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Thermal Dependence of Malate Synthase Activity and Its
Relationship to the Thermal Dependence of Seedling Emergence

James R. Mahan'

Plant Stress and Germplasm Development Unit, Agricultural Research Service,
U.S. Department of Agriculture, Route 3, Lubbock, Texas 79401

Cotton yields are often reduced by low temperatures at early planting dates. Improved seedling
metabolism at low temperatures may enhance seedling performance. The glyoxylate cycle plays a
role in the metabolism of stored lipids, and thus thermal limitations on the function of malate
synthase (EC 4.1.3.2) may be involved in low-temperature limitations on seedlings. The thermal
dependencies of the apparent Ky and maximal velocity for the malate synthases from cotton
(Gossypium hirsutum L.) and sunflower (Helianthus annuus L.) were determined across a 15—45
°C thermal range and used to estimate the thermal dependence of reaction velocity. The thermal
dependence of seedling emergence was monitored for both species. The thermal dependencies of
predicted reaction velocity and the measured rates of seedling emergence are correlated (cotton
r2 = 0.9, sunflower r2 = 0.76) and suggest that the thermal dependencies of enzymes predicted
from basic kinetic parameters may be useful indicators of the thermal dependence of more complex
whole-plant processes.
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INTRODUCTION

On the Southern High Plains of Texas, planting of
cotton into cool (<18 °C) soils (Gipson, 1986) often
results in delayed seedling emergence and increased
susceptibility to both disease and abiotic stress (e.g.,
hail, wind, and blowing soil). For farmers to have a
chance at high-quality lint development later in the
growing season, the establishment of vigorous, healthy
seedlings is required. Temperature plays a major role
in the germination and emergence of cotton seedlings.
The optimum temperature for cotton germination is 30—
35 °C, although normal but slower germination can
occur at 18 °C. Cotton on the high plains of Texas is
typically planted when the average temperature in the
seed bed is 18—20 °C, clearly below what is considered
to be optimal (Gipson, 1986). Early-season temperature
stresses often result in reduced yield and fiber quality
(Wanjura et al., 1969). Effects of low temperatures on
the germination and early growth of cotton seedlings
have been previously described (Meryl et al., 1986;
Kerby et al., 1989; Steiner and Jacobson, 1992).

The thermal dependence of seedling emergence is a
complex phenomenon involving numerous processes
that are thermally dependent in and of themselves. The
effect of temperature on seedling metabolism stems from
both physical and metabolic thermal dependencies.
Imbibition rates are thermally dependent, generally
increasing with increased temperature. For example,
the time required for imbibition in pea varied from 10
h at 36 °C to 16 h at 2 °C (Mayer and Poljakoff-Mayber,
1989). Soil strength, another factor that has the poten-
tial to reduce emergence rates, is not generally affected
by temperature. The seed coat presents another physical
impedance to seedling emergence. Because the hardness
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of the seed coat can affect the imbibition rate and the
imbibition rate is related to temperature, higher soil
temperatures would tend to diminish emergence limita-
tions due to the seed coat. Effects of temperature on
dormancy are significant in many species, although not
in cotton or sunflower. Temperature-related changes in
plant lipids can play a role in the thermal dependence
of seedling growth. Early studies in cotton demonstrated
that changes in linolenic acid in radical membranes
were correlated with tolerance to chilling stress (St.
John and Christiansen, 1976). The germination process,
which exhibits species-specific lower and upper thermal
limits, requires coordinated metabolism involving nu-
merous enzymes and substrates, which are all thermally
dependent. Temperature will affect both the capacity
for and the rate of germination. Given that the seeds
are planted at a temperature at which germination can
occur, the rate becomes important with respect to the
timely emergence of seedlings.

