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The two calorespirometric ratios, the ratio of metabolic heat rate to the rate of CO2 production and the ratio of metabolic heat rate to the
f O2 uptake (Rq/RCO2 andRq/RO2, respectively), provide different information about the activities of metabolic pathways. In a stead
ystem,Rq/RCO2 depends only on the oxidation state of the substrate andRq/RO2 equals Thornton’s constant or the oxycaloric equivalent.
rowing or developing system, the measured ratioRq/RO2 differs from the oxycaloric equivalent only if reactions that do not consume ox
nd have nonzero�H are present. Relative rates of aerobic and anaerobic (with�H �= 0) reactions can thus be calculated from the meas
q/RO2, but the substrate carbon conversion efficiency cannot. The difference between theRq/RCO2 ratio predicted from Thornton’s rule a

he actual measured ratio contains information on the rates of anaerobic reactions with�H ≈ 0. The latter ratio thus allows partitioning
he CO2 production rate between oxidative catabolism and anabolic reactions with�H ≈ 0. This partitioning allows calculation of substr
arbon conversion efficiency and rates of growth or development.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Understanding and measurement of metabolic efficiency
s important for at least two reasons. First is the practical prob-
em of maximizing yield of a desired product from biological
ultures as widely varied as fermentation vats and farmers’
elds. Second is the fundamental problem of understand-
ng the thermodynamic relations describing metabolism and
rowth. Three readily measurable properties of respiration in

iving tissues are the rate of heat production (Rq), the rate of
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oxygen consumption (RO2), and the rate of carbon dioxi
production (RCO2). Not considering the inverses as diff
ent ratios, three ratios can be formed from these three
sures of respiratory rate, i.e.Rq/RCO2,Rq/RO2, andRCO2/RO2

The first two are the calorespirometric ratios discussed
The last is the respiratory quotient, which has been
cussed extensively in treatises on respiratory metabolism
usually with the assumption of a steady state system.
paper discusses the relations between metabolic effici
metabolic paths, and measured values of the calorespir
ric ratios in both steady state and in growing or develo
systems. There are differences in the information conte
Rq/RCO2 andRq/RO2 so that each ratio provides unique inf
mation on metabolic activities and efficiency. Measurem
of both ratios provides information not available from eit
alone.

040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2004.05.033
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Table 1
Typical values of the variables in models used to interpret calorespirometric ratios

Variable Typical value Definition

�HO2 −455± 15 kJ mol−1 O2 Heat of combustion of organic
compounds, Thornton’s
constant, oxycaloric
equivalent

γs 0 for carbohydrates Oxidation number of carbon
in substrate

−1.0 for proteins
−1.8 for lipids

�HCO2 −470 kJ mol−1 CO2 for sugars in
aqueous solution

Heat of combustion of organic
compounds

−570 kJ mol−1 CO2 for proteins
−660 kJ mol−1 CO2 for lipids

γB −0.25 Oxidation number of carbon
in anabolic products

�HA 0 kJ Cmole−1 Heat of disproportionation of
organic compounds

�HB +10 to +100 kJ Cmole−1 Heat of reduction of organic
compounds by removal of
oxygen

