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Abstract Hummingbirds and nectarivorous bats in flight display some of the high-
est rates of aerobic metabolism among vertebrates. Analysis of the pathway of
oxygen, i.e., the “oxygen transport cascade”, reveals the concerted upregulation
of capacities for O, flux from the external environment, through the respiratory
and cardiovascular systems, into muscle mitochondria. Pathways for aerobic energy
metabolism are highly conserved, but enzymatic capacities for carbohydrate and
fatty acid oxidation, as well as for aerobic ATP synthesis, are also upregulated in
concert. Despite evidence indicating sufficient capacities for fatty acid oxidation to
support hovering, repeated bouts of hover-feeding in hummingbirds and nectar bats
involve the oxidation of carbohydrate. Recent studies reveal that recently ingested
sugar directly fuels flight, giving rise to the concept of the “sucrose oxidation cas-
cade”. The ecological and bioenergetic advantages conferred by sugar oxidation
during foraging are discussed.

1 Introduction

Kleiber’s “fires of life”, referring to the processes involved in aerobic energy
metabolism (Kleiber 1961), must rely on a supply of carbon substrates while con-
suming O, and producing CO,. It is therefore appropriate that a volume concerning
respiratory physiology should include a chapter dedicated to the subject of fuel use.
Here, we shall examine aerobic pathways of muscle energy metabolism, how they
are fueled, and how they operate during exercise in species that achieve some of the
highest known mass-specific metabolic rates among vertebrates.

Small hummingbirds in steady, hovering flight display mass-specific rates of oxy-
gen consumption (VO;) (Bartholomew and Lighton 1986; Lasiewski 1963; Suarez
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Table 1 Metabolic rates of some animals during exercise

Mass (g) VO, (ml O,/g x h) References
Honeybee 0.078 101.0 Suarez et al. (1996)
Rufous hummingbird 34 38.3 Suarez et al. (1990)
Nectar bat 11.7 21.6 Winter et al. (1998)
Etruscan shrew 24 24.1 Fons and Sicart (1976)
Human athlete 70,000 4.3 Blomstrand et al. (1986)

Not intended as a comprehensive list, the purpose of the table is to facilitate comparison of rates
sustained during routine hovering in rufous hummingbirds (Selasphorus rufus) and nectar bats
(Glossophaga soricina) with summit metabolic rates of Etruscan shrews (Suncus etruscus) at low
temperature, human athletes during exercise at VO, max, and honeybees (Apis mellifera) in hover-
ing flight. In the case of exercising animals, because >90% of VO, is accounted for by locomotory
muscles, data concerning muscle mass allow the estimation of VO, per unit muscle mass. When
RQ values are known, flux rates through pathways of carbohydrate or fatty acid oxidation and ATP
turnover rates can be calculated

et al. 1990) about tenfold higher than those observed in humans engaged in max-
imal, aerobic exercise (i.e., VO; max) (Blomstrand et al. 1986) (Table 1). During
molting, or in response to mass-gain (Epting 1980), or when exposed to low-density,
normoxic air (Chai and Dudley 1995), hummingbirds are able to increase their hov-
ering metabolic rates further by about 50%, thereby achieving the highest known
mass-specific, aerobic metabolic rates among vertebrates. Nectarivorous bats during
hovering flight display mass-specific VO, values (Voigt and Winter 1999; Welch
et al. 2008; Winter et al. 1998) about 40-50% lower than hummingbirds but are,
nevertheless, impressive when compared with even smaller mammals, e.g., similar
to summit metabolic rates measured in shrews exposed to low ambient tempera-
ture (Fons and Sicart 1976). To burn most brightly in these animals, the fires of life
require the highest flux rates of O, and CO;, and rates of fuel catabolism known
among vertebrates. During high-intensity, aerobic exercise, >90% of whole-body
metabolic rate is accounted for by locomotory muscles (Suarez 1992; Taylor 1987).
This greatly facilitates mechanistic studies concerning the relationships between
biochemical flux capacities and actual (physiological) flux rates. This is especially
true of hummingbirds, in which two sets of flight muscles, the pectoralis and supra-
coracoideus, consist exclusively of fast-twitch, oxidative fibers (Grinyer and George
1969; Lasiewski et al. 1965; Mathieu-Costello et al. 1992; Rosser and George 1986).
These features allow the use of whole-body VO, and VCO, values for the estima-
tion of rates of oxidation of carbon substrates in a single cell-type (Suarez et al.
1990).

