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Abstract

The enthalpy change for anabolism is needed to model the growth/respiration relation in plants. If all CO2 production
is assigned to catabolism, the anabolic reaction becomes Csubstrate→ Cproducts+ xO2 with an enthalpy change,�Hb. Four
methods are proposed for determining�Hb: (a) From the difference in the heats of combustion of substrate and anabolic
products (i.e. newly grown tissue). (b) From the composition of newly grown tissue and application of Thornton’s rule. (c) From
independently measured values of the specific growth rate,RSG, and of the product (RSG�Hb). The product (RSG�Hb) equals
(−�HCO2RCO2 − Rq) whereRCO2 is the specific rate of CO2 production by respiration,�HCO2 is the heat of combustion
of respiratory substrate per mole of CO2 and Rq is the specific metabolic heat rate.�Hb is then calculated as the ratio
(RSG�Hb)/RSG. (d) From(�Hb = −(Rq/RCO2 + �HCO2) [(1 − ε)/ε] whereε is the substrate carbon conversion efficiency
obtained from a total carbon balance. The first three methods have been tested and compared on oat seedlings and the last on
corn seedlings.�Hb values from all four methods are in reasonable agreement despite the different assumptions involved.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Growth of organized biological systems occurs with
a negative free energy change because of an increase in
entropy of the surroundings. However, little is known
about the magnitudes of the thermodynamic quan-
tities. The values of the Gibb’s free energy change
(�G), the enthalpy change (�H), and the entropy
change (�S) for growth of an organism can provide
much insight into the relation between metabolism and
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growth [1]. Determining these thermodynamic values
is difficult because of the complexity of biological sys-
tems. However, the problem is simplified by dividing
metabolism into anabolism and catabolism.

The purpose of this paper is to discuss methods for
determining the enthalpy changes for anabolism and
catabolism during aerobic respiration in tissue from
green plants. Most previous work has been done on
bacteria and mammalian cell cultures where many of
the variables are known or can be measured or con-
trolled (i.e. the composition of the substrate and the
products). Application of enthalpy balance models to
plants[2] is relatively new compared to studies done
on microorganisms[1] and animal cells[3].
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This study focuses on respiration in plants because
photosynthesis is usually capable of producing an
over-abundance of carbon substrate for plant growth.
The commonly cited relation between photosynthesis
and plant growth is a tautology[4], i.e. integrated pho-
tosynthesis and growth are two measures of the same
quantity. Many studies have shown that plant growth
is a function of respiratory properties[5]. Thus, pho-
tosynthesis supplies the fuel and most of the building
material, but redox reactions of catabolism supply the
driving force, and anabolism is the growth process.

Most models of the relationship between plant respi-
ration and growth are empirical and therefore provide
little or no insight into the growth/metabolism relation
[6]. The model used in this study is mechanistic, de-
veloped from fundamental relations between reaction
rates and readily measured variables[2]. Like other
models, we assume no difference between growth res-
piration in the dark and in the light in photosynthetic
tissues. Respiration is readily measured in the dark,
but difficult to determine in lighted conditions, where
photosynthesis interferes with gas exchange measure-
ments. If respiratory processes in the dark were not
similar to those in the light, previous tests of the ability
of models to accurately predict growth rates from mea-
surements on dark respiration[7] would have failed.

The following simplified equation describes aerobic
respiratory metabolism:

Cs + xO2 + (N, P, K, S,etc.)

→ εCAP + (1 − ε) CO2 (1)

In the catabolic part of this reaction, substrate carbon
(Cs) in sugars, lipids, or other compounds combines
with oxygen to form water (not shown) and carbon
dioxide. In the anabolic part of the reaction, the same
substrates are used to form the anabolic product (CAP).
The coefficientx depends on the oxidation states of
the anabolic product, carbon and nitrogen substrates,
and the fraction of substrate carbon converted to an-
abolic products (i.e. the substrate carbon conversion
efficiency,ε). The largerε, the less catabolic energy a
plant expends for a given amount of growth.