ε 0–0.9 Substrate carbon conversion
efficiency

Rq/RO2 455 kJ mol−1 O2 Calorespirometric ratio for
oxygen

Rq/RCO2 0–600 kJ mol−1 CO2 Calorespirometric ratio for
carbon dioxide

Thornton’s rule plays a prominent role in the interpretation
of calorespirometric ratios. Thornton’s rule states that the en-
thalpy of combustion of organic compounds is approximately
constant when expressed per mole of O2 [1]. This observation
was first made by Thornton in 1917 and was based on heats of
combustion of hydrocarbons. The rule was later shown to ap-
ply to a wide variety of organic compounds and materials by
several others[2], often without reference to Thornton, e.g.
see reference[3]. Gnaiger and Kemp[4] and others refer to
Thornton’s constant as the theoretical oxycaloric equivalent,
a term widely used in connection with indirect calorimetry.
The numerical value of Thornton’s constant or the oxycaloric
equivalent varies from−430 to−480 kJ mol−1 O2 depend-
ing on the class of compound[5]. If the compound class is
unknown, we recommend use of the median value of−455
± 15 kJ mol−1 O2. Assuming heats of solution are negligi-
ble, which appears to be generally true[6], few, if any, com-
pounds in their normal state in biological systems fall outside
this range. From the oxycaloric equivalent (�HO2) and the
chemical oxidation state (γs) of the organic compound being
combusted, an estimate of the enthalpy change of combustion
per mole of CO2 released (�HCO2) can also be obtained.

�HCO2 =
(

1 − γs

4

)
�HO2 (1)

A r any
r the
e
O lary

appears to apply to formation of any oxidation product except
peroxides.

The calorespirometric ratios measured on live organisms,
tissues, and cultures typically deviate from those predicted
from Thornton’s rule. This deviation contains the information
on metabolic pathways that is available from calorespiromet-
ric studies.Rq/RCO2 measurements on living tissues during
growth and development may vary from near zero to over
600 kJ mol−1 (e.g. see[7,8]).Rq/RO2 values as large as nearly
1500 kJ mol−1 have been measured[5]. These large varia-
tions from Thornton’s rule provide quantitative information
on relative activities of metabolic pathways and metabolic ef-
ficiencies. However, interpreting the calorespirometric ratios
requires a biochemical model. The model is connected to the
calorespirometric ratios through an enthalpy balance:

Rq =
∑

Ri�Hi (2)

whereRi is the rate of theith reaction with an enthalpy change
�Hi and the sum is over all the reactions in the system. To
assist the reader in assimilating these models,Table 1lists
typical values of the variables.

2. Steady state systems, with efficiency = 0

In a steady state system, i.e. non-growing, mature, not
d here
n ss is
z
a the
lso note that, as a consequence of Thornton’s rule, fo
eaction in which O2 is taken up by an organic substrate,
nthalpy change is approximately equal to−455 kJ mol−1

2. CO2 need not be a product of the reaction. This corol
eveloping or senescing organism, tissue, or culture w
et accumulation and change in composition of bioma
ero, the only reaction is the catabolic reaction, andRq/RCO2

ndRq/RO2 are related solely by the oxidation state of
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catabolic substrate. Both plants and animals can approximate
a steady state system during some stages of their life cycle. As
an example, the guinea pigs used by Lavoisier and Laplace
in their experiments reported in 1780[9] were assumed to be
in a steady state. Following Lavoisier and Laplace’s conclu-
sion that respiration is a slow combustion, but using modern
nomenclature, the catabolic reaction can be represented as
oxidation of carbon substrate to CO2 and water:

Csubstrate+
(

1 − γs

4

)
O2 → CO2 + (−1

2(γs))H2O + · · ·
(3)

and the enthalpy balance is:

Rq = RO2�HO2 = RCO2

(
1 − γs

4

)
�HO2 (4)

For this case the respiratory quotient is:

RCO2

RO2

= 1

1 − γs/4
(5)

That is, the ratio of the rate of CO2 production to O2 uptake
is equal to the ratio of the coefficients on CO2 and O2 in Eq.
(1). In the steady state case, the two calorespirometric ratios
are then related by:

( )( ) ( )
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where� is the substrate carbon conversion efficiency or the
fraction of substrate carbon retained in anabolic products,
i.e. in new cellular material represented here byCbio. This
reaction may be conceptually divided into two parts. One
being the overall reaction of catabolism, i.e. the oxidative
metabolism ofCsubstrateto CO2 and water. The other part is
anabolism, i.e. all the reactions required for construction of
Cbio or, in other words, for the construction of the compo-
nents of functioning cells. With this definition, the rate of
production of new cellular material by anabolism is given
by:

Ranabolism= RCO2

(
ε

1 − ε

)
(8)

where�/(1 − �) is simply the ratio of the coefficients inEq.
(7).