2 Pathways of Fuel Oxidation

Among the major achievements of twentieth century biology was the elucidation
of the major pathways involved in the oxidative metabolism of carbohydrates, fats
and amino acids. Comparative biochemists and physiologists then built upon this
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foundation, exploring natural variation on the themes established by Meyerhof, War-
burg, Krebs, and their successors. This body of work has revealed that pathways
for the catabolism of various substrates occur as modular units. These modules are
found in various combinations in homologous cell types across species. In locomo-
tory muscles, broad patterns of quantitative variation in enzymatic flux capacities
across species are now well-documented. The stage is now set for studies of func-
tional significance in the context of both ecology and evolution, the primary focus
of this chapter.

In evolving to become small and to hover while feeding on floral nectar, hum-
mingbirds and nectarivorous bats have both invaded a niche previously occu-
pied exclusively by insects (Dudley 2000). The flight muscles of hummingbirds
(Suarez et al. 1986, 1990) and nectarivorous bats (Suarez et al., unpublished) pos-
sess high enzymatic flux capacities for the oxidation of carbohydrates and long
chain fatty acids. They use the same, highly conserved metabolic modules found
in all vertebrate endotherm red muscles and hearts (Fig. 1). These include the
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Fig. 1 Pathways of carbohydrate and fatty acid oxidation in hummingbird flight muscles. A num-
ber of the modules referred to in the text are apparent: glycolysis, the malate—aspartate shuttle
(both on the left), fatty acid oxidation (on the right), the Krebs cycle (bottom). Metabolic pathways
are highly simplified and are redrawn from Suarez et al. (1990). Abbreviations: HK; hexokinase,
G6P; glucose 6-phosphate, GAP; glyceraldehyde 3-phosphate, 7,3 DPG; 1,3-diphosphoglycerate,
NAD™; nicotinamide adenine dinucleotide (oxidized), NADH; nicotinamide adenine dinucleotide
(reduced), Oxa; oxaloacetate, Mal; malate, 2-KGA; 2-ketoglutarate, Glu; glutamate, Asp; aspar-
tate, CPT; carnitine palmitoyltransferase, CT; carnitine acyltranslocase. CPT II is shown facing the
matrix-side of the inner mitochondrial membrane
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glycolytic pathway, the malate-aspartate shuttle for maintenance of high cytoplas-
mic [NAD']/[NADH™] ratios during high rates of glycolytic flux, a carnitine-
dependent pathway for long-chain fatty acid oxidation, and high mitochondrial
capacities for flux through the Krebs cycle, electron transport, proton pumping and
oxidative phosphorylation (Suarez et al. 1986, 1991). It is both relevant and inter-
esting to consider how a journal editor once commented that it was unfortunate that
anew enzyme or pathway had not been found that explains why hummingbirds dis-
play such high metabolic rates. That evolution often works by making use of what
is available through inheritance, rather than by reinventing biochemical machinery
de novo whenever needed, should not be the cause of disappointment. In the case of
the flight muscles of hummingbirds and bats, evolutionary processes have enhanced
enzymatic flux capacities through known pathways of carbohydrate and fatty acid
catabolism. Of particular interest is the upregulation of hexokinase (HK) activities;
the resulting high capacities for glucose phosphorylation show the contrast between
the flight muscles of hummingbirds and bat species with high sugar diets and those
of birds of other species (Crabtree and Newsholme 1972b) and non-nectarivorous
bats (Yacoe et al. 1982). However, hexokinase is not even considered to be a gly-
colytic enzyme by some biochemists (Fell 2000). It will be seen further on that the
results of comparative physiology probably warrant a revision of this view.

