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ABSTRACT

The Proteomic Response of Northern Elephant Seal (Mirounga angustirostris) Pups to
Physiological Stress during Development
Melissa Patrice Voisinet

Background: Northern elephant seals transition from terrestrial nursing pups to pelagic
foraging juveniles in a short period of just 8-12 weeks. During the post-weaning period,
pups rely solely on the energy reserves gained during nursing for their caloric demands
and water supply. The prolonged absence of food after weaning is the first of many fasts
for which the seals have evolved adaptations such as decreased urine production and
increased blubber reserves. The stressors experienced from learning to dive for the first
time are also stressors that they will experience frequently as an adult and for which they
have evolved adaptations. The purpose of this study was to understand the tissue-specific
molecular fasting- and diving- induced adaptive responses of pups during this critical
transition.

Methods: To investigate these adaptive responses to fasting and diving, we collected
skeletal muscle and (inner and outer) adipose tissue from early-fasting (< 1 week post-
weaning) and late-fasting (8 weeks post-weaning) pups. We analyzed the samples with
mass-spectrometry-based proteomics using two-dimensional gel electrophoresis.
Proteomics is an invaluable tool for analyzing marine mammal physiology, as it provides
a large, unbiased data set of proteins that offer a comprehensive set of mechanisms
involved with the cellular processes being studied. Proteomics has only been used as
analytical tool for marine mammal biology in two other studies, and it can be used as a
tool leading to the discovery of novel, unanticipated results.

Results and Discussion: Because muscles are utilized during locomotion, we expected the
proteome of skeletal muscle to highlight important physiological changes as the pups
learn to dive. Inner adipose is more metabolically active than outer adipose, so we
anticipated it would show important changes in metabolism throughout their fast. Outer
adipose was useful to detect changes in the proteome due to thermoregulation, as it
experiences the most drastic change in temperature and pressure while the pups learn to
dive. In all tissues, we found significant shifts in energy metabolism proteins that show a
decrease in lipid metabolism and urine production, and an increase in alternative
metabolic pathways, such as the pentose phosphate pathway, which produces precursors
for nucleic acid synthesis. We also found increases in cytoskeletal proteins, skeletal
muscle proteins, and oxygen-binding proteins that facilitate the development of diving
ability in late-fasting pups. Lastly, changes in the abundance of oxidative stress related
proteins showed increased use of antioxidant proteins to control the production of
reactive oxygen species in late-fasting pups. This study provides insight into cellular and
physiological responses in marine mammals during ontogeny and their adaptive capacity
during a key transition from a terrestrial to aquatic lifestyle.

Keywords: Marine Mammal, Pinnipedia, Post-weaning, Development, Energy
Metabolism, Water Conservation, Diving
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CHAPTER 1: INTRODUCTION

1.1 NORTHERN ELEPHANT SEALS

Many animals have physiological adaptations which allow them to survive a wide
range of environmental conditions. Despite the difficulties associated with these different
environments, many animals have evolved to survive these non-ideal conditions. One
group of particular interest, marine mammals, show clear physiological adaptations
which allow them to survive in extreme environments. For instance, they are able to
survive in cold water temperatures (e.g., Weddell seals, -2 to 10°C), high water pressures
during deep dives (e.g., Northern elephant seals, 1530m), and prolonged periods of
hypoxia during dives (e.g., Northern elephant seals, 20-60 minutes) (Berta et al., 2006;
Hoelzel, 2002). While on land, many marine mammals experience periods of fasting
(Lester and Costa, 2006; Worthy, 1991a). Northern elephant seals (NESs; Mirounga
angustirostris), in particular, experience prolonged periods of fasting of up to three
months, depending on age and sex (Le Boeuf and Peterson, 1969). The first of these
occurs when NES pups undergo an eight- to twelve- week fast after weaning (Le Boeuf
and Peterson, 1969; Somo et al., 2015). The ability to cope with these periods of fasting

is crucial for survival, and is largely dictated by life history (Bartholomew, 1970).

