Physiologia Plantarum
An International Journal for Plant Biology

Physiologia Plantarum 137: 446-458. 2009

OPINION PAPER

Copyright © Physiologia Plantarum 2009, ISSN 0031-9317

Temperature responses of substrate carbon conversion
efficiencies and growth rates of plant tissues

Lee D. Hansen®*, Nathan R. Thomas? and Birgit Arnholdt-Schmitt?

2Department of Chemistry and Biochemistry, Brigham Young University, Provo, UT 84602, USA
bEU Marie Curie Chair, ICAM, University of Evora, 7002-554 Evora, Portugal

Correspondence
*Corresponding author,
e-mail: Lee_Hansen@BYU.edu

Received 20 June 2009

doi:10.1111/1.1399-3054.2009.01287 .x

Growth rates of plant tissues depend on both the respiration rate and the
efficiency with which carbon is incorporated into new structural biomass.
Calorespirometric measurement of respiratory heat and CO; rates, from
which both efficiency and growth rate can be calculated, is a well established
method for determining the effects of rapid temperature changes on the
respiratory and growth properties of plant tissues. The effect of the alternative
oxidase/cytochrome oxidase activity ratio on efficiency is calculated from
first principles. Data on the temperature dependence of the substrate carbon
conversion efficiency are tabulated. These data show that ¢ is maximum and
approximately constant through the optimum growth temperature range and
decreases rapidly as temperatures approach temperature limits to growth.
The width of the maximum and the slopes of decreasing ¢ at high and low

temperatures vary greatly with species, cultivars and accessions.

Introduction

Substrate carbon conversion efficiency (aka carbon use
efficiency) and respiration rate are directly related to
plant growth rate (Hansen et al. 1998). Therefore, under-
standing the relationship between plant growth and
environmental conditions requires understanding the
relationship between respiration, efficiency and growth
and the response of respiration rate and efficiency to
environmental variables. Activity of the alternative oxi-
dase (AOX) pathway in plants affects respiration rate
and the AOX/cytochrome oxidase (COX) activity ratio
affects carbon use efficiency. Consequently, developing
functional markers for efficient growth under defined
environmental conditions and searching for gene candi-
dates from the respiration chain for use in plant breeding
seem to be well justified (Arnholdt-Schmitt et al. 2006).

In this paper, the general response of growth rate to
environmental temperature patterns is described. The
quantitative relationship between growth and efficiency

and respiration rate is derived and used to develop a
quantitative description of the effect of efficiency on
both growth rate and total growth over time. The quanti-
tative effect of the AOX/COX activity ratio on efficiency
and growth rate is deduced from first principles. The
basis of the calorespirometric method for the determi-
nation of substrate carbon conversion efficiency (¢) and
growth rate is described. The calorespirometric method
is compared with the carbon balance method for the
determination of e. Calorespirometric data on tomato
and cabbage leaf tissue are used to illustrate the appli-
cation of the method for the determination of both ¢ and
growth rate as functions of temperature. Literature data
on the temperature dependence of ¢ are tabulated. Effi-
ciency data from calorespirometry are compared with
data from the carbon balance method. The tabulated
data on & show a general pattern of the response of ¢ to
temperature: ¢ is at a maximum and approximately con-
stant over the range of normal growth temperatures and
decreases rapidly as temperatures approach temperature

Abbreviations — AOX, alternative oxidase; COX, cytochrome oxidase.

446

Physiol. Plant. 137, 2009



limits to growth. The temperature range of maximum ¢
is related to the temperature range the plant is adapted
or acclimated to—a broad temperature range in some
plants and a narrow range in others—and therefore varies
among species, cultivars and accessions.

Temperature dependence of growth rates

Natural selection produces well-adapted autochthonous
plants with a curve of growth rate vs temperature congru-
ent with the curve of time-at-temperature vs temperature.
(Criddle et al. 2005) Congruency means the maxima
and minima occur at the same temperatures in the two
curves. Such a congruency optimizes the temperature
response of growth rate to the local environment within
the constraints of other environmental variables during
the growth season for a given plant. Time-at-temperature
curves describing the temperature distribution in stable
climates with small diurnal temperature changes and
in unstable climates appear as a parabola skewed to
higher temperatures with a maximum near the mean
temperature and zero values at the minimum and maxi-
mum temperatures (Criddle etal. 2001, Hansen et al.
2002, 2008, Summers etal. 2009, Thygerson et al.
2002, Yu etal. 2008). Examples of such curves are
shown schematically in Fig. 1. In stable climates with
large diurnal temperature changes, time-at-temperature
curves have two maxima at the mean day and night
temperatures and a minimum near the mean daily tem-
perature (Criddle et al. 2005) and curves of growth rate vs

