported by our results as we saw a difference in LDH enzyme between red and 

pale D. pulicaria. This suggests that Hb upregulation may not be the only strategy used by these 

animals for coping with lack of oxygen and on occasion, these Daphnia may experience bouts of 

systemic hypoxia that require ATP production via anaerobic metabolism. 

Is there a correlation between Hb levels and glycolytic enzyme activities?  

When I observed LDH/CS across all 4 species in the spring, there was not a significant 

correlation with Hb levels (Figure 5). It is worth reiterating that in the spring, Daphnia contain 

Hb despite their pale appearance. Hb is found in much lower levels in pale Daphnia compared to 

their red, Hb-upregulated, counterparts. When I measured LDH across seasons (Spring 2018, 

Fall 2018, and Serial Sampling 2019) I saw a correlation between Hb levels and glycolytic 

enzyme activities depending on lake (Figure 7) and season (Figure 8). These differences suggest 

that D. pulicaria will use Hb early in the season (Spring) and begin to rely more on anaerobic 

metabolism (LDH) as the season progresses to fall, based on the relationships seen in Figure 8. 

In anoxia-tolerant animals, such as aquatic turtles, heme protein-based hypoxia sensing, 

including the production of HIF, is thought to occur before the induction of glycolytic enzymes 

(Hochachka et al., 1996). Hb upregulation in Daphnia is reported to be HIF-dependent (Gorr et 
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al., 2004), however, it is not known if the induction of glycolytic enzymes follows this same 

control. 

General Discussion 

Past ecological studies have focused on interspecific differences in migration patterns in 

Daphnia (Tessier and Leibold, 1997), yet there has been a lack of studies that have measured Hb 

across species. Duffy (2010) studied intraspecific variation between red and pale phenotypes in 

D. dentifera (a close relative to D. mendotae and reportedly difficult to distinguish; Haney et al., 

2003) and studied their competition with D. pulicaria in the water column, however she did not 

report Hb measurements. In my studies, I have shown the Hb is found in higher concentration in 

the larger-bodied species D. pulicaria compared to the smaller-bodied Daphnia I collected 

(Figure 5). The size difference could be a reason for the previously reported habitat segregation 

between D. pulicaria and other Daphnia species (Leibold, 1991; Leibold and Tessier, 1991). 

Larger bodied Daphnia would allow for easier visual predation from small fish or larger 

invertebrate species and would be forced to seek refuge in darker parts of the water column 

(Lampert, 1993). Past research hypotheses have suggested that the hypolimnion is not only used 

as a refuge from visual predation, but also that oxygen depletion itself serves as a refuge 

(Hanazato et al., 1989). This is suggested because the larger bodied Daphnia can tolerate 

hypoxia more than most of their fish predators (Larsson and Lampert, 2011). Green (1956) 

suggested that there are likely three reasons for interspecific variation in Hb synthesis in 

Daphnia. The first, mentioned above, is that species differ spatially in the water column, thus 

affecting whether they encounter low oxygen conditions. I sampled the entire water column for 

Daphnia, so I cannot suggest that interspecific differences were caused by this. However, past 
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research (Leibold, 1991) has supported Green’s idea. The second is that species may differ 

physiologically, such as by metabolic rate, which may control the amount a species upregulates 

Hb. My data shows that D. mendotae from lakes which displayed a hypoxic hypolimnion had 

higher LDH enzyme levels than D. pulicaria (Figure 3a). However, those D. pulicaria, showed 

higher levels of Hb (Figure 5). These interspecific differences could be driven by the spatial 

differences in the water column or genetic differences. This leads to Green’s third idea, that 

species may not differ spatially in the water column but have similar physiologies. However, 

there may be genetic differences that determine the amount that Daphnia can synthesize Hb.  

Here I have presented evidence that Hb upregulation in D. pulicaria is not for the purpose 

of oxygen storage. In contrast, it appears Hb upregulation is used as an attempt to maintain 

oxygen facilitation to the tissues when environmental oxygen is scarce. This hypothesis has been 

supported by past research where red Daphnia were able to maintain oxygen uptake in hypoxic 

water, but pale Daphnia showed a decline in respiration (Kobayashi, 1974). My results also 

show that depending on the time of year, Daphnia may use glycolytic enzymes (LDH) as a 

supply of ATP. However, it appears that their priority is to rely on Hb facilitation and use 

glycolysis as a last resort.  