Simple carbohydrates in the seed are mobilized to
provide energy for germination processes, whereas the
more complex stored reserves (e.g., starch and lipids)
begin to be mobilized as the germination process is
completed. Seedlings of plants that accumulate lipids
in their seeds depend on the conversion of these lipid
reserves into carbohydrates for respiration and growth
following germination. The glyoxylate cycle plays a
central role in this metabolic conversion. The enzymes
isocitrate lyase (EC 4.1.3.1) and malate synthase (EC
4.1.3.2) are unique to this metabolic pathway (Goodwin
and Mercer, 1983; Trelease et al., 1987) and constitute
the key linkage between j-oxidation and hexose forma-
tion (Bewley and Black, 1994). Malate synthase is
present in the glyoxysomes of cotton seedlings prior to
germination. Following germination, the amount of
mRNA for both isocitrate lyase and malate synthase and
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the amount of enzyme protein increase significantly in
the cotyledons. The amount and activity of these en-
zymes are coordinately regulated, resulting in similar
temporal and spatial distributions in the plant. The
gradual decline in malate synthase activity that typi-
cally begins ~3 days after imbibition indicates the
transition from heterotrophic to autotrophic metabolism
in the seedling. The thermal dependence of the activity
of the glyoxylate cycle has been implicated in thermal
effects on seedling establishment and emergence (Mo-
hapatra et al., 1970; Scholl, 1974, 1976).

It is generally believed that improvement of low-
temperature performance of cotton seedlings would
result in increased profitability for producers, although
attempts to identify cultivars with enhanced germina-
tion and seedling growth at low temperatures have been
limited (Duesterhaus et al., 1999). In the absence of
suitable cotton germplasm for low-temperature com-
parisons, sunflower (Helianthus annuus L.) was used
for comparison with cotton in this study. Sunflower is
an oilseed crop grown on the Southern High Plains that
germinates and grows at lower temperatures than
cotton (McMichael and Quisenberry, 1993; McMichael
et al.,, 1996). Germination of sunflower is generally
optimal in the range from 20 to 30 °C (Chong and Bible,
1994), significantly lower than that for cotton germina-
tion and emergence (30—35 °C). Sunflower is typically
planted at soil temperatures of 10—13 °C compared with
planting temperatures of 18—20 °C for cotton (Gipson,
1986). This difference in planting temperatures typically
results in sunflowers being planted in mid-April as
opposed to the mid-May planting dates typical for
cotton.

The relationship between the thermal dependence
of an enzyme and the thermal environment in which
it functions has been demonstrated in various plants
and animals for a variety of enzymes (Hochachka and
Somero, 1984; Patterson and Graham, 1987; Simon,
1979; Simon et al., 1983). The relationship between the
thermostablity of isocitrate dehydrogenases and the
ecogeographic distribution of silver fir trees was inves-
tigated by Bergmann and Gregorius (1993). The maxi-
mal velocity of glutathione reductase was used by Burke
and Hatfield (1987) to project differences in the ability
of various species to resist thermally induced metabolic
damage. Patterson and Graham (1987) used the thermal
dependence of the apparent Ky to explain differences
in the response of various plants to their thermal
environment. Mahan et al. (1990) and Burke et al.
(1988), using the thermal dependence of the apparent
Kwm of glutathione reductase, defined a range of optimal
plant temperatures, which they termed a thermal
kinetic window of optimal enzyme function (TKW). They
suggested that the thermal dependence of the apparent
Kwm of selected enzymes could be used as an indicator
of thermal stresses on enzyme-catalyzed metabolism.
Mahan (1994) extended this approach by using the
thermal dependencies of apparent Ky and maximal
velocity to estimate enzyme reaction rates at various
temperatures and substrate concentrations. In vitro
measurements of the isocitrate lyase activity from cotton
cotyledons were used by Mohapatra et al. (1970) to
identify reductions in the activity of isocitrate lyase at
low temperatures (5 °C) that were related to delayed
seedling emergence. The enzyme assays in those studies
were conducted at saturating substrate concentrations
and thus could not detect the effects of changes in
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apparent Ky on reaction rate. Because substrate con-
centrations at the active site of many enzymes are often
less than saturating, temperature-related changes in
the enzyme/substrate interaction (apparent Ky) have
the potential to change reaction velocity (Hochachka and
Somero, 1984).