A

temperature have the same shape (McCarlie et al. 2003,
Matheson 2000, Ward 2007). The congruency between
the curve describing the environmental temperature pat-
tern and the curve of growth rate vs temperature for
native plants demonstrates that optimizing crop yields
requires matching plant temperature responses to the
local climate. For example, compare growth rates of A,
B, C and D in Fig. 1. In a climate with a mean temper-
ature of 14°C, A grows fastest, B grows at about 80% of
the growth rate of A, C grows at about 40% of the growth
rate of A and D will not grow. In a climate with a mean
temperature of 19°C, B grows fastest, C grows at about
80% of the growth rate of B, A grows at about 60% of the
growth rate of B and D grows at about 30% of the growth
rate of B. In a climate with a mean temperature of 24°C,
C grows fastest, D grows at about 80% of the growth rate
of C, B grows at about 60% of the growth rate of C and A
will not grow. The response of growth rate to temperature
also explains why small changes in climate temperatures
can cause large changes in growth and consequent range
shifts of native plant populations (Colwell et al. 2008,
Lenoir et al. 2008, Portner and Farrell 2008, Svenning
and Condit 2008). For example, for a temperature shift
from 20°C to 22°C for the growth curves illustrated in
Fig. 1, B and C would become equally good growers, the
growth rate of D would increase slightly and A would
eventually disappear.

Fig. 1 also illustrates why the results from common
garden studies typically used to evaluate new cultivars
or accessions of wild plants are not readily transferable
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Fig. 1. Schematic curves of growth rate vs temperature for plants with different temperatures for maximum growth rate and the same temperature
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between locations, i.e. common garden growth stud-
ies can only pick the best grower at the location and
temperature pattern at the garden location. Calorespiro-
metric determination of the growth curve vs temperature
(Criddle et al. 1997, Criddle and Hansen 1999, Hansen
etal. 2005) enables matching the growth curve to a
local temperature pattern (i.e. the curve of time-at-
temperature vs temperature) without growing the plant
at the actual location and temperatures it is adapted to.
Calorespirometric data can thus be used to rapidly opti-
mize productivity and avoid crop losses from extreme
temperature events.

The relationship between respiratory
properties and growth

Natural selection to match the growth curve to the tem-
perature curve does not operate directly on growth rate,
but instead on the determinants or genes of growth rate
that are related to the respiratory properties and their
response to temperature. The overall reaction describ-
ing respiration driven growth of structural biomass
(Coiomass) is:

Coubstrate + N, P, K, etc. +xO3 — £Chiomass + (1-)CO;
(1)

where ¢ is the substrate carbon conversion efficiency
or carbon use efficiency and is equal to the fraction
of substrate carbon passing through respiration that is
converted into structural biomass. The symbol ¢ is used
here both to avoid the awkward use of a multiple char-
acter symbol in equations (Mills etal. 1993) and to
distinguish the quantity calculated (¢) from CUE which
includes total carbon, not just structural biomass carbon.
Stoichiometry requires:

Rbiomass/Rcoz2 = /(1 —¢&)and Rbiomass = Rcozle/(1-¢)]
2)

where R indicates the rate of formation of the substance
in the subscript and biomass indicates structural biomass
(Hansen et al. 2004). To understand how growth rate,
i.e. Rpiomass, responds to temperature, the temperature
responses of both Rcoz and [¢/(1 — ¢)] must be mea-
sured. Note the large effect that small changes in ¢ have
on total growth because of the functional form of Eqn 2,
see Supporting information Fig. S1. Changing ¢ from 0.7
to 0.8 changes total growth over one unit of time by a
factor of 5 and over 10 units of time by a factor of 107.
Thus, small changes in ¢ exert huge changes in total
growth when integrated over time.

Many measurements of Rco2 as functions of tempera-
ture are reported in the literature, but only few cover the
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full range of growth temperatures with sufficient detail;
most have been made on mature non-growing tissues,
and, without accompanying determinations of ¢, are of
little use in understanding adaptation of respiration, and
thereby growth rate, to the environmental temperature
pattern.