Catabolism, the energy liberating reaction, is repre-
sented by

Cs +
[

1 − γs

4

]
O2 → CO2 (2)

where the quantityγs represents the oxidation state
of carbon in the substrate. Because catabolism is an
oxidation reaction, the enthalpy change for catabolism
can be estimated from the heat of combustion or from
Thornton’s rule[1].

The anabolic process is usually represented by

Cs + (N, P, K, S,etc.)→ yCAP + (1 − y) CO2 (3)

The enthalpy change for reaction (3) is approximately
zero, but can provide an estimate of the difference in
energy between the anabolic product (CAP) and the
substrate carbon if the coefficienty (the yield of the
reaction) is known. However, if all CO2 is assigned as a
product of catabolism, the equation for anabolism can
be cast differently, so long as it agrees with the other
two equations, i.e. catabolism plus anabolism must
equal the overall reaction (Eq. (1)). RewritingEq. (3)
asEq. (4)defines anabolism such that the products of
anabolism and catabolism are completely separated.

Cs + (N, P, K, S,etc.)→ CAP +
[
(γs − γAP)

4

]
O2

(4)

Notice the change in enthalpy for reactions (3) and
(4) differ only because the stoichiometry differs; the
ratio of Cs/CAP differs between the reactions. Reaction
(4) is used in this paper because the 1:1 Cs/CAP sto-
ichiometry eliminates the need to knowy and makes
it possible to determine the rate of catabolism from
measurements of the CO2 production rate. The en-
thalpy change for reaction (4) is a direct measure of
the enthalpy difference between the substrate and the
anabolic products.

We have tested four methods for determining the
enthalpy change for reaction (4): combustion anal-
ysis, composition analysis, growth and metabolism
analysis, and growth efficiency analysis. Three as-
sumptions, common to all four methods were made
to simplify these determinations. First we assume
the enthalpy change from redox reactions of sulfur is
negligible. Second, we assume that the oxidation state
of all nitrogen in the system is the same as in NH3,
both in anabolic products and as a reactant. Third,
we assume that CO2 is the only carbon-containing
product of catabolism and thus,�HCO2 is an accurate
estimate of the actual enthalpy change of catabolism.
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Combustion analysis is based on the following ther-
modynamic cycle, assuming that Cs is a sugar:

C(sugar, solid) + O2 → CO2(g) + H2O(l), �H5 (5)

C(sugar, aq) → C(sugar, solid), �H6 (6)

C(sugar, cell){Cs} → C(sugar, aq), �H7 (7)

C(AP, cell) → C(AP, dry), �H8 (8)

C(AP, dry) + O2 → CO2(g) + yH2O(l), �H9 (9)

Cs → C(AP, cell) + xO2, �Hb (10)

�Hb = �H5 + �H6 + �H7 − (�H8 + �H9)

No way has been found for experimentally determin-
ing the enthalpy changes for reactions (7) and (8), so
previous workers have assumed these values cancel
[1]. Literature values exist for�H5 [8] and�H6 [9],
so only�H9 need be determined to calculate�Hb, the
enthalpy change forEq. (4) or (10).�H9 is estimated
as the heat of combustion of newly grown tissue.

The Composition method for finding the enthalpy
change of anabolism relies on Thornton’s rule. Thorn-
ton found the heat of combustion for hydrocarbons is
proportional to the amount of oxygen consumed dur-
ing combustion[10]. Shortly after, the rule was found
to hold true for nearly all organic compounds, thus
allowing estimation of the enthalpy change of oxidiz-
ing an organic compound to be based on the number
of electrons transferred to oxygen[1]. The constant
in Thornton’s rule varies by a few percent depending
on the presence and amount of O, P, N, and S in the
compound[11].