In this study, the thermal dependencies of apparent
Kwm and maximal velocity of malate synthase were used
as previously described by Mahan (1994) to estimate the
thermal dependence of reaction rates in cotton and
sunflower. These estimates were compared with the
thermal dependencies of seedling emergence measured
at 10 °C intervals across a 15—45 °C temperature range.
Comparisons of the thermal dependencies of malate
synthase and seedling emergence in the two species
suggest that predicted reaction rates may be useful
indicators of thermal effects on seedling emergence.

MATERIALS AND METHODS

Plant Materials. Cotton (Gossypium hirsutum L. cv.
Paymaster HS 26*) and sunflower (Helianthus annuus L. cv.
GroAgri 422) seedlings used for enzyme analyses were grown
in sand at 25 °C for 7 days prior to harvest. Seedlings for
emergence studies were grown in darkness in a sand-filled
thermal gradient box. A thermal gradient of 10—45 °C was
generated and maintained in the sand through the use of cir-
culating water baths. The temperature of the air was 25 °C.
The plants were watered with 300 mL of deionized water on
a 3 day interval.

Malate Synthase Extraction and Activity Assays.
Malate synthase was extracted from cotyledons as described
by Becker et al. (1978). All chemicals were purchased from
Sigma Chemical Co. All steps of the extraction were performed
at 4 °C. Cotyledons were homogenized in 0.05 M potassium
phosphate buffer, pH 7.5 (~3 mL of buffer/g of fresh weight of
cotyledons) using an Omni 1000 homogenizer. The extract was
centrifuged at 14000g at 4 °C for 40 min, and the supernatant
was assayed for malate synthase activity. The assay procedure
is a modification of that described by Trelease et al. (1987). A
1 mL assay mix contained 70 mM 3-(N-morpholino)propane-
sulfonic acid (MOPS), pH 8.2, with 0.04% Triton X-100, 0.1
mM 5,5'-dithiobis(2-nitrobenzoic acid) (prepared daily), 4 mM
MgCl,, 0.150 mM sodium glyoxylate (as opposed to 1.5 mM in
the Trelease assay), 0.1 mM acetyl coenzyme A, and a volume
of extract containing ~0.15 unit of malate synthase (1 unit of
malate synthase consumes 1 uM glyoxylate per minute).
Deacylase activity was accounted for with assays conducted
in the absence of sodium glyoxylate. The progress of the
reaction was monitored at 412 nm in a Beckman DU640 UV—
vis spectrophotometer for 30 s after a 5 s equilibration period.
The initial velocity of the reaction was determined with a curve
fitting program. Assay temperature was controlled by a water-
jacketed flow cell connected to a circulating water bath.

Determination of Kinetic Constants. The thermal de-
pendence of maximal velocity was determined from assays at
saturating substrate levels across a 15—50 °C thermal gradi-
ent. The thermal dependence of the apparent Ky for malate
synthase was determined using the previously described assay
with the acetyl coenzyme A concentration held constant and
concentrations of glyoxylate from 4 to 1200 uM (~0.5—10 Ky).
The progress of the reaction was monitored for 30 s. Apparent
Kwm values were determined from direct linear plots as de-
scribed by Mahan et al. (1990), in which five concentrations
of substrate produced eight estimates of apparent Ky at each
temperature. The values of apparent Ky presented under
Results represent the average of a minimum of three replicates
at each temperature. The coefficient of variation for the
apparent Ky values was <10% (Table 1).