Effect of AOX activity on substrate carbon
conversion efficiency

Because the AOX pathway produces only about one-
third of the amount of ATP per substrate carbon
oxidized to CO; as does the COX pathway, and
because the amount of ATP required per substrate carbon
incorporated into structural biomass is approximately
constant and independent of the AOX/COX activity ratio,
it is a simple matter of stoichiometry that changes in the
AOX/COX ratio must change ¢ unless changes in the
AOX/COX ratio are compensated for by changes in other
‘futile” pathways of metabolism such as those catalyzed
by ATPases and NAD(P)H dehydrogenases (Macfarlane
etal. 2002, 2009, Moore et al. 2003). In the absence of
such a compensation, increasing the ratio of AOX activity
to COX activity decreases ¢ and decreasing AOX/COX
increases ¢ (Macfarlane etal. 2002). Extending this
reasoning further, if ¢ is constant, then AOX/COX ratio
is also likely to be constant (Macfarlane et al. 2009).

Effect of AOX activity on growth rate

If there are no compensating changes in respiration rate,
Rcoz, increasing the AOX/COX activity ratio decreases
¢ which decreases growth rate, and decreasing the
AOX/COX activity ratio increases ¢ which increases
growth rate; see Eqn2 and Supporting information
Fig. ST and S2 in this paper and discussion in Macfarlane
et al. (2002). Supporting information Fig. ST shows the
effect of ¢ on total growth over time and Fig. S2 shows the
effect of ¢ on growth rate. Beyond the assumptions stated
above, the relationships shown in Supporting informa-
tion Fig. ST and S2 are solely based on stoichiometric
relationships and the law of conservation of mass, and
thus must be valid so far as the assumptions are valid.
Because increasing the AOX/COX activity ratio
decreases ¢ which decreases growth rate, it is surpris-
ing that AOX is ubiquitous in plants and plant tissues,
occurs in most other kingdoms of life (McDonald et al.
2003, McDonald and Vanlerberghe 2004, 2005, 2006,
McDonald 2008) and is active to a significant extent
under most conditions. AOX must play a significant
role in regulating plant metabolism and in metabolic
responses to environmental changes, or natural selec-
tion would have deleted it from plants where growth
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rate or efficiency is a selection factor. However, as dis-
cussed in previous papers (Hansen et al. 2001, 2002,
Macfarlane et al. 2002, Moore et al. 2002, Stucki 1980)
and in this special issue (Kapuganti et al. 2009, Rasmus-
son and van Dongen 2009, Vanlerberghe et al. 2009),
futile cycles and pathways with differing efficiencies may
be necessary for homeostasis in changing conditions.
Understanding the role of AOX in adaptation of plant
growth and metabolism to environmental temperatures
will require measurements of both the AOX/COX activ-
ity ratio and e as functions of temperature in several
species grown under a variety of conditions. Measure-
ments on variants with downregulated or upregulated
activities of both AOX and COX would be helpful. To
date very few measurements of the AOX/COX activity
ratio have been made as functions of temperature (Arm-
strong et al. 2008, Kruse et al. 2008, Macfarlane et al.
2009, Ribas-Carbo et al. 2005), and the results of those
studies appear to disagree as to whether or not the ratio of
AOX to COX activity changes with temperature. It is not
clear whether the disagreement is because of differences
in measurement methods, differences in measurement
temperatures, choice of species or tissues or differences
in growth conditions. Because of the close relationship
between the AOX/COX ratio and ¢ (see Supporting infor-
mation Fig. S2), data on the temperature dependence of
e suggest those species and conditions that would be
of most interest to examine by isotope ratio mass spec-
trometry (Ribas-Carbo et al. 2005) or laser spectroscopy
(Kerstel and Gianfrani 2008) to directly determine the
AOX/COX ratio from oxygen isotope fractionation.