Evolution has similarly enhanced pathways for long-chain fatty acid oxidation
through increased enzyme levels. These are the same enzymes catalyzing reactions
in the same pathway found in the red and cardiac muscles of other species of birds
and mammals (Crabtree and Newsholme 1972a). Thus, carnitine palmitoyl trans-
ferase (CPT) activities (Fig. 1) in hummingbird flight muscles (Suarez et al. 1990)
are extraordinarily high in comparison with other vertebrate skeletal muscles (Crab-
tree and Newsholme 1972a), and mitochondria isolated from this tissue display high
rates of carnitine-dependent oxidation of palmitoylcoenzyme A (Suarez et al. 1986).

The biochemical evidence indicating high capacities for carbohydrate and fatty
acid catabolism, mitochondrial respiration, and oxidative phosphorylation (Suarez
et al. 1986, 1991) provide independent support of morphometric data (see below)
that reveal extraordinarily high oxidative capacities in hummingbird flight muscles.
But at what rates do these pathways actually operate in vivo?

3 Metabolic Rates During Flight

Hummingbirds and nectarivorous bats are capable of energetically expensive hov-
ering, a mode of flight typically used to feed on floral nectar. Bartholomew and
Lighton (1986) developed an elegant method for the measurement of O, consump-
tion and CO; production rates during hover-feeding that has since been used in
many studies of hummingbird flight energetics and adapted for use with nectariv-
orous bats. These respirometric data allow identification of the fuel(s) oxidized,
as well as the estimation of flux rates through the relevant pathways of fuel oxi-
dation (Suarez et al. 1990) and rates of ATP turnover (Welch et al. 2007). These
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estimates also apply to forward flight because hummingbirds display relatively flat
power curves (i.e., the energetic cost of flight is relatively constant) over a wide
range of flight speeds (Berger 1985). Similarly, in small, nectarivorous bats, the
power requirements for stationary hovering are close to those required for forward
flight at intermediate speed (Voigt and Winter 1999).

Carbohydrate oxidation occurs with a respiratory quotient (RQ = VCO,/VO;)
of 1.0, while fatty acid oxidation yields an RQ value of 0.71. In rufous humming-
birds, Selasphorus rufus, the species most extensively studied, hovering at RQ = 1.0
requires a rate of carbohydrate oxidation of 13.7 umole glucosyl units per g muscle
per minute (Suarez et al. 1990). On the other hand, the rate of fatty acid oxidation
required to support hovering when RQ = 0.71 is 3.8 umole palmitate per g muscle
per minute.

These estimated flux rates can be compared with enzymatic flux capacities or
Vimax Vvalues to yield further insights. However, further discussion should be pre-
ceded by a brief outline of some basic principles. Vinax values, measured in vitro
under optimal conditions, equal [E] X ey, where [E] is enzyme concentration and
keat 1s the catalytic efficiency or turnover number of the enzyme molecules. The the-
ory and rationale underlying comparisons between Vyax values and metabolic flux
rates is well-developed and rigorous (Newsholme and Crabtree 1986) (but, unfor-
tunately, commonly misunderstood). The measurement of Vi, values is not (and
should not be) based on the naive and mistaken notion that metabolic enzymes nec-
essarily operate at V. in vivo. Rather, Vinax values at non-equilibrium steps in
pathways establish upper limits to flux, while the fractional velocities (i.e., fraction
of Vimax) at which the enzymes catalyzing these reactions operate are values that
can be determined empirically. For example, the V.« for glycogen phosphorylase
in rufous hummingbird flight muscles is 31.2umole glucosyl units per g muscle
per minute (Suarez et al. 1986). Although unremarkable in comparison with glyco-
gen phosphorylase activities found in the muscles of other vertebrates (Crabtree and
Newsholme 1972b), this is more than twofold higher than the required rate of carbo-
hydrate oxidation (Suarez et al. 1990). However, HK V,,,x values are extraordinarily
high in rufous hummingbird flight muscles; if the oxidation of glucose (rather than
glycogen) supports hovering flight, HK would operate at about 75% of its maximal
capacity (Suarez et al. 1990). On the other hand, the Vi,ax for carnitine palmitoyl
transferase is 7.2 umole per g per minute (Suarez et al. 1990). It should be noted that
this Vinax value was obtained using Triton X-100 during homogenization. Because
there are two forms of CPT involved in fatty acid oxidation and this detergent inac-
tivates one form (CPT I), but not the other (CPT II) (Woeltje et al. 1987), the Viax
value of 7.2umole per g per minute represents CPT II activity. Therefore, it is this
form of the enzyme that operates at 47% of Viyax. This exercise yields two important
insights: The first is that high flux rates are made possible by high levels of enzyme
expression at key steps in metabolism. The second is that, in addition to high flux
capacities at these steps, some enzymes must operate at high fractional velocities
(Suarez et al. 1997).