Estimation of Reaction Velocity. The program for the
estimation of reaction velocity was written using Stella Il
(High Performance Systems Inc., Hanover, NH), a model-
building and simulation package. The program, which was
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Table 1. Apparent Ky for Glyoxylate of Malate Synthase
from Cotton and Sunflower?

sunflower cotton

apparent Ky apparent Ky
temp (°C) (uM glyoxylate) CV (%) (uM glyoxylate) CV (%)

15 12.5 9.6 86.1 4.1
20 17.4 2.8 50.4 3.7
22.5 16.7 0.5 30.6 3.3
25 16.1 2.4 13.2 3.3
27.5 21.2 14 8.3 2.5
30 26.2 3.1 12.8 2.3
35 54.2 3.5 17.8 2.8
40 107.1 3.8 40.3 3.5
45 124.8 4.5 91.0 4.5

a Apparent Ky is mean of at least three estimates. CV (coef-
ficient of variation) is the ratio of standard error and mean.
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Figure 1. Effect of temperature on the rate of emergence of
cotton and sunflower seedlings. Rate of emergence is expressed
as the number of days required for 50% emergence. Emergence
was monitored for 20 days.

previously described by Mahan (1994), utilizes the Henri—
Michaelis—Menton equation to predict reaction velocity. Reac-
tion velocity was predicted at 1 °C intervals over a thermal
gradient from 15 to 45 °C. The predicted reaction velocity was
calculated by the equation v = Vma[S]/Ku + [S] from the
thermal dependence of maximum velocity (Vmax) and apparent
Kwm with a constant, subsaturating substrate concentration [S].
Values of apparent Ky and maximum velocity were estimated
at 1 °C intervals for input into the model by piecewise linear
approximation of Ky and maximum velocity values at 2.5 °C
intervals. The substrate concentration for the reaction velocity
predictions was set equal to the minimum Ky, for each species
(8.3 uM cotton and 12.5 uM for sunflower) and held constant
for thermal dependence determinations.

Emergence Determination. Emergence was measured
daily by counting the number of seedlings that protruded above
the sand surface. The counts were continued for 20 days, and
the number of seedlings emerged during that time period
represented 100% emergence. The number of days to reach
50% emergence was determined from a plot of emergence as
a function of days after planting.

RESULTS

The thermal dependencies of seedling emergence for
cotton and sunflower are shown in Figure 1. Seedling
emergence was calculated as the time required for 50%
of the seedlings to emerge within 20 days. The minimum
times required for 50% emergence were 2 days at 35 °C
for cotton and 3 days at 30 °C for sunflower. The
minimum temperature for seedling emergence within
the 20-day emergence interval was 15 °C for both cotton
and sunflower (emergence occurred below 15 °C but
required >20 days). The upper limit for emergence was
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Figure 2. Thermal dependence of maximal velocity of the
malate synthase from cotton and sunflower. The reaction rate
at saturating substrate concentrations was measured from 15
to 50 °C.
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Figure 3. Thermal dependence of the apparent Ky of
malate synthase for glyoxylate from cotton and sunflower. The
apparent Ky was measured at temperatures between 15 and
45 °C.

40 °C for both species, above which no seedlings
emerged over any time interval.

The thermal dependence of maximal velocity is shown
in Figure 2. The maximal velocity of both enzymes rises
with increasing temperature with an apparent “break”
between 45 and 50 °C in the cotton curve, suggesting
that the cotton malate synthase is more thermally labile
than that from sunflower. Apparent activation energies
calculated for the range from 15 to 45 °C were 53053 J
mol~* for cotton and 43267 J mol~! for sunflower.

The apparent Ky as a function of temperature is
shown in Figure 3. Cotton has a minimum value of 8.3
uM at 27.5 °C and higher values at temperatures above
or below. The shape of the curve is similar to that
previously reported for the glyoxylate reductase from
cotton (Burke et al.,, 1988). The apparent Ky for
sunflower malate synthase does not show the U-shaped
thermal dependence of cotton; instead, the apparent Ky
increases with temperature. The minimum Ky, for
sunflower (12.5 uM) occurred at 15 °C, the lowest
temperature assayed. Similar patterns of increasing
apparent Ky with increasing temperature have been
reported for enzymes from other plant species (Teeri and
Peet, 1978; Selinioti et al., 1986; Patterson and Graham,
1987; Mahan et al., 1990).