1.1.1 Evolutionary History

NESs are part of the clade Pinnipedia within Carnivora (Bininda-Emonds et al.,
1999). Pinnipedia, which are semi-aquatic mammals named after their feather-footed
(pinna and pedis) flippers, includes Phocidae (seals), Otariidae (sea lions), and
Odobenidae (walruses), which all share a common evolutionary origin within Arctoidea
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(caniform carnivores) (Bininda-Emonds et al., 1999). Within the family Phocidae there
are two main subfamilies, Phocinae (northern seals) and Monachinae (southern seals)
(Davis et al., 2004), and within Monachinae there are three distinct groups, Lobodontini,
Monachus, and Mirounga (elephant seals) (Fyler et al., 2005).There are two species of
elephant seals that occur globally, NESs and southern elephant seals. The only species
that lives in California; however, are NESs.

The evolutionary history of how the Pinniped clade came to be is currently in
debate, with data supporting two main hypotheses (Berta and Wyss, 1994; Bininda-
Emonds et al., 1999; Davis et al., 2004; de Muizon, 1982). Molecular data suggests that
all three families form a sister clade with either Ursidae (Berta and Wyss, 1994) or
Mustelidae (Bininda-Emonds et al., 1999); however, there is also evidence for Phocids
evolving from Mustelidae, and Otariidae and Odobenidae evolving from Ursidae (de
Muizon, 1982) or an Ursidae-Mustelid clade that is sister group to Pinnipedia (Davis et
al., 2004). Despite the origin of the Pinnipedia clade, it is agreed Pinnipeds first split
from terrestrial carnivores (whether Mustelidae or Ursidae) approximately 35.6 million
years ago (mya) (Bininda-Emonds et al., 1999; Higdon et al., 2007). Within Pinnipedia,
estimates suggest Phocidae split from Odobenidae and Otariidae about 23-27 mya, and
Odobenidae and Otariidae split from each other around 14.2-18 mya (Bininda-Emonds et
al., 1999; Higdon et al., 2007).

Marine mammals vary in the adaptation they have for an aquatic lifestyle, and the
different lengths of time that each group of marine mammals has lived in the ocean is
reflected in these adaptations (Reidman, 1990). The evolutionary relationships above

suggest that Pinnipeds have had approximately 35.6 million years to adapt to an aquatic



lifestyle (Bininda-Emonds et al., 1999; Higdon et al., 2007). Like most mammalian
evolution, the earliest adaptation that marine mammals evolved for an aquatic lifestyle is
linked to foraging ecology (Uhen, 2007). For example, morphological data shows
simplified dentation in pinnipeds to aid with feeding underwater (Mitchell and Tedford,
1973). These early adaptations are thought to be due to the high productivity of the
oceans during the Oligocene (23.7-33.7 mya), driving pinnipeds towards resources in the
water (Lipps and Mitchell, 1976). The idea that evolution is driven by feeding ecology is
also supported by more recently-evolved marine mammals, such as polar bears and sea
otters, spending the majority of their time in the water feeding (Uhen, 2007).

Pinnipeds have evolved many morphological synapomorphies that separate them
from other marine mammals and terrestrial carnivores (Berta et al., 2006). The first is a
larger infraorbital foramen than terrestrial mammals, which allows for the passage of
blood vessels and nerves to the eyes, increasing the accuracy of sensory perception
throughout the maxillary region (Berta et al., 2006; Gasser and Wise, 1972). Other
synapomorphies, which are all related to the shape of the flippers to increase swimming
efficiency, include and enlarged humeral tubercles (increases joint rotation), a shorter
overall humorous, a large first digit on the fore flipper, and larger first and fifth digits on
hind flippers compared to other marine mammals and terrestrial mammals (Berta et al.,
2006).

Phocidae split from Odobenidae and Otariidae about 23-27 mya, and with this
division evolved many more morphological synapomorphies that distinguish them from
each other (Bininda-Emonds et al., 1999; Higdon et al., 2007). The first of the

synapomorphies is that phocids are unable to rotate their hind flippers under their body,



due primarily to a large astrangular process and reduced calcaneal tuber (Berta et al.,
2006). This most likely evolved to improve swimming by allowing for pelvic oscillation
and propulsion in the water primarily using their hind limbs (Berta et al., 2006). Another
adaptation seen in phocids is pachyostosis, which is an adaptation used for buoyancy
control, and is characterized by increased compactness or volume of their bones
(Houssaye, 2009). Pachyostosis is seen in the mastoid (ear) region of Phocids, but is
absent in Otariids and Odobenidae (Berta et al., 2006). Lastly, Phocids have an everted
ilia, which allows for increased muscle attachment of the iliocostalis lumborum muscle,
which is the primary muscle utilized during lateral swimming (King, 1983).