In composition analysis, the percentage of carbon,
hydrogen, nitrogen, sulfur, and ash in the biomass are
measured and the percentage of oxygen is assumed
to be the remainder. The degree of reduction,γ, is
calculated from the composition

γ = 4c + h − 2x + kn + sy (11)

wherec, h, x, n, andy are the concentrations of carbon,
hydrogen, oxygen, nitrogen, and sulfur respectively
in units of mol g−1

tissue. The value ofk depends on the
oxidation state of nitrogen;k equals –3 for N in NH3
and proteins;s depends on the oxidation state of sulfur.
Applying Thornton’s rule, the enthalpy of combustion

of the biomass (in kJ mol−1 of electrons) is found with
Eq. (12) [12]:

�H9 = −115.4γ (12)

The calculated enthalpy of combustion is then used in
the thermodynamic cycle,Eqs. (5)–(10). Beyond the
assumption of Thornton’s rule, the same assumptions
apply in this method as in the combustion method.

Growth and metabolism analysis and growth effi-
ciency analysis are based on metabolic rate measure-
ments and growth properties of living plant tissue. In
the Growth and Metabolism method, the anabolic heat
rate (R10�Hb, C mol (s g)−1 tissue× mJ C mol−1)
is determined as the difference between the heat
rate from respiratory metabolism (Rq, mJ (s g)−1 tis-
sue) and the heat rate of catabolism (RCO2 �HCO2,
C mol (s g)−1 tissue× mJ C mol−1).

R10�Hb = −Rq − RCO2 �HCO2 (13)

Treating anabolism as defined inEqs. (4) and (10); all
CO2 produced during metabolism is attributed to the
catabolic reaction. BothRq andRCO2 can be measured
by isothermal calorimetry[2]. �HCO2 is the enthalpy
change of catabolism mol−1 of CO2 and is equal to
(�H5+�H6+�H7). �H5 and�H6 can be measured
directly by calorimetry, but�H7 must be assumed neg-
ligible. �H5 may also be estimated from Thornton’s
rule.�Hb is then calculated as the ratio�Hb R10/RSG
by assuming thatR10 is equal to the specific growth
rate,RSG. (Note that only the product�Hb R10 is mea-
sured,�Hb andR10 are not separated.)RSG (in units
of reciprocal time) is evaluated from measurements of
length, area, or dry mass of growing plant tissue over
time.

RSG is calculated by fitting growth data to an equa-
tion of the form ln(size) = f(t). Taking the derivative
with respect to time then provides an equation for the
specific growth rate (e.g.m−1 dm/dt wherem is dry
mass) as a function of the age of the plant or tissue
[13].

The Growth and Efficiency method relies on the
same idea and the same data as the Growth and
Metabolism method except that growth yield is mea-
sured instead of growth rate.Eq. (1)defines the growth
yield ε as the fraction of substrate carbon converted
to anabolic products. In literature on plant physiol-
ogy, ε is known as the substrate carbon conversion
efficiency and should not be confused with a growth
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yield defined to include only growth metabolism and
excluding maintenance respiration[6]. From Eq. (1)
we can write,

ε = R10

RCO2 + R10
(14)

CombiningEq. (14) with Eq. (13) to eliminateR10
gives

Rq

RCO2

= −�HCO2 − �Hb
ε

1 − ε
(15)

The value ofε is determined from measurement of the
carbon balance[14,15]. For example, by first measur-
ing the total amount of carbon in a seed, then growing
the plant in the dark so that no photosynthesis occurs,
and finally measuring the total amounts of carbon re-
maining in the seed and in the plant[14]. The value
of ε is equal to the carbon in the plant divided by the
total carbon lost from the seed. Carbon balances can
also be done on mature plants by measuring carbon
uptake, carbon loss, and carbon retained in the plant
[15].

The assumption necessary for the last two meth-
ods is different from those necessary for composition
and combustion analysis. Combustion analysis must
assume that the difference between�H7 and�H8 is
negligible. Composition analysis assumes Thornton’s
rule, and in addition must assume that (�H6+�H7−
�H8) is negligible. On the other hand, the Growth
and Metabolism and Growth and Efficiency methods
must assume that growth rate is proportional to the
anabolic rate or thatε accurately reflects the fraction
of substrate carbon converted to anabolic products.