Predicted reaction rates, as a function of temperature,
derived from a computer model of kinetic parameters
are shown in Figure 4. Experimental measurements of
apparent Ky and maximal velocity at each temperature
were input for the model. The substrate concentration
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Figure 4. Thermal dependence of the reaction rate of
malate synthase as predicted with a kinetic model for cotton
and sunflower. The reaction rate at subsaturating substrate
concentration was predicted on the basis of the thermal
dependence of apparent Ky and maximal velocity.

for the simulation was set equal to the minimum
observed Ky value (8.3 uM for cotton and 12.5 uM for
sunflower) and held constant over the thermal range.
Under the conditions of the simulation, the thermal
dependence of the reaction rate for each species exhibits
an apparent maximum and declines at temperatures
above and below the maximum. The maximum rates for
the malate synthases occurred at 35 °C for cotton and
at 28 °C for sunflower.

Previous work relating the thermal dependence of
enzyme Kinetics to temperature stress defined ranges
of optimal function for enzyme-catalyzed reactions and
introduced the concept of a thermal kinetic window as
an indicator of the limits of thermal stress for a plant
(Burke et al., 1988; Mahan et al., 1990; Mahan, 1994).
The thermal kinetic window was based upon a doubling
of apparent Ky, which would result in a 33% decrease
in reaction rate. In a similar manner, Mahan (1994)
defined an optimal thermal range of predicted reaction
velocity as the temperature range over which velocity
remained within 33% of the maximum value. Optimal
thermal ranges for reaction velocity of malate synthases
are 26—40 °C for cotton and 21—41 °C for sunflower.
Optimal thermal ranges for seedling emergence calcu-
lated in terms of a 33% increase in time required for
emergence are 31—37 °C for cotton and 27—35 °C for
sunflower.

A comparison of the thermal dependencies of emer-
gence and reaction rate is shown in Figure 5. The
thermal dependence of emergence was correlated with
malate synthase activity with r? values of 0.90 for cotton
and 0.76 for sunflower.

DISCUSSION

The results of this study describe differences in the
thermal dependence of malate synthase from two spe-
cies with differing thermal dependencies of seedling
emergence. These differences are similar to those iden-
tified for various enzymes from other species in that
they are (1) characteristic of the species in question and
(2) to some extent indicative of the response of those
species to their thermal environment (Mohapatra et al.,
1970; Teeri and Peet, 1978; Selinioti et al., 1986; Burke
et al., 1988; Mahan et al., 1990).

An aspect of the modeling of enzyme thermal depen-
dence that should be discussed further is the choice of
substrate concentration for the rate predictions. The
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Figure 5. Seedling emergence and predicted reaction rate of
malate synthase as a function of temperature for cotton and
sunflower across a 15—45 °C thermal gradient.

dependence of rate on substrate concentration in the
rate model is such that, at substrate concentrations
which are much larger than the Ky, the thermal
dependence of the rate approaches that of the maximal
velocity. As substrate concentrations approach or fall
below the value of the apparent Ky, the rate function
is increasingly influenced by the apparent Ky. In the
simulations, the substrate concentration was set equal
to the minimum apparent Ky, observed so that the
thermal dependence of the apparent Ky influenced the
reaction velocity. This decision was based upon the
relationships between apparent Ky and substrate con-
centration described by Hochachka and Somero (1984),
who suggested that substrate values in vivo tend to be
similar to the Ky value under nonstressed conditions.
Although measured values of substrate concentration
might constitute the ideal input into the model, the
correlation between the modeled and measured thermal
dependencies in this study suggests that the sub-
strate concentration assumptions used are substantially
correct.