Future Directions 

Other factors such as temperature, amount of toxins, and food availability can impact the 

metabolism of Daphnia, as well as their ability to upregulate Hb (Fox et al., 1949). Future 

research on Daphnia from my study lakes should also include an in-depth assessment of the 

quality and quantity of food in the lake. For example, unpublished data of my four study lakes 

suggests the lakes have similar chorophyll-a concentration, however Fox et al. (1949) reported 
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that chlorophyll-a levels do not influence Hb upregulation. Perhaps there are other nutrients such 

as nitrogen and phosphorus that differ in these lakes. It is known that phosphorus affects growth 

and reproduction of Daphnia magna (Becker and Boersma, 2005). Another factor that has been 

shown to influence Daphnia metabolism is the presence of toxins in the water. Chen et al. (2005) 

reported an increase in LDH enzyme levels with increasing microcystin concentration over a 21-

day experiment. Guilhermino et al. (1994) found an increase in LDH enzyme activity in 

D. magna cultured for 21 days in different concentrations of 3,4-dichloroaline and sodium 

bromide. It would additionally be useful to expand this research by comparing fish predation 

across my study lakes to help explain the differences in abundance of Daphnia species across 

lakes (Table 1). 

There is evidence that habitat use is due to genetic differences. Tessier and Leibold 

(1997) showed that spatial differences in the water column of D. pulicaria species across 6 lakes 

was due to genetic differences across clones. Engle (1985) found interesting results when she 

induced Hb synthesis in the lab using Daphnia pulex from two different ponds. One pond has 

high oxygen at the surface and the other remains hypoxic throughout. Surprisingly, she found 

that the population from the high oxygen pond synthesized more Hb than the population from the 

hypoxic pond. Her results suggested that for these two populations, there are genetic differences 

in Hb synthesis. Our results focus on a snapshot in time and can not conclude that these are 

differences in genetic regulation. Perhaps these are differences that are being regulated at the 

transcription level. Exploring this question would require a common garden experiment that uses 

multiple clone lines from the lakes in my studies. If these Daphnia were reared in a laboratory 

setting, they could subsequently be exposed to hypoxia and used for RNA analysis. Further 
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analysis as such, could suggest if the results of my studies are caused by genetics or differences 

in lake environment. 
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Appendix 

Table A1. Model selection for phenotype (red and pale) and lake for glycolytic enzymes 

(Fall 2017)  

For ENOL, MOD2 was the best fitting model which suggests there is not an interaction between 

phenotype and lake. For PK and LDH, MOD1 was the best fitting model which suggests there is 

an interaction between phenotype and lake. 

   ENOL LDH PK 

Model Model Description df AICc ΔAICc AICc ΔAICc AICc ΔAICc 

MOD1 Lake*Phenotype 11 -139.27 1.37 44.74 0 36.70 0 

MOD2 Lake+Phenotype 7 -140.64 0 91.58 46.84 38.52 1.82 

MOD3 Lake 6 -120.31 20.33 142.39 97.65 95.78 59.08 

MOD4 Phenotype 3 -134.64 6.00 130.09 85.35 81.31 44.61 

MOD5 Null 2 -119.23 21.41 155.07 110.33 108.55 71.85 

 

Table A2. ANOVA results from MOD1 for LDH and PK (Fall 2017) 

From the model selection results, only LDH and PK showed a Lake*Phenotype interaction. The 

two-way ANOVA results show LDH to have a stronger interaction than PK. MOD1 was not 

selected for ENOL, thus only LDH and PK are included here. 

Enzyme F-value Mean df p-value 

LDH 22.62 2.27 4 7.99 x 10-10*** 

PK 3.256 0.278 4 0.0211* 

*Statistically significant at p<0.05; ***Statistically significant at p<0.01 
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Table A3. t-test Results between Hb in Daphnia species (Spring 2018) 

A Welch Two Sample t-test was performed to determine if there were species differences in the 

mean value of Hb. 