Although biochemical data specific to nectarivorous bats are not yet available,
Yacoe et al. 1982 conducted a comparative biochemical study of enzymatic flux
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capacities in the flight muscles of a number of bat species of varying diets and life
histories. In addition to enzymatic data indicating generally high aerobic capac-
ities, it was found that HK activities in fruit-eating (frugivorous) bats are in the
neighborhood of Vi, values in rufous hummingbirds. In light of these data, it is
reasonable to expect that HK activities in nectarivorous bats would be similarly
high, and that mechanistic insights derived from hummingbirds might apply to these
animals as well.

4 The Supply of Oxygen

During high-intensity, aerobic exercise, the steady-state rate of O, consumption of
mitochondria in the locomotory musculature is equal to the rate of O, flux from the
external environment through the respiratory and cardiovascular systems (Weibel
1984). Control of flux through the “oxygen transport cascade” is shared by various
steps in the pathway of O, (di Prampero 2003; Jones 1998). Therefore, high rates
of aerobic metabolism would not be expected to be based solely on the upregula-
tion of biochemical capacities (Fig. 2). In hummingbirds, high rates of flux through
the respiratory system are made possible, in part, by lung O,-diffusing capaci-
ties higher than those of mammals of similar mass (Dubach 1981). Hummingbird
hearts are much larger than what is predicted on the basis of the scaling of avian
hearts (Bishop 1997). Their blood has high hematocrit, O,-carrying capacity and
-unloading efficiency (Johansen et al. 1987). Heart rates have been clocked at about
1,300 per minute (Lasiewski 1964), leading to estimates of cardiac outputs of five

$

Fig. 2 Diagram showing up-regulated parts of the hummingbird oxygen transport and sucrose
oxidation cascades responsible for high rates of dietary energy intake and expenditure. It is redrawn
from Suarez (1998) and was originally modified from a cartoon of a frog (Weibel 1985)
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times body mass per minute and whole-body red blood cell circulation times of
about 1 s (Johansen 1987). The flight muscles possess high capillary content that, in
combination with small diameter muscle fibers, leads to high capacities for O, flux
through the carrier-free zone between red blood cells and the muscle cell membranes
(Mathieu-Costello et al. 1992; Suarez et al. 1991). Within the flight muscle fibers
are found high myoglobin content (Johansen et al. 1987) and mitochondria occu-
pying about 35% of cell volume (Suarez et al. 1991). These are among the highest
observed among vertebrate locomotory muscles (Suarez 1996), while cristae sur-
face areas of 58m? per cm’ of mitochondrial volume approach theoretical upper
limits (Srere 1985). A significant fraction of the mitochondria are localized near the
sarcolemma; the clustering of mitochondria close to capillaries may further increase
capacities for O, flux (Mainwood and Rakusan 1982).

Bats are subject to the constraints imposed by mammalian evolutionary design.
Nevertheless, studies concerning their cardiorespiratory systems reveal remarkable
parallels with hummingbirds. These include larger hearts and cardiac outputs, high
hematocrits and O,-carrying capacities, pulmonary structures enhancing O, uptake,
and high capillary densities in the flight muscles (reviewed in Maina 2000). Thus,
hummingbirds and small bats are the natural analogues of human-engineered, high-
performance automobiles possessing high-capacities for the delivery of both fuel
and O,.