Besides morphological differences, Phocids also differ from Otariids and
Odobenidae in many behavioral and physiological adaptations (Berta et al., 2006).
Earliest marine mammals were tied to freshwater; however, eventually the ability to
retain water from food evolved. Otariids drink seawater in small amounts (mariposia) and
freshwater marine mammals (e.g., Baikal Seals) commonly drink freshwater; however,
this is not commonly seen within Phocids. Elephant seals are specifically unique from
other pinnipeds because they have the largest spleen of any marine mammal (~4.5% of
body weight), an adaptation that evolved to increase oxygen storage during dives (Berta
et al., 2006), increasing diving capacity in Phocids (Mottishaw et al., 1999). Phocids also
differ from Otariids and Odobenids in their breeding strategy; Phocids have a brief
lactation period lasting day to several weeks, whereas Otariids and Odobenidae have a
longer lactation period of several months to over 2 years (Reidman, 1990). With these
different lactation strategies come differing levels of parental investment and

physiological stress. The short lactation periods of Phocids are often accompanied by



complete fasting throughout nursing, whereas Otariids and Odobenidae leave their young
for short periods to forage throughout nursing. Because of this lactation period, Phocid
pups have extremely fast growth rates while nursing, primarily due to fattier milk

produced by females.

1.1.2 Life History

Elephant Seals are found along the Western coast of North America during their
breeding and molting seasons; however, during non-breeding or molting seasons, they
spend the majority of their time out at sea and have a far wider distribution (Le Boeuf,
1974; Stewart and Delong, 2016). The males spend their time at sea along the coast of
Alaska, feeding in the cold, nutrient-rich waters of the northern latitudes, whereas the
females migrate Northeast to feed in the open ocean of the Central Pacific (Stewart and
Delong, 2016). When elephant seals are on land, their distribution is clumped into
breeding areas called rookeries. They exhibit philopatry, meaning they almost always
return to the same rookery and same foraging locations every year (Reiter et al., 1978;
Stewart and Delong, 2016).

NES follow an annual cycle of breeding and molting that is separated into four
distinct phases: the breeding season, female and juvenile molt, male molt, and juvenile
haul out (Thorson and Le Boeuf, 1994). The breeding season starts in early-December
with the arrival of males claiming their harem territory (Le Boeuf, 1974; Le Boeuf et al.,
1972). Elephant seals are polygamous, with one male controlling and mating with a
harem of approximately 30-50 females, (Edwards, 2019; Le Boeuf, 1974; Le Boeuf et al.,

1972), although multiple beta males may copulate simultaneously alongside alphas in



larger harems (40-300+ females) (Cox and Le Boeuf, 1977; Le Boeuf et al., 1972). The
fight to become the alpha male is often a complex dominance hierarchy between alpha,
beta, and gamma males (Cox and Le Boeuf, 1977), with the hierarchy of beta and gamma
males changing approximately 15 times throughout a single breeding season (Reidman,
1990). Successful alpha males typically maintain their position throughout the entire
season, and remain on the beach until the last female returns to sea in mid-March (Le
Boeuf, 1974). The stress associated with being an alpha male is so intense that an alpha
male usual dies within two years of their reproductive peak (Le Boeuf, 1974).

Pregnant females arrive at the rookery between mid-December and mid-February,
and typically give birth within a week of arrival (Le Boeuf et al., 1972). After nursing
their pup for 25-29 days depending on sex, the female abruptly weans her pup, is mated,
and returns to sea, leaving her pup to learn how to swim and forage on its own (Le Boeuf
et al., 1972). The now-weaners then experience an 8 to 12-week period called the post-
weaning fast, in which they have no access to food or water as they learn to dive and
forage (Reiter et al., 1978).

All NESs fast for their entire molting and breeding seasons, with a single season
on land lasting up to four months depending on age and sex (Le Boeuf et al., 1972). This
is because their food preferences live far from the rookery just off the continental shelf,
with females preferring to feed on pelagic prey such as cephalopods and teleosts, and
males preferring benthic prey such as elasmobranchs and cyclostomes (Condit and Le
Boeuf, 1984; Le Boeuf et al., 2000; Thorson and Le Boeuf, 1994). However, NESs are
well adapted for these fasts, as this is a regular part of their life history, with their first

prolonged fasting period at just 4 weeks old (Reiter et al., 1978).