Methods for measuring substrate carbon
conversion efficiency

Two methods are available for the determination of ¢,
direct measurement of the carbon balance (e.g. see Gif-
ford 2003, Taylor etal. 1998, van lersel and Seymour
2000, van lersel 2003, Yamaguchi 1978) and indirect
measurement through measurements of Rcoz and the
oxygen uptake rate, Roz, or equivalently, the respiratory
heat production rate, Ry (e.g. see Criddle and Hansen
1999, Hansen et al. 2002, 2005, Macfarlane et al. 2002).
Note that heat and oxygen rates are directly proportional
as stated by Thornton’s rule (Battley 1999, Hansen et al.
2004):

Rq = [(—455 = 15) k) mol™'1(Roz) (3)

When applied to determine the temperature dependence
of the substrate carbon conversion efficiency, the car-
bon balance method is slow, requiring days to months,
and requires keeping the plants at a test temperature or
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temperature pattern for an extended period of time (e.g.
see Gifford 2003, van lersel 2003, Yamaguchi 1978),
thus making it difficult to separate adaptation from
acclimation. There appear to be only two reports of deter-
minations of the temperature dependence of carbon use
efficiency by the carbon balance method, Yamaguchi
(1978) and Gifford (2003). The carbon balance method
is the appropriate method for whole plants larger than
seedlings (e.g. see van lersel 2003, van lersel and Sey-
mour 2000) and for ecosystems (e.g. see Delucia et al.
2007, Gifford 2003), but is not appropriate for small sam-
ples of individual tissues. In contrast, the calorespiromet-
ric method requires small samples (typically ~100 mg
wet weight) of tissue, and therefore is applicable only
to tissue samples or small seedlings. Calorespirometric
measurements of ¢ are easily made as a function of tissue
age and temperature (e.g. see Matheson 2004) and can
be made in hours, too rapid for acclimation to occur. The
results, therefore, more accurately describe the response
of the plant or tissue to diurnal temperature changes than
to longer-term temperature changes.

Calorespirometric measurement of
substrate carbon conversion efficiency, ¢,
and growth rate

The calorespirometric method for the determination of ¢
is based on the following relations (Criddle and Hansen
1999, Hansen et al. 2002, 2004, 2005, Macfarlane et al.
2002). The metabolic heat rate is the sum of the heat
rates from the two reactions (anabolism and catabolism)
comprising the above overall reaction 1:

Rq = —AHco2Rco2—~AHBRpiomass (4)

AHg is the enthalpy change for the reaction Cgpgtrate —
Chiomass + YO,, which for carbohydrate going to vege-
tative plant biomass equals +(30 £ 20) kJ mol~! (cal-
culated from data in Ellingson et al. 2003, Gary et al.
1995, Lamprecht 1999), and AHco» for carbohydrate
equals —470 k) mol~!, i.e. the heat of combustion of
aqueous sugars (Domalski 1972, Miller and de Pablo
2000). The value of AHg can be obtained from the heat
of combustion of the tissue, from Thornton’s rule and
elemental composition of the tissue, and from paral-
lel measurements of growth rate and calorespirometric
measurements of Ry and Rcoy (Ellingson et al. 2003).
Because it is a state function, AHg depends only on the
substrate (carbohydrate is assumed here) and the elemen-
tal composition or oxidation state of the carbon in the
tissue. The nature of the carbohydrate is not significant
because all carbohydrates have nearly the same heat of
combustion per Cmole (Domalski 1972). Nitrogen is the
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only element present in sufficient amount to significantly
affectthe value of AHg. If the substrate nitrogen is present
as NHZ, no change in oxidation state occurs between
the substrate and the tissue and there is no significant
effect on AHg. If the nitrogen source is NOJ, nitrate
replaces an equivalent amount of O, and because the
heats of reduction of NO; and O, per equivalent are
similar, this also has only a small effect on AHg.

Rearranging Eqn 4 gives the equation for the rate of
formation of structural biomass, the anabolic or growth
or development rate:

Rbiomass = (—AHco2Rco2 — Rq)/(AHB) (5)
Combining Eqns 2 and 4 to eliminate Rpiomass gives:
Rq/Rco2 = —AHco2 — AHgle/(1 — &)l (6)

Defining x = [¢/(1 — &)] and substituting appropriate
values for AHco, and AHg:

x = [e/(1 — &)] = [(Rq/Rco2) —4701/(=30) (7)
e=x/(x+1) (8)

Simultaneous measurements of Ry and Rco; as functions
of temperature thus provide the data to calculate both
growth rate (Eqn 5) and ¢ (Eqns 7 and 8) as functions
of temperature. Such measurements in triplicate take
about 90 min per temperature in the MC-DSC calorime-
ter manufactured by TA Instruments, Lindon, UT (Hansen
et al. 2005). The precision of ¢ values calculated from
calorespirometric data is typically about £0.05; how-
ever, at small values of ¢, a small uncertainty in the
Rq/Rcoz ratio causes a large uncertainty in ¢; at large
values of ¢, a large uncertainty in the Rq/Rcoz ratio
causes only a small uncertainty in e, see Supporting
information Fig. S3.