S Fuel Use During Flight: The Sucrose Oxidation Cascade

The high-energy density of triacylglycerol and its storage in unhydrated form
(unlike glycogen) in muscles, liver and adipose tissue once led to the generalization
that the energy for avian flight comes mainly from fatty acid oxidation (Blem 1976).
In hummingbirds, long-term, migratory flight is preceded by premigratory fattening
(Odum et al. 1961) and interrupted by refueling stops involving high rates of intake
of dietary sucrose as well as high rates of fat synthesis (Carpenter and Hixon 1988;
Carpenter et al. 1983). Migratory flight is known to deplete fat stores, so there is
no doubt that most of the energy for hummingbird migration comes from fatty acid
oxidation. Given high capacities for the oxidation of both carbohydrate and fat in
hummingbird flight muscles (and, given the relatively minor contribution made by
protein oxidation to vertebrate exercise metabolism), under what circumstances is
each fuel used?

When they wake up after their overnight fast and hover to take their first sucrose
meal in the morning, hummingbirds display RQ values close to 0.7, indicating that
the flight muscles derive most of their energy from fatty acid oxidation (Suarez
et al. 1990). Nectarivorous bats, on the other hand, fast in the daytime and feed at
night. Recent results obtained with the nectar bat (Glossophaga soricina) also show
RQ values close to 0.7 during the first feeding bouts after the daytime fast (Welch
et al. 2008). In both hummingbirds and nectar bats, repeated hover-feeding visits to
a sucrose dispenser (modified to function as a flow-through respirometer) result in
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Fig. 3 Respiratory quotient (RQ = VCO,/VO;) of rufous hummingbirds (Selasphorus rufous)
and nectar bats (Glossophaga soricina) as a function of time after the first feeding bout following
nighttime and daytime fasts respectively. Fasting results in RQ values close to 0.7, indicating fatty
acid oxidation. Repeated hover-feeding results in rapid increases to values close to 1.0, indicating
switching from fatty acid oxidation to carbohydrate oxidation. Points represent means and standard
errors. Data are from Welch et al. (2008)

rapid, progressive increases in RQ values until these stabilize to about 1.0, indicating
that carbohydrate serves as the main oxidative fuel for flight when dietary sucrose
is available (Suarez et al. 1990; Welch et al. 2008, b) (Fig. 3). But what is the nature
of this carbohydrate?

To address this question, experiments were conducted that took advantage of the
difference in '*C/!12C ratios of sucrose molecules produced by plants through C3
(sugar beet) or C4 (sugar cane) photosynthesis. Beet sugar contains a lower '*C/12C
ratio (expressed relative to a standard as §'3C) than cane sugar. Thus, humming-
birds and nectar bats reared on a diet containing beet sugar incorporate beet sugar
carbon into their stores of carbohydrate and fat, and soon expire CO;, with a low
813¢, reflecting that of beets. When these animals are fasted and then allowed to
hover-feed, their RQ values are initially close to 0.7, as expected, while the §13¢
value of their expired CO; remains low and “beet-like”. In these experiments, the
fasted animals are then provided cane sugar, which has a higher §!3C resulting
from C4 photosynthesis. As the RQ rises during repeated feeding from about 0.7 to
1.0, the §'3C also increases from values reflecting the oxidation of fat made from
beet sugar to higher §'3C values indicating the direct use of recently ingested cane
sugar (Welch et al. 2006, 2008) (Fig. 4). Calculations based on these results reveal
that close to 100% of the fuel oxidized during repeated foraging in hummingbirds
comes directly from recently ingested sucrose, while recently ingested sucrose fuels
close to 80% of hovering metabolism in the case of nectar bats.

The high flux rates from dietary sucrose (a disaccharide consisting of glucose
and fructose) to expired CO, inspire comparison with the oxygen transport cascade,



Stoking the Brightest Fires of Life Among Vertebrates 389

-10

o
__ _qo ]| ©Pallas' long-tongued nectar bat "
o . . A A

E 1 LA Rufous hummingbird a PR
= _16 1 2 4% \“‘A‘

= A

€ -18 - 5 Mo s

5 $

o —20 - ooy & 2

£ 2] o a0a®

£ ) A

§ —24 4a_© ° ‘

S © o
L -26 4 a 00 5
= L o"’

© 284 At

-30 T

070 075 080 08 090 095 100 1.05
RQ (=V CO,/V Oy)