2. Experimental

Oats (Avena sativa) were grown in a growth cham-
ber at 15, 20, or 25◦C. Seedlings were grown for
several days, with more seeds being planted consecu-
tively at the same time each day. Then, all on the same
day, the average lengths of the oat shoots were mea-
sured with a ruler to determine the growth in terms of
length, and 10 shoots of each planting were harvested,
dried, and weighed to determine growth in terms of
mass. Metabolic heat and CO2 rates (Rq and RCO2,
respectively) also were measured on the same day.
Rq andRCO2 were measured with CSC model 4100

MCDSC and Hart Scientific model 7707 calorime-
ters operated in the isothermal mode. These calorime-
ters have one reference cell and three sample cells.
Samples are contained in sealed, 1 ml, Hastelloy am-
pules[2]. For heat and CO2 rate measurements, whole
shoots were cut from the seed, then cut into 1 cm
lengths and placed into the ampules. Samples were
allowed to equilibrate for 20–30 min for heat rate de-
termination. Then a 40�l vial of 0.4 M NaOH was
added to each ampule and the ampules again equili-
brated in the calorimeters for a second heat rate mea-
surement. The NaOH vials were then removed, and the
ampules returned to the calorimeter and equilibrated
for a third heat rate measurement. Measurements were
made in the calorimeter at the growth temperature.
Samples were then dried overnight in a 70◦C vacuum
oven to determine the dry weight. To calculateRCO2,
the enthalpy change for the reaction of CO2 with the
NaOH solution was taken as –108.5 kJ mol−1 at all
temperatures[2].

For heat of combustion measurements, plant tissue
was dried in a vacuum oven at 70◦C for at least 24 h
and then stored in a closed container with Drierite. The
dried tissue was then ground in a coffee grinder and
pressed into 1 g pellets for combustion in a Parr 1621
oxygen bomb calorimeter. Before each combustion,
the crucible and pellet were weighed separately, the in-
side of the bomb was moistened with 2 ml of water, and
the bomb was flushed with O2 to minimize the amount
of nitrogen combusted. After the combustion, the cru-
cible was again weighed; the difference between the
weight of the crucible before and after combustion is
the ash weight. To determine additional heat given off
by combustion of nitrogen and sulfur in the sample, the
inside of the bomb was washed and the washings were
collected and diluted to the equivalent of 10 l. Soluble
nitrate and sulfate concentrations were determined by
ion chromatography. Sample nitrate and sulfate con-
centrations were small and their contribution to the
heat of combustion negligible.�H9 is calculated by
applying baseline, temperature, and fuse corrections
to the value for the heat of combustion given by the
calorimeter,Q9.

Q9 (kJ g−1)

=
heat of combustion− fuse correction

−baseline correction− temperature

volume correction
(16)
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Q9 in kJ g−1 is then converted to�H9 in kJ C mol−1

by Eq. (17).

�H9 =
(

m �Q9 − �nRT

m

)

×
(

g sample

g C
12.01 g C mol−1

)
(17)

wherem is the mass of the sample before combustion,
n is the number of moles of carbon in the sample,R is
the universal gas constant, andT is the temperature in
Kelvin (302 K). The mass of the sample is adjusted for
buoyancy. The first term inEq. (17)converts the�E
measured at constant volume to�H, and the second
term converts the result from kJ g−1 to kJ C mol−1.

The composition of ground plant tissue was deter-
mined with a LECO CHNS-932 Analyzer.

3. Results

Table 1 gives �H9 values and equations for the
growth of oat seedling shoots.Fig. 1 shows the plots
of �Hb R10 againstRSG from which the�Hb values
were derived by the Growth and Metabolism method.

Fig. 1. Plots of the growth rate calculated from measurements of heat and CO2 production rates (�Hb R10, seeEq. (13)) vs. the directly
measured dry mass growth rate (RSG). The slope of a line through the origin equals�Hb in kJ C mol−1.