Comparisons, both quantitative and qualitative, of
directly observed growth rates with growth rates
calculated from calorespirometric data demonstrate the
accuracy of the method for both growth rates and
efficiencies (Ellingson et al. 2003, Marcar et al. 2002,
Macfarlane et al. 2005, Taylor et al. 1998).

Determination of growth and maintenance
coefficients by calorespirometry

Much of the literature on the relationship of carbon
use efficiency to growth rate has been discussed in
terms of a growth coefficient and a maintenance rate
(e.g. see Gifford 2003 and discussion and Eqn 5 in van
lersel 2003). Because calorespirometry can be used to
rapidly determine both respiratory CO, and growth rates
as functions of temperature, it immediately suggests its
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use to determine growth coefficients and maintenance
rates, and indeed such determinations have been
reported (Matheson 2004). But derivation of growth and
maintenance coefficients from the slope and intercept
of plots of specific respiratory CO, rate vs specific
growth rate as has traditionally been done is problematic.
Because it requires varying the age of the plant or the
growth environment (Gifford 2003), such plots contain
one or the other of these hidden variables. The hidden
variable of increasing age is correlated with decreasing
concentration of metabolically active tissue, and this
‘dilution by growth’ violates the assumption of constant
concentration of active tissue implicit in the growth-
maintenance model (Matheson et al. 2004). Varying the
growth environment as the hidden variable violates the
assumption of constant maintenance rate implicit in the
analysis (Gifford 2003, Hansen et al. 1998, Matheson
etal. 2004). Interpretation of the slope and intercept
of such plots, respectively, as a growth coefficient and
a maintenance rate is thus not valid. Instead, plots of
specific respiratory CO, rate vs specific growth rate can
be interpreted with Eqn 2, wherein the slope of a line
from the (0,0) origin to a data point is equal to /(1 — ¢).

Calorespirometric data illustrating the
temperature dependence of respiration and
growth rates

Fig. 2 shows data on a warm-climate, chilling sensitive
plant, tomato, and a cold-climate plant, cabbage, that are
characteristic of the data collected by calorespirometry.
Although these are not autochthonous plants, the data
are typical of curves of CO, production rate, metabolic
heat rate, efficiency and growth rate as functions
of temperature in rapidly growing vegetative tissues.
Note that heat and CO, rates cannot have the same
temperature dependence in growing tissues or growth
rate would be independent of temperature, see Eqn 5.
The heat production rate, which is directly propor-
tional to the O, uptake rate (Hansen et al. 2004), has
typically been described by an Arrhenius function (i.e.
rate = Ae ™7 where A and u are constants, e is the
natural logarithm base and T is Kelvin temperature, see
Taylor et al. 1998), but the data in Fig. 2 and from sev-
eral other studies show this function does not describe
the data over the growth temperature range. The data
at higher temperatures always fall below the function
extrapolated from lower temperatures. A smooth func-
tion also cannot clearly capture the significant deviations
that often occur in carefully measured data. (Uncer-
tainties for data in Fig. 2 are given in Criddle etal.
(1997).) Such deviations from a smooth function have
been observed in several other studies of growing tissues
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Fig. 2. Measured respiratory heat rate (A), CO, production rate (B), calculated growth rate (C) and substrate carbon conversion efficiency (D) for
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DW in heat rates and +1 pmol mg~" DW s~"in CO, production rates. Data taken from Criddle et al. (1997).

(Hansen et al. 2008, Matheson 2000, Macfarlane 2002, and the anabolic or growth reaction

Smith etal. 2001, Summers etal. 2009, Ward 2007,

Yu et al. 2008). Csubstrate = Chiomass + YC02 (10)
Although CO; rates of mature tissues can often be

fit by the Arrhenius relation, the Arrhenius function is a

poor description of the CO, production rate in growing

tissues near and above the temperature of maximum

growth rate. The observed rapid decrease in the CO;

rate at temperatures above the temperature of maximum

growth rate is always observed in rapidly growing tissues

In rapidly growing tissues, the latter reaction produces
the majority of the CO,, and thus the total CO, rate
is greatly reduced at temperatures that inhibit growth.
Reaction 10 is of course absent in mature tissues and
much lower specific CO; rates are observed.