Fig. 4 §'3C values of expired CO, in hovering breath samples collected from rufous humming-
birds (Selasphorus rufous) and nectar bats (Glossophaga soricina), plotted as a function of RQ.
Low 8'3C values when RQ ~ 0.7 result from the lower 3C/'2C ratio of beet sugar provided in
the maintenance diet, while high §'3C values when RQ = 1.0 result from the 1*C/12C ratio of
cane sugar provided in experiments. The increase in §'>C values as RQ goes from 0.7 to 1.0 indi-
cates that recently ingested dietary sugar accounts for most of the carbohydrate oxidized during
hover-feeding. Points represent individual measurements. Data are from Welch et al. (2008)

i.e., the pathway of O, from the external environment, through the respiratory and
cardiovascular systems, to the muscle mitochondria where reduction of the oxy-
gen atoms to HoO takes place. In the oxygen transport cascade, the driving force
for Oy flux is the large pO, gradient between the external environment and the
mitochondria, which serve as O, sinks. In the case of dietary sugar, the “sucrose
oxidation cascade” involves high rates of ingestion, hydrolysis by intestinal sucrase
(McWhorter and Martinez del Rio 2000), transport across the intestinal epithelium
via both carrier-mediated and paracellular pathways (McWhorter et al. 2006), entry
into the blood and, ultimately, oxidation in the mitochondria which serve as car-
bon sinks that convert organic carbon molecules derived from dietary sucrose into
CO;. The pathway is not as simple as in the case of O,. In humans, about half of
ingested fructose is converted to glucose by the liver which then appears in the blood
(Delarue et al. 1993). Skeletal muscles possess lower capacities for fructose trans-
port (Kristiansen et al. 1997) and oxidation (Zierath et al. 1995) relative to glucose.
Both glucose and fructose can serve as substrates for HK-catalyzed phosphoryla-
tion, yielding glucose 6-phosphate and fructose 6-phosphate, respectively. Thus,
irrespective of whether hummingbird and nectar bat flight muscles directly oxidize
dietary fructose at significant rates or not, the stable carbon isotope experiments
provide further evidence that most carbon must go through the HK step in humming-
birds and nectar bats as they fuel foraging flights with carbohydrate. An unresolved
issue concerns the carbon fluxes to and from glycogen. Given the high metabolic
rates fueled by carbohydrate, it is likely that liver and muscle glycogen pools
would not last long (about 5 min, at most) if these animals were to rely exclusively
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on glycogen to fuel flight (Suarez et al. 1990). In addition, the carbon stable iso-
tope results reveal that the exogenous sugar turns over rapidly within the pool of
metabolized substrates (Welch and Suarez 2007). Thus, a viable working hypothe-
sis is that liver glycogen serves to buffer blood glucose concentrations while flight
muscle glycogen buffers the pool of hexose-phosphates in glycolysis during forag-
ing flights. In this scenario, muscle glycogen phosphorylase and glycogen synthase
fluxes would change dynamically and in reciprocal fashion, but all sucrose-derived
carbon appearing in the blood would still have to go through the HK reaction in exer-
cising muscles. These animals, while ingesting sucrose and expiring sucrose-derived
CO, at high rates, now begin to appear more as the natural analogues of high-
performance aircraft engaged in aerial refueling. It is interesting to consider how,
in nature, this aerial refueling contributes to plant pollination and plant biodiversity.