1.1.3 The Post-Weaning Fast

Following birth, NES pups nurse for approximately 25-29 days depending on sex,
gaining over 100 kg (~4.5 kg per day) during the nursing period (Bryden, 1969; Le Boeuf
et al., 1972; Reiter et al., 1978). Parental care is brief; pups are abruptly weaned after
nursing and are left without having been taught how to forage or dive independently
(Reiter et al., 1978). This is especially different from the typical transition to
independence seen in other mammals, which often consists of many forms of parental
investment and in the case of some otariids and ungulates, continued care after weaning
(Altmann, 1958; Gosling, 1969; Lowther and Goldsworthy, 2016; Trillmich, 1979; Trites
et al., 2006; Trivers, 1972). NES pups experience an 8 to 12-week post-weaning fast
which coincides with when they begin to learn to feed and dive (Reiter et al., 1978).
During this time, pups do not have a source of food or water, and lose approximately
25% of their body weight as they transition from a terrestrial to primarily aquatic lifestyle
(Ortiz et al., 1978; Reiter et al., 1978).

After being weaned from their mothers, pups leave their harem and join a pod of
other weaned pups, primarily due to hostility that arises from surrounding mothers and
pups protective of their milk (Reiter et al., 1978). Within 1-2 days the newly weaned pup
joins a weaner pod for protection from males, and they will spend most of their time
during this period sleeping and interacting with other weaned pups These interactions
(mainly space arguments and mock fighting) are novel, as the pups primarily interacted
only with their mothers while nursing. As soon as their swimming becomes efficient,
they begin to venture to areas of the rookery with fewer adults to avoid stressful negative

interactions (Reiter et al., 1978), as the most immediate danger to the newly weaned pups



is being bitten, crushed, or mated by adult seals (Le Boeuf, 1974; Le Boeuf et al., 1972).
It has been seen that nearing the end of the post-weaning fasting period, fewer than 10%
of pups are still at the original area of the rookery where they were born (Reiter et al.,
1978).

Approximately 2 to 3 weeks after weaning, the pups will begin to enter the water
for the first time, typically following and learning from older weaners (Reiter et al.,
1978). Pups born later in the season tend to enter the water more quickly than 2 to 3
weeks because the majority of other weaned pups have already began exploring the
water. They are hesitant to enter the water for the first 2 to 3 days, going no deeper than
their ventrum or occasionally placing their head blow the water. Approximately 3 to 5
weeks after weaning, the pups are more comfortable in the water and begin to venture
deeper, beyond where they can touch the bottom. Here they will begin making their first
dive attempts, although clumsy and uncoordinated, successfully lasting for several
seconds at a time. Within a week of diving, their swimming is now effortless and
coordinated, and can dive for up to 2 minutes. Within 2 to 3 weeks of entering the water,
they can dive and sleep underwater for up to 7 minutes, and after 5 weeks of being in the
water (7-8 weeks into their post-weaning fast) they can sleep for up to 15 minutes at a
time underwater. After the pups have perfected their swimming and diving skills at
approximately 8 to 12 weeks after weaning, they depart to sea for their first foraging
season.

Weaned pups weigh approximately 128-144 kg when they are first weaned, and
lose approximately 0.58 to 0.87 kg (0.5% to 1% of their body weight) per day while

fasting, losing approximately a quarter of their total body weight over the entire fast



(Ortiz et al., 1978). Preliminary data from the Cal Poly Northern Elephant Seal Research
Program has found similar average weights for weaned pups at the Piedras Blancas
rookery (Peck-Burnett, 2019, unpublished).

Many stressors during the post-weaning fast could potentially affect NES pup
physiology. The stressors experienced from learning to dive for the first time are stressors
that they will experience frequently as an adult and have therefore evolved adaptations
for. For instance, recently weaned pups experience novel social interactions (e.g., play
fights and competition for space), morphological (e.g., molting). and behavioral changes
(e.g., swimming, diving, and foraging), which all influence physiology (Reiter et al.,
1978). The ontogeny of swimming and diving capabilities is particularly interesting
because they are gradually introduced to the stressors of diving, such as temporary
hypoxia, increased pressure with dive depth, and colder temperatures while learning to
swim and forage for prey (Ponganis, 2011). The prolonged absence of food after weaning
is the first of many fasts for which the seals have evolved adaptations, such as decreased

urine production and increased blubber reserves.