Table 2gives values of�Hb for oat shoots by three
of the methods described above. The Growth and Ef-
ficiency method was previously applied to maize (Zea
maize) seedlings[7], but could not be used with oats
because of non-uniform seed. The value of�Hb for
maize seedling shoots is essentially the same as that
for oat shoots. Comparison of the data on oat shoots
from the three methods used in this study shows that all
three provide similar estimates of the enthalpy change
of anabolism. The value of�Hb is affected by the
age of the shoots, but not by the growth temperature
within the range studied.

4. Discussion

Although the three methods require different as-
sumptions, they agreed with each other within 95%
confidence limits. Thus, we conclude that estimations
made by each method adequately represent actual val-
ues. However, the Metabolism and Growth analysis
method clearly has the smallest uncertainty in the�Hb
values. The combustion data indicate the composition
of the youngest tissue is different from the compo-
sition of older plant tissue. Tissue younger than two
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Table 1
Heat of combustion and growth of shoots of oat seedlings

−�Hq (kJ C mol)−1 a

Composition analysis
15◦C Meanb 490 ± 23 (4)

25◦C Meanc 477 ± 14 (7)

Combustion analysis
15◦C Mean 493 ± 22 (13)

20◦C Mean 489 ± 21 (26)
Old tissued 482 ± 18 (21)
Young tissue 517± 6 (5)

25◦C Mean 509 ± 21 (31)
Old tissue 501± 18 (25)
Young tissue 535± 22 (8)

Metabolism and growth analysis (growth equation)

15◦C y1 = −0.0439x2 + 0.5692x+ 0.1281e

y2 = −0.0391x2 + 0.5513x+ 0.3795f

20◦C y1 = −0.037x2 + 0.6971x−0.5426
y2 = −0.0553x2 + 0.7895x− 0.0833

25◦C y1 = −0.0359x2 + 0.5113x+ 0.3075
y2 = −0.0444x2 + 0.6125x+ 0.7289

a Error limits are given as standard deviations with number of
determinations given in parentheses.

b Calculated from mean mass percentages of C= 44.8 ± 1.4,
H = 6.1± 0.2, N = 5.3± 1.1, S= 0.5 ± 0.1, and ash= 11± 7.

c Calculated from mean mass percentages of C= 45.0± 1.8,
H = 6.0± 0.3, N = 4.6 ± 0.9, S= 0.5 ± 0.1, and ash= 8 ± 3.

d Old tissue is older than 2 days post-emergence.
e y1 is ln (average dry mass per shoot in mg);x is the number

of days post-emergence.
f y2 is the ln (average shoot length in cm).

days may have a higher heat of combustion than older
tissue. The plot of data taken at 20◦C in Fig. 1 also
suggests�Hb may be larger for very young tissue.

The four methods vary in the ease of performing the
experiments, the time required, and the assumptions
that must be made. Combustion analysis is inexpen-
sive and rapid. Each sample requires only about 20 min
to run and uses inexpensive supplies. These advan-
tages are perhaps the reasons this method is the most
commonly used. The greatest disadvantages are (a)
the assumption that the enthalpy change for convert-
ing aqueous sugar to carbon substrate and the enthalpy
change for drying the plant tissue are negligible or can-
cel, and (b) the uncertainty in how age and growth tem-
perature affect the results. Although the effects of age

Table 2
Enthalpy change for the anabolic reaction, Csubstrate →
Canabolic product+ xO2, as determined by four different methods

�Hb
a (kJ C mol)−1 b

Composition analysis
15◦C Mean 20 ± 23 (4)

25◦C Mean 7 ± 14 (7)

Combustion analysisc

15◦C Mean 24 ± 22 (13)

20◦C Mean 19 ± 21 (26)
Old tissued 12 ± 18 (21)
Young tissue 47± 6 (5)

25◦C Mean 39 ± 21 (31)
Old tissue 31 ± 18 (25)
Young tissue 65 ± 22 (8)

