
The C4 phosphoenolpyruvate carboxylase (PEPC) is well known for its modulation by light and 
temperature. We have attempted to address such coordinated e�ects of light and temperature on C3 
PEPC in leaves of Pisum sativum. Experiments were done with dark-adapted leaf discs as well as with 
leaves collected at di�erent times during the day and in each month during the year. The modulation 
of C3 PEPC by temperature was much stronger than that by light. The optimum temperature for in 
vitro activity of C3 PEPC was 25°C while 20°C was sub-optimal and 30°C to 45°C were supra-optimal. 
The photo-activation of PEPC was more at 25°C than at 45°C. The activation of C3 PEPC by temperature 
was more in the dark than in the light. In in situ conditions, a diurnal rhythm in the activity and 
regulatory properties of C3 PEPC was more prominent at colder than at warm temperatures. However, 
no consistent trends in the seasonal changes in PEPC activity/ regulatory properties were observed. 
Scatter plots suggested that light had a greater in�uence on PEPC activity while temperature exerted 
a much greater e�ect on its regulatory properties. Thus, C3 PEPC was also modulated by a natural 
variation in light and temperature under in situ conditions. These observations correlated well with 
the light and temperature requirements of C3 plants.

ABSTRACT C3 PEPC; Light; Temperature; 
Diurnal rhythm; 
Glucose-6-phosphate; 
Malate

KEYWORDS

Received 08 September 
2023; Revised 10 October 
2023; Accepted 17 October 
2023

ARTICLE HISTORY

Introduction

Interactions between light and temperature during the in vitro as well as in situ 
modulation of phosphoenolpyruvate carboxylase in leaves of a C3 plant Pisum 
sativum L.

ORIGINAL ARTICLE                                                                                                                                                                       

Uday K Avasthi, Bindu P Aloor and Agepati S Raghavendra 
Department of Plant Sciences, School of Life Sciences, University of Hyderabad, Hyderabad, India

© 2023 The Author(s). Published by Reseapro Journals. This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

*Correspondence:  Dr. Uday K Avasthi, Department of Plant Sciences, School of Life Sciences, University of Hyderabad, Hyderabad, India, e-mail: ukavasthi@gmail.com 

Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) is a key 
enzyme involved in primary carbon �xation in the leaves of C4 
and Crassulacean Acid Metabolism (CAM) plants. In C3 plants, 
the enzyme is responsible for housekeeping, by providing 
carbon skeletons for amino acid and protein synthesis. Unlike 
C4 plants, C3 plants do not have a CO2 concentrating 
mechanism (the C4 cycle), which enables them to function 
optimally under conditions of high light intensities and warm 
temperatures, which promote photorespiration. Hence, C3 
plants di�er from C4 plants in their optimal light and 
temperature requirements [1,2]. Parallelly the responses of 
PEPC from C3 plants to light and/or temperature may also vary 
from those of C4 PEPC.

 �ere have been only a few studies made on the e�ects of 
light on the activity and regulatory properties of C3 PEPC. 
Unlike C4 PEPC, C3 isoform is not activated by light [3,4]. 
However, Rajagopalan et al. have reported that PEPC from C3 
species is activated by up to 1.6-fold upon exposure to light but 
with no signi�cant changes in either sensitivity to malate or 
activation by Glu-6-P [5]. In contrast, PEPC from wheat leaves 
showed up to a 3.8-fold increase in activity due to protein 
phosphorylation [6] and also showed a decrease in malate 
sensitivity upon illumination [7]. Although to a lesser extent 
when compared to C4 plants, light enhances PEPC activity in 
various C3 plants with a concomitant decrease in malate 
sensitivity and an enhancement in activation by Glu-6-P [8,9].

 Illumination of protoplasts obtained from barley leaves led 
to an increase in PEPC activity [10] along with a reduction in 
malate sensitivity [11] and a reduction in K0.5 (PEP) but with no 
accompanying changes in Vmax [12].

 In comparison to the reports on the responses of C3 PEPC 
to light, studies on the e�ects of varying temperatures are very 
limited. Chinthapalli et al. have reported C3 PEPC to be more 
active at 30°C than at lower or higher temperatures and that 
the sensitivity of the enzyme to malate decreases with an 
increase in temperature [13]. �us, there is a need for a 
comprehensive study on the e�ects of light as well as 
temperature on the activity and regulatory properties of C3 
PEPC. Further, there are no studies on the interactive 
in�uence of light and temperature on C3 PEPC, either under 
in vitro or in situ conditions. It is not clear if the 
activity/regulatory properties of C3 PEPC follow any diurnal 
rhythm. �ere have been two reports regarding the e�ect of N 
nutrition on diurnal rhythms of C3 PEPC. �e PEP 
carboxylation rates in nitrate grown, pea plants showed a 
diurnal rhythm but without any concomitant diurnal changes 
in PEPC activity/regulatory properties/protein levels, which 
may be due to direct allosteric e�ects but not due to changes in 
protein phosphorylation levels [14]. In leaves of N-su�cient 
tobacco plants, PEPC transcript levels were higher at night 
than during the day, and the PEPC activity was highest during 
the morning, whereas in N-limited plants, both the mRNA 
and activity levels remained low during the day [15]. �us, 
further studies on the possible occurrence of a diurnal and 
seasonal rhythm in C3 PEPC are also required.