6 In Vitro, In Vivo and Beyond

According to Chantler (1982), “the most noble aim of the biochemist, often dis-
cussed when inebriate, seldom when sober, is to relate the in vitro to the in vivo™.
Studies concerning hummingbirds and, more recently, nectar bats have revealed that
the highest rates of aerobic metabolism observed among vertebrates result from the
concerted upregulation of capacities for fuel and O, fluxes in multiple organ sys-
tems and at multiple levels of biological organization. At the biochemical level,
key enzymes are expressed at higher concentrations and operate at higher frac-
tional velocities than in other species. But Chantler’s dictum can be taken even
further, and into the realm of ecology and evolution. Premigratory rufous humming-
birds are known for their ability to ingest sucrose at rates high enough to enable
fat deposition at rates of up to 10% of body mass per day (Carpenter and Hixon
1988; Carpenter et al. 1983). Their livers possess high acetylcoenzyme A carboxy-
lase activities (Suarez et al. 1988), allowing dietary sucrose in excess of daily energy
needs to be rapidly converted to fatty acids and esterified to fat. However, fat syn-
thesis costs ATP, so it appears that one way hummingbirds behave “efficiently” to
maximize net energy gain is to engage in short foraging bouts and to oxidize dietary
sugar. This avoids the use of fat, but also avoids the energetic inefficiency of syn-
thesizing fat from dietary sucrose, and then using fat to fuel foraging flight. This
implies that the greater energetic efficiency resulting from the direct use of dietary
sugar, and the consequent enhancement of net daily energy gain, might be one of
the benefits of territorial behavior. If this is the case, an intriguing suggestion is that
metabolic biochemistry may have contributed to the evolution of optimal foraging
behavior or even the evolution of territoriality in hummingbirds (Suarez and Gass
2002).

The latest estimates of the number of ATP molecules synthesized per oxygen
atom consumed (i.e., the P/0 ratio) indicate that about 15% less oxygen is required
per mole of ATP synthesized when glucose is oxidized as compared with fatty acid
oxidation (Brand 2005). Part of the mechanistic basis for this difference can be seen



Stoking the Brightest Fires of Life Among Vertebrates 391

in the difference in P/O ratios displayed by isolated, coupled mitochondria isolated
from hummingbird flight muscles oxidizing pyruvate, as compared with palmitoyl-
CoA plus carnitine (Suarez et al. 1986). An interesting question is whether this
substrate-dependent difference in P/O ratio makes any difference to whole animals
in the context of what they do in nature. A given mass of hummingbird requires the
same amount of energy to hover, irrespective of whether its flight muscles oxidize
carbohydrate or fat. This leads to the prediction that hovering VO, should decline by
15% as hummingbirds transition from the fasted (RQ = 0.71) to the fed (RQ = 1.0)
state. Recent data obtained using rufous and Annas (Calypte anna) hummingbirds
support this hypothesis (Welch et al. 2007); this is the first report of the direct influ-
ence of substrate-dependent P/O ratios on whole animal performance. Migratory
rufous hummingbirds refuel at high-altitude, subalpine meadows where they expe-
rience the combined effects of low air density and hypoxia (Gass et al. 1999; Welch
and Suarez 2008). Thus, territorial hummingbirds maximizing net energy intake by
oxidizing dietary sugar may derive additional benefits at high altitude from the 15%
lower requirement for O,.

7 Concluding Remarks

It seems unlikely that there would be reductionist, single gene, or single enzyme-
based explanations for how nature’s fires of life burn so brightly in hummingbirds
and nectar bats. Rather, these amazing animals are the result of the concerted
upregulation of flux capacities in multiple organ systems and multiple levels of orga-
nization. This suggests that a quantitative, integrative “systems approach” would
be more fruitful in advancing understanding than simple reductionism. The well-
known, highly conserved and modular nature of metabolic pathways among verte-
brates may suggest that the study of vertebrate metabolic biochemistry is no longer
interesting or worthwhile, except when applied to human disease states. On the con-
trary, the great reliance on dietary sucrose as a direct fuel for exercise metabolism
during hummingbird and nectar bat foraging is an excellent illustration of the signifi-
cance of quantitative variation in biochemical flux capacities across species. Studies
of intermediary metabolism and its regulation in these animals may yield useful
insights into diseases that tend to afflict humans who eat too much carbohydrate, do
not exercise and deposit too much fat.

Comparative physiology involves the exploration of functional biodiversity in
the natural world. At the core of this research program are studies of functional
integration in ecological and evolutionary contexts. The work on hummingbirds
has led to insights concerning the ultimate (evolutionary) upper limits to aerobic
capacities (Suarez 1998) as well as information concerning the environmental fac-
tors and responses to them that allow (or prevent) energy balance or net energy gain
(Gass et al. 1999; Suarez and Gass 2002). It is not difficult to imagine how the
outcome of studies at the interfaces between physiology, biochemistry and ecology
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might prove useful, especially in a period characterized by declining biodiversity
and global climate change.
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