Growth rate is proportional to the difference, CO,

) rate minus the heat (or O,) rate, see Eqn 5 (Hansen et al.
and oceurs because there are tW‘? sources of CO; in 2004). The data in Fig. 2C exhibit the typical skewed
growing tissues, the catabolic reaction parabolic shape of the response to temperature. The
decrease in growth rate above the optimum temperature
must be caused by reduced efficiency (¢) because the

Csubstrate + 02 — CO; 9 heat rate (and hence the oxygen uptake rate) continues
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Fig. 2. Continued

to increase. AOX may play an important role in the rapid
decrease in ¢ at high temperatures.

Efficiency is related to the ratio of heat rate to the CO,
rate, see Eqns 6—8 and Supporting information Fig. S3.
In the examples of tomato and cabbage in Fig. 2, the
efficiency is relatively constant through the temperature
range, 17-25°C for tomato and 8-18°C for cabbage,
declines somewhat above this range in tomato and below
this range in cabbage, but drops precipitously at stress
temperatures <15°C for tomato and >20°C for cabbage.
The calorespirometric measurements are made rapidly
enough not to allow acclimation, but are representative
of the rate of diurnal temperature changes. Thus, the
expectation is that the ratio of AOX/COX activities is
constant in tomato from 17°C to 25°C and in cabbage
from 8°C to 18°C, and if change in the AOX/COX
activity ratio is the cause of the decreasing efficiency,

452

the ratio of AOX/COX activities would be expected
to increase with increasing temperature above 25°C
in growing tomato leaves and below 8°C in growing
cabbage leaves. The precipitous drops in & below 15°C
in tomato and above 20°C in cabbage are probably not
caused solely by changes in the AOX/COX ratio, but by
loss of the ability to maintain homeostasis of intracellular
potentials (Criddle et al. 1997). These conditions are fatal
for tomato if maintained long enough and lead to death
or bolting in cabbage.

Literature review of the temperature
dependence of substrate carbon conversion
efficiency

Supporting information Table ST summarizes literature
data on substrate carbon conversion efficiency but is
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limited to reports where ¢ was measured at different
temperatures in growing tissues. (Note that by defini-
tion, ¢ =0 in non-growing tissues, and measurements
on mature, and thus non-growing, tissues would not
provide any meaningful data on ¢.) Nearly all of the
data are from calorespirometry. Only two sets of data
for the temperature dependence of ¢ determined by
the carbon balance method are available, Yamaguchi
(1978) and Gifford (2003). For consistency, all values
of ¢ from calorespirometric data are calculated using
Eqn 7. Absolute values of ¢ from calorespirometry may
thus be slightly inaccurate because of variable tissue
composition that affects AHg values. Physiological tis-
sue age also affects the relative amount of metabolically
active tissue in a sample, and thus ¢ tends to decrease
with tissue age (e.g. see Macfarlane et al 2005, Mathe-
son 2004, van lersel 2003). However, because similar
tissue is used across the measurement temperature range
in any given calorespirometry experiment, the preci-
sion in a set of ¢ values and trends with temperature
should not be affected by these sources of inaccuracy.
Temperature stress typically reduces ¢ (e.g. see Nico-
tiana, #3 in Supporting information Table S1, at 10°C
and 30°C), but at temperatures well outside the normal
range, ¢ values calculated from Eqn 7 either go nega-
tive or become greater than 1 indicating that Eqn 7 no
longer applies because the values of AHco, and AHg
no longer equal —470 and +30 k) mol~', respectively.
Under these conditions, Eqn 7 sometimes gives anoma-
lously large values of ¢ [i.e. see Zea mays (Santa Ana
Blue), #11 in Supporting information Table S1, at 40°C,
Avena sativa (Edirne and Hatay), #14, at 35°C, Euca-
lyptus globulus grown at 28°, #28, at 40°C, and Juglans
regia, #35, at 25°C and 30°C] instead of zero or negative
values as expected. Measured, but negative values of ¢
are not reported in Supporting information Table S1.