Metabolism and growth analysise

15◦C Mean
RSG (mass) 17 ± 2
RSG (length) 16± 2

20◦C Old tissue
RSG (mass) 15 ± 2
RSG (length) 13± 1

Young tissue
RSG (mass) 20 ± 3
RSG (length) 19± 3

25◦C Mean
RSG (mass) 25 ± 1
RSG (length) 22± 1

Growth and efficiency analysis (maize)
30◦C Mean 26 ± 16 (3)

a �Hb = −470− �Hq from Table 1.
b Error limits are given as standard deviations with number of

determinations given in parentheses.
c Average value for carbon content taken from composition

analysis is 44.9 ± 1.7 mass%.
d Old tissue is older than 2 days post-emergence.
e RSG is the specific growth rate calculated from the derivative

of the growth equations inTable 1.

and growth temperature were measured in this study,
their effects are usually assumed to be negligible.

Composition analysis requires these same assump-
tions and has further problems that increase the
uncertainty. One of these problems is the necessary
determination of the percentage of oxygen in the
sample. Because of the difficulty of reliably measur-
ing oxygen, only carbon, hydrogen, nitrogen, sulfur
and ash are determined. Oxygen is assumed to be the
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remaining component. The ash of unknown composi-
tion contributes about 10% of the mass of the sample
and causes the majority of the uncertainty in the oxy-
gen content. Composition analysis requires more ex-
pensive supplies than combustion analysis. However,
at 30 samples per hour, composition analysis is faster.

The major advantage of Metabolism and Growth
and Growth and Efficiency analyses is that�Hb is
derived from heat and CO2 rates measured on living
tissue rather than from measurements on dried tissue.
These methods are much better suited for studies of
the effects of environmental and physiological vari-
ables on plant metabolism. The major disadvantage of
these methods is their relative slowness. Each sample
requires about 2 h in the calorimeter. A disadvantage
peculiar to the Metabolism and Growth method is that
the anabolic rate is calculated by subtracting num-
bers of similar magnitude (seeEq. (13)). The resulting
value forR10�Hb is typically an order of magnitude
less than the measured quantities, thus increasing the
relative uncertainty by an order of magnitude. An ad-
vantage of Growth and Efficiency analysis is that the
relative uncertainty is smaller because the ratio rather
than difference of measured values is used to calculate
�Hb (seeEq. (15)). However, Growth and Efficiency
analysis requires thatε values be determined instead
of growth rates. Determinations ofε are more diffi-
cult, tedious, and time consuming than measurements
of growth rate and are not applicable to all situations.
In this method, the uncertainty inε is the major source
of uncertainty in�Hb.

Because the heat effect of anabolism is endothermic,
measured metabolic heat rates of plant tissues are less
than would be calculated by application of Thornton’s
rule to CO2 rates, i.e. by indirect calorimetry based
on measured CO2 rates. Neglecting anabolism in CO2
based energy balances thus causes an error of about
10%. The actual error of course depends on conditions
because reactions 2 and 4 occur in the ratio (1−ε)/ε
and ε ranges from zero to a maximum of about 0.9
depending on conditions and the composition of the
anabolic products. Energy balances based on O2 con-
sumption rates do not contain this error, i.e. anabolism
contributes nothing to the enthalpy, because then

anabolism is described by reaction 3 for which the
enthalpy change is approximately zero. Because the
total O2 rate is assigned to catabolism, Thornton’s
rule or the oxycaloric ratio gives the correct indirectly
calculated metabolic heat rate. Note that there is no
dependence on conditions of the heat liberated per O2
consumed, i.e. the heat per O2 is independent ofε.

Although the enthalpy change for anabolism is use-
ful in modeling growth and provides some insight into
plant respiratory metabolism, determining the Gibb’s
free energy change would be even more useful. There-
fore the next logical step is to find a method for deter-
mining the entropy change of anabolism, which can
then be combined with the enthalpy change to calcu-
late the change in Gibb’s free energy for plant growth.
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