1.1.4 Research Summary

The purpose of this study was to understand the fasting and diving-induced
adaptive response of NES pups in two key tissues, skeletal muscle and adipose tissue,
during the critical transition from a terrestrial to aquatic lifestyle. Proteomics, the analysis
of the protein complements within a tissue, allowed us to identify shifts in cellular
pathways involved with the physiological responses to these stressors. We hypothesized

that the post-weaning fast would result in substantial changes in the pup’s proteome due



to the stressors associated with prolonged fasting and learning to dive, and that these
changes would provide evidence for known adaptations associated with fasting and
diving. We also hypothesized to see differences in protein abundance between tissues
based on the function of the tissue throughout the post-weaning fast.

In this study, we collected skeletal muscle, inner adipose, and outer adipose
tissues to analyze physiological adaptations in NES pups throughout the post-weaning
fast. Skeletal muscle is used for movements such as galumphing and swimming, which
makes it an important tissue to study when analyzing physiological changes while
learning to swim and dive. Because muscles are utilized during activity, the proteome of
skeletal muscle highlights important physiological changes that occur as the pups learn to
swim and dive (Kanatous et al., 1999). Adipose is used for both metabolism and
thermoregulation. Inner adipose is more metabolically active than outer adipose, so we
hypothesized that it will show more changes in metabolism throughout the fasting period
(Debier et al., 2006; Hooker et al., 2001; Koopman et al., 1996). Outer adipose will be
useful in detecting proteomic changes due to thermoregulation, as it experiences the most
drastic change in temperature and pressure while the pups learn to dive (Hokkanen, 1990;
Irving and Hart, 1957; Worthy, 1991b). We then processed the samples using a standard
proteomic workflow (Tomanek and Zuzow, 2010), extracting the proteins through
homogenization, precipitation, and quantification. Proteins were then separated with two-
dimensional (2D) gel electrophoresis and identified with mass spectrometry (MS).

Many studies have been conducted on the physiology of NES during the post-

weaning fast; however, our study is unique because it was the first to address this topic
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using proteomics. Therefore, our results provide new insight into the adaptive capacity of

marine mammals throughout this critical developmental stage.

1.2 NORTHERN ELEPHANT SEAL PHYSIOLOGY

Fasting and diving are natural components of NES life history, and the
morphological and physiological adaptations to these stressors are well-studied (e.g.,
Adams and Costa, 1993; Bryden, 1969; Bryden, 1973; Crocker et al., 1998; Kanatous et
al., 1999; Lester and Costa, 2006; Mottishaw et al., 1999; Ortiz, 2001; Ortiz et al., 1978;
Ortiz et al., 1996; Ortiz et al., 2001; Ortiz et al., 2006; Rea and Costa, 2012; Schmidt-
Nielsen et al., 1970; Vazquez-Medina et al., 2012; Vazquez-Medina et al., 2010). Despite
the physiological stress associated with prolonged fasting, pups maintain electrolyte and
fluid balance, as well as normal body temperatures and metabolic activity, with little to
no long-term detrimental effects (e.g., Crocker et al., 1998; Ortiz et al., 1978; Ortiz et al.,
2001; Ortiz et al., 2006; Vazquez-Medina et al., 2012; Vazquez-Medina et al., 2010).

During periods of prolonged fasting, seals must maintain water balance and fuel
their energy needs, both with no incoming source of food or water. To help maintain
water balance, seals have complex nasal turbinates, which decreases respiratory water
loss by cooling air as it is exhaled, therefore causing the water to condense inside the
nasal passageway (Lester and Costa, 2006; Schmidt-Nielsen et al., 1970). Complex nasal
turbinates, in combination with apneic breathing, ultimately allow the seal to reduce their
evaporative water loss well below the amount of water produced through metabolism
(Lester and Costa, 2006). The seals also exhibit increased urine osmolality (Ortiz et al.,

1996) and decreased urine production (Adams and Costa, 1993; Ortiz et al., 1996). They
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also suppress their overall metabolism to conserve energy and water throughout the fast,
therefore lengthening the time they can survive off their energy stores (Rea and Costa,
1992). Blubber stores, which compose up to 40% of total mass in pups, is also used for
thermoregulation and maintaining metabolic activity while diving and fasting (Bryden,
1969).