Comparison of ¢ values from
calorespirometry and from carbon balance

Calorespirometric values of ¢ range from 0 to 0.93 with
values typically between 0.6 and 0.8 at temperatures
in the optimal growth temperature range. Values of
e for maize seedlings determined by carbon balance
range from 0.83 to 0.89 (Yamaguchi 1978) and are in
agreement with the ¢ values for maize seedling tissue
determined by calorespirometry, see #11 in Supporting
information Table S1 (Smith etal. 2001, Taylor et al.
1998). This direct comparison of the two methods
further demonstrates the validity of the calorespirometric
method. Values of ¢ for forest ecosystems determined by
the carbon balance method range from 0.2 to 0.8, but
are typically around 0.5 (Delucia etal. 2007, Gifford
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2003, Macfarlane et al. 2005). van lersel (2003) reported
values of 0.5 to 0.6 for small lettuce plants and 0.2 to
0.3 for large plants. The generally wider range of ¢
values reported from calorespirometric measurements
compared with values from carbon balance reflects the
ability of the calorespirometric method to measure ¢ at
conditions where plants cannot survive and to measure
e for individual tissues. The carbon balance method
can only be used at conditions where plants can be
grown. Also, the carbon balance method is usually
applied to whole plants rather than to single tissues,
so the value of ¢ obtained depends on the phenology
of the plant, i.e. young, rapidly growing tissues have
high values of ¢, and, because they are not growing or
growing very slowly, mature tissues have small to zero
values of ¢. The value of ¢ obtained on whole plants is
thus determined by the ratio of growing to non-growing
tissue. The calorespirometric method is usually applied
to rapidly growing tissues and thus tends to report higher
values of ¢ than does the carbon balance method. The
effect of tissue age on ¢ is clearly shown in Macfarlane
et al. (2005) as a plot of calorespirometric ¢ values vs
growth rate, and hence tissue age, of E. globulus leaf
tissue which shows an abrupt decrease of ¢ to zero as
leaves stop growing. Similarly, van lersel (2003) shows
a linear relationship between the reciprocal of ¢ and the
reciprocal of specific growth rate of lettuce plants, i.e. ¢
decreases as growth rate decreases.

Temperature dependence of ¢

A general conclusion that can be drawn from the data in
Supporting information Table S1 is that the temperature
response of ¢ is highly variable among species, cultivars
and accessions, e.g. see Fig. 2D, 3 and 4. In general, the
curve of ¢ vs temperature is a flattened, inverted ‘U.’
The plots for tomato and cabbage in Fig. 2D are typical.
As shown in Fig. 3 and 4, the width of the flattened
part of the curve and the slopes of the legs on the U
as well as details of the curve vary with species and
with populations or cultivars of the same species that
are adapted to different temperature patterns. A shift of
the maximum to the most frequent temperature during
the growing season and a widening or narrowing of the
inverted U curve of ¢ to match the temperature difference
between the maximum and minimum temperatures of
the growth season occur in comparisons of populations
of the same species. In these aspects, the curves of & vs
temperature mimic curves of growth rate vs temperature,
a not surprising result in light of the significance of
¢ in determining both growth rate and total growth,
see Supporting information Fig. S1 and S2. The ¢ data
for Turkish oat accessions in Supporting information
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Fig. 3. Temperature response of substrate carbon conversion efficiency in leaf tissue of Atriplex confertifolia (square symbols, #17 in Supporting
information Table S1) and Coleogyne ramosissima (triangle symbols, #18 in Supporting information Table S1). Red curves are for plants from lower
elevations and blue curves are for plants from higher elevations within the native range.
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Fig. 4. Temperature response of substrate carbon conversion efficiency in Eurotia lanata (#21 in Supporting information Table S1) leaf tissue from
different accessions. Three types of response are indicated with red solid, blue dotted and green dashed lines. The Pinebluffs accession is indicated
by (#), the Matador accession by (a), the Sterling accession by (e), the Northside accession by (X), the Westside accession by (*) and the Southside
accession by (+). The Pinebluffs, Matador and Sterling accessions were measured at two different times.