Comparison of Species t df p-value 

D. pulicaria vs. D. mendotae -3.9901 6.8463 0.005* 

D. pulicaria vs. D. dubia -2.6067 9.6599 0.027* 

D. pulicaria vs. D. retrocurva 4.4225 7.4019 0.003* 

D. mendotae vs. D. dubia 0.46034 4.5862 0.666 

D. mendotae vs. D. retrocurva 1.2877 6.6967 0.241 

D. retrocurva vs. D. dubia 0.99497 5.0184 0.365 

*Statistically significant at p<0.05 
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Table A4. Ratio of Variances between Daphnia species (Spring 2018) 

The Šidák correction was applied to the alpha value to correct for multiple comparisons using: 

αSID = 1 − (1 – α)1/m  where: αSID = the adjusted alpha value, α = 0.05, and m = the number of 

comparisons. For simplicity, (H) represents D. mendotae from lakes which displayed a hypoxic 

hypolimnion. (N) represents D. mendotae from lakes which displayed a normoxic hypolimnion. 

Comparison of Species Ratio of Variances p-value 

D. pulicaria vs. D. mendotae (H) 1.850 0.516 

D. pulicaria vs. D. mendotae (N) 5.955 0.018 

D. pulicaria vs. D. dubia 49.97 0.002* 

D. pulicaria vs. D. retrocurva 4.110 0.273 

D. mendotae (H) vs. D. mendotae (N) 3.215 0.122 

D. mendotae (H) vs. D. dubia 26.98 0.007 

D. mendotae (H) vs. D. retrocurva 2.219 0.544 

D. mendotae (N) vs. D. dubia 8.392 0.055 

D. mendotae (N) vs. D. retrocurva 0.690 0.585 

D. dubia vs. D. retrocurva 0.082 0.035 

*Statistically significant at p<0.005 after Šidák correction. 
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Table A5. Model selection for lake and Hb effect on glycolytic enzymes (Spring 2018 and 

Fall 2018)  

For LDH, MO1 was the best fitting model which suggests there is an interaction between Hb and 

lakes. For PK, MOD4 was the best fitting model which suggests there is not an interaction 

between Hb and lakes. 

   LDH PK 

Model Model Description df AICc ΔAICc AICc ΔAICc 

MOD1 Hb*Lake 9 332.81 0 379.67 10.91 

MOD2 Hb+Lake 6 378.62 45.81 374.10 5.34 

MOD3 Lake 5 388.04 55.23 378.57 9.81 

MOD4 Hb 3 412.28 79.47 368.76 0 

MOD5 Null 2 423.49 90.68 372.64 3.88 
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Table A6. Respiration rate calculations from four previous studies 

 

Study 

nmol O2  

/ min / mg 

nmol ATP  

/ min / mg 

Metabolic Rate (nmol 

glucose/min/mg) 

   Aerobic Anaerobic 

Baillieul et al., 2005 0.71 3.54 @ 32 ATP per 

glucose 

@ 3 ATP per 

glucose Ullrich Jr. et al., 1983 1.49 7.44 

Lari et al., 2017 0.87 4.34 

Jensen and Hessen, 2007 1.67 8.33 

Average 1.2 5.9 0.2 2 
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Figure A1. Oxygen profiles of the 5 lakes sampled in Fall 2017 

Lakes were categorized as IDs to represent lake replication. For further information, the lakes 

IDs are as follow: L2=Black, L3=Doe, L4=Long, L6=Round, L8=South Otter. 
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Figure A2. Oxygen profiles of the 20 lakes sampled in Spring 2018 

Lakes were categorized as IDs to represent lake replication. For further information, the lakes 

IDs are as follow: L1=Arab, L2=Black, L3=Doe, L4=Long, L5=Lower Rock, L6=Round, 

L7=Sand, L8=South Otter, L9=Stonehouse, L10=Labelle, L11=Big Clear, L12=Big Salmon, 

L13=Birch, L14=Buck, L15=Desert, L16=Devil, L17=Gould, L18=Little Salmon, 

L19=Loughborough, L20=Upper Rock. 

 