NESs can dive up to 1530m, making them the second deepest diving marine
mammal (other than sperm whales; 3000 m) (Berta et al., 2006). Known adaptations for
diving in seals include increased myoglobin, hemoglobin, hematocrit, and total blood
volume to increase oxygen stores (Kanatous et al., 1999; Mottishaw et al., 1999). Marine
mammals also have an impressive mammalian dive response to reduce oxygen
consumption during dives (Berta et al., 2006), including bradycardia (decreased heart
rate), apnea (breath-holding), and vasoconstriction (shunting of blood to vital organs such
as the brain, heart, and lungs) (Berta et al., 2006). Compared to other marine mammals,
Phocids also have an increased buffering capacity of their blood in response to increased
levels of carbon dioxide and acidic end-products of anaerobic metabolism (Berta et al.,
2006; Boutilier et al., 1993), NES have adapted for diving through the evolution of a
streamlined body shape, a reduced surface area to volume ratio and counter-current heat
exchange system (to conserve heat), and the restructuring of muscles throughout the post-
weaning fast (for efficient swimming) (Berta et al., 2006; Bryden, 1973).

Using proteomics, we were able to investigate the cellular and molecular
processes underlying these known physiological adaptations. Our results revealed
complex physiological changes in response to both prolonged fasting and diving, as well

as tissue-specific trends in proteins abundance throughout the post-weaning fast. Our
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results are discussed in terms of functional categories, which organize proteins by
physiological processes. Therefore, the main physiological systems, and how these

systems relate to fasting and diving physiology in NESs, will be discussed below.

1.2.1 Metabolism

1.2.1.1 Depression and Maintenance of Metabolism

In general, marine mammals have a higher resting metabolic rate (1.5-3x greater)
than terrestrial mammals (Kooyman, 1981). However, during periods of diving and
prolonged fasting, Phocids suppress their general metabolism (Berta et al., 2006; Rea and
Costa, 1992). The decline in heart rate (i.e., bradycardia) that NESs experience as part of
the mammalian dive response infers a reduction in metabolic activity to conserve oxygen
during their dive (Berta et al., 2006). Our results support previous research that shows a
balance between a general decline in metabolism while maintaining carbohydrate and
lipid metabolism throughout diving and fasting throughout the post-weaning fast.

While fasting, NES pups continue to obtain energy through carbohydrates, lipids,
and as a last resort, proteins (Champagne et al., 2005; Pernia et al., 1980). Carbohydrates
are the preferred energy source because they are stored as glycogen in the liver and
muscle (Champagne et al., 2005; Schutz, 2011), which can be quickly converted to
glucose 1-phosphate for use in glycolysis (Chandel, 2015). When carbohydrates are
limited, such as during the post-weaning fast, gluconeogenesis converts triglycerides to
glycerol and fatty acids, and converts lactate to glucose to provide sufficient levels of
blood glucose for glycolysis and to sustain brain function (Champagne et al., 2005). Our

results suggest that during early-fasting periods, the pups are primarily relying of lipid
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metabolism, but shift away from fatty acid metabolism near the end of their fast, utilizing
instead pathways such as the pentose phosphate pathway (PPP), possibly to increase the
production of DNA and RNA for cell growth or to provide more reducing equivalents,
such as nicotinamide adenine dinucleotide phosphate hydrogen (NADPH), and nucleotide
production, which are needed for biosynthesis (e.g., of fatty acids) and scavenging of

reactive oxygen species (ROS).

1.2.1.1.1 Glycolysis and Related Pathways

In mammals, the main metabolic pathways of ATP production are glycolysis,
fatty acid B-oxidation, the citric acid cycle (CAC), and the electron transport chain (ETC)
to create adenosine triphosphate (ATP) (Chandel, 2015). There are two phases of
glycolysis, the ATP-investment and the ATP-earning phases. The ATP-investment phase
of glycolysis begins with a single glucose molecule, and uses 2 ATP molecules over the
course of 4 reactions to convert that glucose to dihydroxyacetone phosphate and
glyceraldehyde 3-phosphate, producing 2 adenosine diphosphate (ADP) as a byproduct.
The glyceraldehyde 3-phosphate begins the ATP-earning phase, which over the course of
5 reactions uses 4 ADP, 2 NAD", and 2P; to produce 1 pyruvate, 2 NADH, 4 ATP, and 1
molecule of metabolic water. When oxygen is present, NADH is transported to the ETC
to be oxidized and transported back to the cytosol to fuel glycolysis, and pyruvate is
transported to the mitochondria for us in the CAC. However, when oxygen is limited,
NADH is oxidized to convert pyruvate to lactat