In addition to the thermal dependence of the apparent
Kwm and maximal velocity, which were included in this
analysis, there are other cellular factors that can alter
the enzyme reaction rate that also vary with tempera-
ture. Perhaps most pertinent are cellular pH and
osmotic composition. Somero (1986) discussed these
factors in detail and underscored their importance in
the proper function of enzymes in varied environments.
It is probable that variation in both pH and the
concentration and composition of what he termed the
“intracellular milieu” accompanied changes in environ-
mental temperature in this study. That the thermal
dependence of seedling emergence agreed with the
predicted rate variation in both species suggests that,
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even in the presence of mitigating factors, the thermal
dependence of malate synthase has the potential to limit
metabolism at some temperatures.

The ultimate usefulness of any modeling approach is
limited by the extent to which the predictions agree with
the behavior of the plant under realistic conditions, so
the thermal dependence of seedling emergence was also
determined. The correlation between the thermal de-
pendencies of seedling emergence and malate synthase
activity suggests that thermal limitations on the enzyme
activity may play a role in the effects of temperature
on seedling performance. The correlations between the
thermal dependencies of malate synthase and seedling
emergence do not establish the existence of a cause/
effect relationship. However, they do agree with earlier
reports of a relationship between glyoxylate cycle activ-
ity and the thermal environment of cotton seedlings
which suggested that thermal limitations on glyox-
ylate cycle metabolism were involved, to some degree,
in temperature-related delays in seedling emergence
(Mohapatra et al., 1970; Scholl, 1974, 1976).

The different thermal responses of the malate syn-
thases from the two species demonstrate the existence
of genetic variability that may be useful in the applica-
tion of genetic engineering approaches to the develop-
ment of plants with enhanced low-temperature per-
formance. The observed differences in the thermal
dependence of the malate synthases between the species
in this study and the reported successes in the trans-
genic expression of malate synthase in several plant
species (Graham et al., 1990; Comai et al., 1992) suggest
that there is potential for improvement of the thermal
dependence of glyoxylate cycle activity through the
expression of enzymes that are tailored to the thermal
environment of early planting dates. Oliver et al. (1995)
demonstrated that the thermal dependence of the
pool of a single enzyme could be broadened by the inter-
specific transfer of genes. In their study, when a gene
for hydroxypyruvate reductase from cucumber was
expressed in tobacco, the thermal characteristics of the
enzyme from the transgenic plants represented an equal
mix of the two forms present. This established the
feasibility of tailoring the thermal dependence of an
enzyme to better fit the thermal environment of a plant.

Definition of the thermal environment is a necessary
step in the determination of the thermal characteristics
needed to match an enzyme to a specific thermal
environment. Because planting occurs within a limited
time frame and soil temperature is easily monitored,
the thermal environment of seedlings in the field is
relatively straightforward to document. Soil tempera-
tures at 10 cm (seed depth) were monitored for the
interval April 21—May 21, 1994, in Lubbock, TX (data
not shown). Comparison of soil temperature with
thermal ranges of 25—35 °C for sunflower (30 + 5 °C)
and 30—40 °C for cotton (35 + 5 °C) indicated 18.6
and 2.4% of time within optimum for sunflower and
cotton, respectively. These results indicate the potential
magnitude of changes in thermal stress that could
result from changes in thermal optima for seedling
metabolism.

In summary, it has been demonstrated that the
thermal dependence of the reaction rate of seedling
malate synthase as predicted from kinetic parameters
is correlated to that of seedling emergence. This appar-
ent linkage suggests possible approaches for the reduc-
tion of thermal stress on cotton seedlings.
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ABBREVIATIONS USED

Kwm, Michaelis constant; [S], substrate concentration;
Vmax, maximal velocity; MOPS, 3-(N-morpholino)pro-
panesulfonic acid.
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