From the enthalpy balance, the rate of heat production
during growth and development is given by the rates of the
catabolic and anabolic reactions multiplied by their respec-
tive enthalpy changes. The rate of heat production can be
expressed as a function of the rate of CO2 production:

Rq = −�HCO2RCO2 − �HBRanabolism (9)

where�HCO2 is the enthalpy change per mole of CO2 for
reaction (3) and�HB is the enthalpy change per Cmole for
t

C
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RCO2

= 1 − γs

4

Rq

RO2

= − 1 − γs

4
�HO2 (6)

The assumption of a steady state system is the bas
ndirect calorimetry in which the heat rate is calculated a
roduct of the oxycaloric equivalent and the rate of oxy
ptake, i.e.Eq. (4). Because no energy is being conserve
system in a steady state, the efficiency is zero, no net g
r development is occurring, and the relation betweenRCO2

ndRO2 depends only on the oxidation state of the subs
s. As a historical note, all three ratios can be calculated

he data of Lavoisier and Laplace[9]; RO2/RCO2 = 1.23 from
hich γs = −0.92,Rq/RCO2 = 367 kJ mol−1, andRq/RO2 =
98 kJ mol−1. These data are the first and one of very
xamples where data were collected from which all t
atios can be calculated. SinceRq/RO2 �= �HO2, the data
lso show that the guinea pig was not in a steady sta
ssumed. The assumption of steady state was and is pro

ncorrect in most indirect calorimetry studies.

. Growing and developing systems,
ith efficiency > 0

In growing or developing systems, new cells are b
roduced and/or their size and composition change with
or systems in which the substrate is more oxidized tha
iomass produced, the overall chemical equation becom

substrate+ xO2 + (compounds of N,P,K, etc.)

→ εCbio + (1 − ε)CO2 (7)
he reaction:

substrate+ (compounds of N,P,K, etc.)

→ Cbio + ( 1
4(−γB))O2 (10)

hereγB is the average chemical oxidation state of carbo
bio, the products of anabolism. The rate of heat produc
an also be expressed as a function of the rate of ox
onsumption:

q = −�HO2RO2 − �HARanabolism (11)

here�HA is the enthalpy change per Cmole for the re
ion.

substrate+ (compounds of N,P,K, etc.)

→
[

4

γs − γB + 4

]
Cbio +

[
γs − γB

γs − γB + 4

]
CO2 (12)

Note that the stoichiometries inEqs. (7), (10), and (12
epend on the oxidation state of nitrogen in the subs
he stoichiometry ofEq. (7), i.e.ε, additionally depends o
rowth conditions. In this paper we assume the substra

rogen to be fully reduced so no reducing equivalents
sed to incorporate nitrogen into the biomass. The quan
f other required elements that may undergo changes i

dation states are typically too small to be of significanc
he overall energy considerations. Also note that interm
tes such as ATP and NADH are not included in the reac
ecause their concentrations, even in growing or develo

issues, remain essentially constant, i.e. in a steady sta
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CombiningEqs. (1), (8), and (9)gives:

Rq

RCO2

= −
(

1 − γs

4

)
�HO2 − �HB

(
ε

1 − ε

)
(13)

which shows howRq/RCO2 is related toε. CombiningEqs.
(8) and (11)and the respiratory quotient fromEq. (5)gives:

Rq

RO2

= −�HO2 − �HA

(
ε

1 − ε

)

×
{(

1 − γs

4

)
+

(
ε

1 − ε

)(
γB − γs

4

)}−1

(14)

which shows howRq/RO2 is related toε.