Table S1 (#14) show that efficiency may have the
same bimodal response to temperature as growth curves
for plants adapted to stable climates with a large
diurnal temperature difference. Just as the temperature
dependence of ¢ varies among populations of native
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species, it also varies among cultivars of crop plants. For
example, compare Z. mays cv. Pioneer G17 with cv.
Pioneer T10 (#11 in Supporting information Table S1).
G17 has a narrow and low growth temperature range,
only about 10°C wide around 15-25°C, whereas T10
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has a much wider and higher growth temperature range,
about 15°C wide around 20-35°C. Assuming the same
respiration rate, G17 would grow six times faster than
T10 at 15°C, whereas at 30°C, T10 would grow five
times faster than G17 (see Eqn 2). These data show the
importance of calorespirometric measurements of ¢ and
growth rate in rapidly characterizing new cultivars.

In some plants, ¢ is constant over a broad temperature
range (20°C or 25°C wide), i.e. Cucurbita pepo (pump-
kin, #4 in Supporting information Table S1), Raphanus
sativus (#7), some Z. mays cultivars (#11), Hesperostipa
comata (#13), Artemisia tridentata (#19), Caragana (#20)
and Agapanthus orientalis (#38). In the other plants
in Supporting information Table S1, the range of tem-
peratures at which ¢ is constant is much smaller. An
approximately constant ¢ over the range of normal
growth temperatures implies the ratio of AOX to COX
activity must also be relatively constant over the same
temperature range and therefore the temperature depen-
dencies of the two pathways must be approximately
equal over the range of temperatures in which ¢ is con-
stant. Because ¢ rapidly decreases outside this range,
the AOX/COX activity ratio is also expected to increase
rapidly at temperatures outside the range where ¢ is
constant. Macfarlane et al. (2009) observed closely sim-
ilar temperature dependences of AOX and COX over
approximately the same temperature range as near con-
stant ¢ values (see Nicotiana sativa, #3, between 15°C
and 25°C, C. pepo, white scalloped squash, #4, between
20°C and 35°C, and Vicia faba, #5, between 20°C and
30°C, in Supporting information Table S1). In contrast,
Kruse et al. (2008) observed a difference in the tem-
perature dependencies of the AOX and COX pathways
in Pinus radiata. The very narrow temperature range of
the maximum e in these data (Supporting information
Table S1, #27, at 10°C) probably explains the reason.
Except for the one high value of ¢ at 10°C, their mea-
surements (at 15°C and above) are apparently on the
high temperature leg of the inverted U of ¢ values.

Because nearly all measurements of ¢ have been made
at 5°C intervals, the data in Supporting information Table
S1 are only given at 5°C intervals, and as a consequence
curves of ¢ vs temperature near the upper and lower
temperature limits are poorly defined. However, the
data in Supporting information Table ST show that ¢
decreases steeply as temperatures exceed the normal
range the plant is adapted to. Calorespirometric data
show this decrease in ¢ happens in less than 2 h, and
therefore is probably a result of a relative decrease of
COX activity, rapid activation of pre-existing AOX and/or
rapid activation of other futile pathways. As they likely
take longer than this, gene activation and subsequent
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protein synthesis are unlikely to be the cause of this
rapid decrease.

The one set of data in Supporting information
Table S1 in which two environmental variables were
studied simultaneously, i.e. salt and temperature with
the halophyte Salicornia utahensis (#16), shows that
changes in one environmental variable can change the
response to another environmental variable. Because
the salt playas where S. utahensis grows are flushed
with snowmelt in spring and the salt is concentrated
by evaporation in summer, S. utahensis is adapted for
low salt concentrations when temperatures are low and
for high salt concentrations when temperatures are high
(Harris et al. 2001). The efficiency data in Supporting
information Table ST reflect this adaptation, i.e. viable
¢ values occur at low salt/low temperature and at
high salt/high temperature conditions. Another study,
of E. camaldulensis leaf tissue, done only at 25°C and
thus not included in Supporting information Table St
demonstrated synergistic effects of salt and high pH in
decreasing ¢ (Marcar et al. 2002). The relative rapidity
with which calorespirometric measurements can be
made makes such multivariable studies feasible.
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Additional Supporting Information may be found in the
online version of this article:

Table S1. Substrate carbon conversion efficiencies
measured at different temperatures.

Figure S1. Effect of ¢ value on growth over time.

Figure S2. The ratio of growth rate to CO, production
rate as a function of the substrate carbon conversion
efficiency, ¢, according to Eqn 2.

Figure S3. Relationship between the ratio of respiratory
heat rate to CO; production rate and the substrate carbon
conversion efficiency, ¢.
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