4. Interpretation of calorespirometric ratios in terms
of efficiencies

Because the oxidation state of carbon in biological tissues,
i.e. γB, is typically <0[2] and�HB is typically >0[6], Eq.
(13)can be used to obtain information onε from measurement
of Rq/RCO2. Determination ofε with Eq. (13)is experimen-
tally challenging however, because�HB is typically only
10–20% of the value of�HO2 [3,6,10]. Nonetheless, appli-
cation ofEq. (13)to calorespirometric data[11,12]produces
v t
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Dejean et al.[16], we calculate�HA of −28 kJ mol−1 lac-
tate for growth of yeast on lactate. This value for�HA is not
only much smaller than that obtained by Dejean et al.[16]
but also differs in sign. We have committed the same error,
i.e. usingRq/RO2 as a general indicator of efficiency, in some
past discussions, but hopefully not in print. The idea that “the
less heat produced per oxygen consumed indicates a more
efficient system for producing biomass” is incorrect.Rq/RO2

values less than the oxycaloric equivalent instead can only
indicate the presence of endothermic reactions which may
or may not be beneficial to the organism or in producing a
wanted byproduct. The use of theRq/RO2 ratio to indicate
efficiency implicitly assumes reaction (10) describes the ac-
tual anabolic reaction in the system, whereas this reaction
is only a convenient tool for unraveling the thermodynamics
of the system. In contrast, reaction (12) describes the actual
anabolic reaction of respiration in most biological systems,
and, as a consequence, measuredRq/RCO2 values that are
less than the value predicted by Thornton’s rule are a quan-
titative indicator of the efficiency of conversion of substrate
into growth.

5. Interpretation of calorespirometric ratios in terms
of metabolic paths
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alues ofε similar to those of other methods[3,6,13,14], bu
ith much less effort. Values for tissues from several spe
f plants showε varies from 0 to a maximum of about 0.
0.05 depending on conditions and age of the tissue[15].
In contrast,Eq. (14)and the ratioRq/RO2 is impractical for

btaining information onε because�HA is approximately
ero, i.e. by application of Thornton’s rule toEq. (12). The
econd term inEq. (14)is therefore negligible andRq/RO2

s simply equal to the oxycaloric equivalent. Any deviat
rom this value indicates that reaction (7) is not a comp
escription of the overall chemistry of the system and o

ypes of reactions with nonzero�Hmust be present. Becau
f this dependence on other reactions with nonzero hea
q/RO2 ratio is useful in some cases for determining the
iency of production of byproducts of metabolism[5]. How-
ver, theRq/RO2 ratio is blind to reactions with�H ≈ 0. For
xample, when a significant amount of CO2 is produced b
isproportionation of carbon compounds, no O2 is consume

n the reaction, little heat is produced or consumed by th
ction, and the measured value ofRq/RO2 differs little from
he oxycaloric equivalent.

�HA and�HB are often confused in discussions of
rgy transfer from catabolism to anabolism and thus of en
fficiency. For example, Dejean et al.[16] incorrectly con
luded that variation ofRq/RO2 indicated growth efficienc
f yeast on lactate substrate because O2 was included in th
nabolic reaction and thus�HA was calculated incorrectl
hey estimated�HA as +156 kJ mol−1 lactate whereas Ba

ley [17] calculated�HA of −31 kJ mol−1 lactate for growth
f Pseudomonas saccharophiliaon lactate. Using the met
ds of Battley[17,18] and the elemental formula given
A model of the biochemistry of the system is requi
o obtain information on the relative activities of metab
aths from calorespirometric ratios.Eq. (3)is an example o
uch a model for steady state systems andEqs. (7) and (10
r Eqs. (7) and (12)constitute models for growing or dev
ping systems. The basis for obtaining the relation betw

he calorespirometric ratios and these models is an ent
alance,Eq. (2).Eqs. (9) and (11)are examples of enthal
alance equations based on the models inEqs. (7) and (10)or
qs. (7) and (12), respectively. Because of the obvious d
onnection to the oxycaloric equivalent, this approach
ost commonly been used with theRq/RO2 ratio.
Rq/RO2 is the ratio commonly measured on mamma

ells in culture, on aquatic animals, and on microorgan
ecauseRO2 is readily measured electrochemically in aq
us solutions (e.g. see references[5,19]) whileRCO2 is more
ifficult to measure in an aqueous milieu. The genera

halpy balance equation used to interpret measured valu
heRq/RO2 ratio is:

q = −RO2�HO2 −
∑

Ri�Hi

= RO2 (455 kJ mol−1) −
∑

Ri�Hi (15)

nd the ratio is given by:

Rq

RO2

= 455 kJ mol−1 −
(

1

RO2

)∑
Ri�Hi (16)

heRq/RO2 ratio thus can only deviate from the oxycalo
quivalent if anaerobic reactions with�H �= 0 exist in the
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system. Mammalian cells typically haveRq/RO2 values more
exothermic than−455 kJ mol−1. Because the measured ra-
tio differs from the oxycaloric equivalent it contains quan-
titative information about the metabolic pathways causing
this difference. Kemp[5] models this difference with anaer-
obic reactions typical in mammalian cells, and shows how
such anaerobic reactions causeRq/RO2 ratios to be larger
than 455 kJ mol−1. These reactions occur normally in fully
aerobic systems and are not usually due to anoxic condi-
tions. With knowledge of the chemical nature of the prod-
ucts, calorespirometric data thus enable calculation of the
relative amounts of carbon substrate flow through oxidative
respiration or synthesis of the product[5]. BecauseEq. (16)
partitions the reactions according to their relative heat ef-
fect, theRq/RO2 ratio is blind to reactions with�H ≈ 0. For
example, when a significant amount of CO2 is produced by
disproportionation of carbon compounds, no deviation from
Thornton’s rule is seen in theRq/RO2 ratio, but deviation does
occur in theRq/RCO2 ratio.

The ratio most commonly measured on terrestrial plants
and animals isRq/RCO2 One model for interpreting deviations
ofRq/RCO2 from the value predicted with Thornton’s rule was
given above inEq. (13), i.e. in terms ofε. Eq. (9)can also
be used to predict growth or anabolic rates from measured
heat and CO2 rates. Note thatEq. (11)cannot generally be
u
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o
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bic/anaerobic model, deviations from Thornton’s rule in the
ratioRq/RCO2 can be analyzed by viewingEq. (3)as the oxi-
dation or aerobic reaction andEq. (12)as the disproportiona-
tion or anaerobic reaction. While other oxidation (i.e. oxygen
consuming) reactions are possible, and need not lead to CO2
as a product, these are often insignificant in metabolism dur-
ing growth of terrestrial organisms. Reactions (3) and (12)
thus represent actual processes in many organisms. The en-
thalpy balance in terms of the rate of CO2 production is:

Rq = RCO2[−f�H3 − (1 − f )�H12] (19)

wheref is the fraction of CO2 produced by reaction (3) and (1
− f) is the fraction produced by reaction (12). The enthalpy
change for reaction (3),�H3, is given by Thornton’s rule as:

�H3 =
(

1 − γs

4

)
�HO2

=
(

1 − γs

4

)
(−455± 15) kJ mol−1 (20)

Thornton’s rule also gives:

�H12 ≈ 0 kJ mol−1 (21)

Therefore,

f ≈ Rq/RCO2 (22)
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o ucts,
a hese
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t . For
sed to obtain anabolic rates because�HA ≈ 0. Interpreting
heRq/RCO2 ratio with Eqs. (8) and (9)works well for plan
issues under normal growth conditions[20]. However, this
odel is not unique.
The general enthalpy balance equation for interpretin

q/RCO2 ratio is:

q = −RCO2�HCO2 −
∑

Ri�Hi (17)

here�HCO2 is now defined differently than inEq. (9). In
q. (9),�HCO2 is the weighted average of the�H values

or all the CO2 producing reactions, of which there are o
wo types in biological systems. CO2 can be produced b
xidation of organic compounds by oxygen with�H = (1
γs/4)(−455 kJ mol−1) or it can be produced by disprop

ionation reactions with�H ≈ 0 that produce CO2 and a
ore reduced compound. A reasonable approach is th
artition the CO2 between these two types of reactions.
alorespirometric ratio is then given by:

Rq

RCO2

= f

(
1 − γs

4

)
(455 kJ mol−1)

−
[

1 − f

RCO2

]∑
Ri�Hi (18)

heref is the fraction of CO2 produced by oxygen consum
ng reactions. This model, which is more generally applic
han the model inEqs. (7) and (10), partitions the CO2 rate
etween aerobic and anaerobic metabolic paths. How

hese models are all limited to systems in which all o
en consumption leads to CO2. As an example of this aer
455 (1− γs/4)

n a completely anaerobic system described byEq. (12), i.e
n a system in which the substrate is more oxidized tha
roduct biomass, the heat rate is approximately zero, the2
roduction rate is finite, and thereforeRq/RCO2 ≈ 0 andf =
. In a completely aerobic system with no net anabolism

Rq

RCO2

= −
(

1 − γs

4

)
�HO2 = 455

(
1 − γs

4

)
(23)

ndf = 1. This aerobic/anaerobic model appears to app
nsects in which respiration varies fromf ≈ 0 at low temper
tures tof ≈ 0.5 at higher temperatures[8].

. Limitations on information obtained on biological
ystems from only one calorespirometric ratio

Validation of Kemp’s model based onRq/RO2 for mam-
alian cell cultures[5] required extensive chemical analy

f substrates and products throughout the course of grow
he culture. Simultaneous determination of theRq/RCO2 ratio
rior to the chemical analyses would have shown there
nother reaction(s) to be accounted for in the enthalpy
nce, allowed calculation of the rate of this (or these) an
bic reaction and the average oxidation state of the prod
nd provided an estimate of the enthalpy change for t
eactions.

Interpretation ofRq/RCO2 data has problems similar
nterpretations of theRq/RO2 ratio, i.e. chemical informa
ion must be determined or assumptions must be made
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example, at favorable conditions for aerobic growth of ter-
restrial ectotherms, e.g. plants and insects, theRq/RCO2 ratio
is typically less exothermic than the oxycaloric equivalent
[7,11,12]. However, depending on the tissue and the condi-
tions,Rq/RCO2 can be more exothermic than the oxycaloric
equivalent, typically when conditions are outside the normal
range of growth conditions[7]. Eqs. (13) and (22)can be used
to analyze these results. Oxidation of long chain fatty acids
can account forRq/RCO2 values up to about 650 kJ mol−1.
Since it is unlikely that fatty acids will be the sole substrate,
values ofRq/RCO2 greater than about 500 kJ mol−1 likely
imply incomplete oxidation of substrate. Simultaneous mea-
surement ofRq/RCO2 andRq/RO2 could be used to decide
between these cases.

Since it would be unusual forγs to be positive (i.e. for
substrate to be more oxidized than carbohydrate) in these
systems,Eq. (13)suggestsRq/RCO2 values less exothermic
than the oxycaloric equivalent are due to�HB andε both
being greater than zero. The ratioRq/RCO2 thus becomes less
exothermic as�HB andεbecome larger. In immature, rapidly
growing, vegetative plant tissues, the substrate is commonly
carbohydrate withγs = 0, �HB is typically 25–50 kJ mol−1,
andε ranges from about 0.5 to 0.85 giving 200 <Rq/RCO2

< 430 kJ mol−1. Values ofRq/RCO2 < 455 kJ mol−1 are thus
taken to be a quantitative indicator of how favorable condi-
t )
i the
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t
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7. Information available from both calorespirometric
ratios

Using both calorespirometric ratios allows testing of the
assumptions required when using models to interpret a single
calorespirometric ratio and shows whether assumptions are
valid. For example, measurement ofRq/RO2 in addition to
Rq/RCO2 allows determination of whether there is significant
accumulation of partially oxidized reaction products. Thus,
theRq/RO2 ratio determines whether there is a need to as-
sume that all oxygen consuming reactions lead to CO2, i.e.
whether the

∑
Ri�Hi term inEq. (17)is significant. When

this term is significant, values can be obtained to estimate the
extent of accumulation of other oxidation products. Measure-
ment ofRq/RCO2 in addition toRq/RO2 allows determination
of whether there is significant anaerobic production of CO2
and therefore eliminates the blindness of theRq/RO2 ratio
to reactions with�H ≈ 0. In summary, measurements of
both ratios provide important additional information and al-
low determination of whether assumptions made in a model
are valid.

8. Conclusions
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ndicate thatRq/RCO2 can only be more exothermic than
xycaloric equivalent ifγs is negative or if aerobic process
re not culminating in CO2. Because these processes t
ally occur to a significant extent only when the organism
issue is stressed or fully mature,Rq/RCO2 > 455 kJ mol−1

n growing tissues is taken as an indication that condit
re outside the range that can be tolerated for any exte

ime period. Values ofRq/RCO2 > 455 kJ mol−1, which are
ommonly seen at high and chilling temperatures[7], and in
ature plant leaf tissue (unpublished data this laborat

ndicateγs < 0 and/or incomplete oxidation of substrate
O2 in oxidative catabolism. Simultaneous measureme
q/RCO2 andRq/RO2 could be used to eliminate the need
ake these assumptions aboutγs.
Values ofRq/RCO2 less than about 200 kJ mol−1 clearly

mply the presence of anaerobic respiration. If the Kreb’s
le is fully active, values off cannot be less than about 0.
his calculation is based on minimizingf by the maximum
alues ofε and�HB (0.85 and 50 kJ mol−1) commonly ob
erved and settingγs = 0 (i.e. carbohydrate substrate). T
ives f = 0.38, corresponding toRq/RCO2 = 173 kJ mol−1.
ombiningEqs. (13) and (22)shows why this is so.

= 1 −
(

ε

1 − ε

)
�HB

(1 − γs/4) (455)
(24)

imultaneous measurement ofRO2 would measure the e
ent of CO2 production from O2 consuming reactions an
hus could be used to verify the presence of anae
espiration.
The two calorespirometric ratios both yield useful,
ifferent, information about metabolism in growing and
eloping systems.Rq/RCO2 measurements can provide u
ul information about substrate carbon use efficiency,
q/RO2 usually does not. Both ratios provide informat
bout metabolic pathways, but additional chemical infor

ion on metabolic products is often needed to quantify
nterpret the results from measurement of a single ratio

ultaneous measurements of both calorespirometric r
ould eliminate many of the limitations on interpretation
alorespirometric data.

A consequence of fundamental importance follow
rom the measured values of calorespirometric ratios is
n systems where reaction (12) accurately describes the
ll anabolic process, and thus�HA ≈ 0, none of the enthalp
enerated in catabolism is conserved in the growth o
iomass, a conclusion also reached by others many yea
[2,21] and refs. therein). However, it is commonly sta
nd widely supposed that energy from catabolism (rea
) is transferred to the chemical bonds of the produc
nabolism. This conclusion is based on (a) the fact tha
mole, the heat of combustion ofCbio is typically greater tha

hat ofCsubstrate[3,6,13], and (b) the conjecture, populariz
y Schr̈odinger[22], thatCbio has unusually low entrop
ut, as the stoichiometry ofEq. (12)shows, the enthalpies
ombustion ofCsubstrateandCbio should not be compared
he basis of a Cmole of each. Instead, the enthalpy of
ustion of a Cmole ofCsubstratemust be compared with th
nthalpy of combustion of [4/(γs − γB + 4)] Cmole ofCbio.
he fact that�HA ≈ 0 (i.e. �H for reaction 12), demon
trates the enthalpies of combustion of the substrate an
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appropriate amount ofCbio are the same. Thus, there is es-
sentially no enthalpy from catabolic oxidation ofCsubstrate
transferred to the chemical bonds ofCbio. The answer to the
question of how much Gibbs free energy is transferred from
catabolism to anabolic products thus rests solely on the valid-
ity of Schr̈odinger’s conjecture, an issue we intend to pursue
in a later paper.
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