 �e characteristics of C3 PEPC were assessed in extracts 
(in vitro) prepared either from leaf discs exposed to 
temperature and/or light treatments or from leaves collected 
from the �eld (in situ) at the required time of the day. 
Experiments were performed in di�erent months of the year 

2009 to examine critically whether there are any signi�cant 
diurnal and seasonal variations in the properties of PEPC in 
the leaves of P. sativum, a C3 plant. Our university campus, 
being located in a typical, subtropical environment, o�ers a 
good choice, with signi�cant �uctuations in the intensity of 
incident light as well as temperature during the day and 
during the year. �e physiological/biochemical properties of 
C3 PEPC were studied, followed by the molecular analysis of 
protein levels, phosphorylation status, and mRNA levels.

Materials and Methods
Plant material and growth conditions
Plants of Pisum sativum L. (cv. Arkel) were raised from seeds 
purchased from Pocha Seeds Co. Ltd., Pune, or Maharashtra 
Hybrid Seed Co., Mumbai. �e seeds were soaked overnight 
in water, surface sterilized with 0.2% (v/v) sodium 
hypochlorite solution for 15 min, and then washed for 1 hr 
under running tap water. �e seeds were kept covered in a 
moist black cloth at 25°C until they germinated (usually 3 
days). �e germinating seeds were then sown in plastic trays 
�lled with soil and farmyard manure (3:1, v/v) and were 
watered twice daily. �e plants were grown in a greenhouse at 
average temperatures of 33°C day/25°C night and a natural 
photoperiod of approximately 12 hr for in vitro or outdoors 
for in situ studies as required.

Harvest of leaf tissue
�e second and third fully expanded leaves were picked from 
8-15-day old plants. �e leaves were harvested about 2 to 3 hr 
a�er sunrise for in vitro studies, and leaf discs were punched as 
described below. For in situ studies, the leaf samples were 
harvested at the time needed, immediately frozen, and stored 
in liquid nitrogen until used for the preparation of total 
protein extract for PEPC enzyme assays.

Temperature and/or light treatments
Discs of ca. 0.2 cm2 were punched from leaves underwater 
with the help of a sharp paper punch. Leaf discs (each of ca. 0.2 
cm2; total weight approximately 125mg) were kept in 25mL 
beakers containing distilled water and le� in darkness for 2 hr. 
�e dark-adapted leaf discs were incubated for the required 
time period and temperature in thermostatically controlled 
circulatory water baths. When required, illumination as white 
light at an intensity of 1000 µmolm-2s-1 was supplied 
simultaneously by arranging four Philips Comptalux �ood 
bulbs (150W each). �e light was allowed to pass through a 
10cm thick water �lter, which helped to dissipate the heat and 
to maintain an optimal temperature during illumination. At 
the end of each incubation period, the leaf discs were quickly 
extracted, and the extract was assayed for PEPC activity as 
described next.

Extraction and assay of PEPC
�e extraction and assay of PEPC were as already described 
[13,16]. �e leaf discs or frozen leaf material was quickly 
extracted using a chilled mortar and pestle in ice, i.e., at 4°C 
with 1 mL of extraction medium containing 100mM Tris-HCl 
(pH ± 7.3), 10mM MgCl2, 2mM K2HPO4, 1mM EDTA, 10% 
(v/v) glycerol, 10mM β-mercaptoethanol, 10mM NaF, 2mM 
PMSF, 10μgmL-1 chymostatin and 2% (w/v) insoluble PVP. 
�e homogenate was centrifuged at 15,000g for 5min, and the 
supernatant was used as a “crude extract”. A small aliquot was 

kept aside for chlorophyll estimation prior to centrifugation.

 Maximum PEPC activity was assayed by coupling to 
NAD-MDH and monitoring NADH oxidation at 340nm  in a 
Shimadzu 1601 UV-visible spectrophotometer at 30°C 
(irrespective of the preincubation temperature of the leaf discs 
or leaves). �e assay mixture (1mL) contained 50mM 
Tris-HCl (pH 7.3), 5mM MgCl2, 0.2mM NADH, 2 U MDH, 
2.5mM PEP, 10mM NaHCO3 and leaf extract equivalent to 
1µg of chlorophyll. �e sensitivity of PEPC to malate was 
checked by adding malate to a �nal concentration 2mM/mL of 
assay mixture. Activation by Glu-6-P was similarly checked by 
adding Glu-6-P to a �nal concentration of 2mM/mL of assay 
mixture; 0.5mM PEP and 0.05mM NaHCO3 were used.

Estimation of chlorophyll and protein
Chlorophyll was estimated by extraction with 80% (v/v) 
acetone [17]. Total protein content was estimated by the 
method of Lowry et al. by using bovine serum albumin (BSA) 
as a standard [18].

Replications and statistical analysis
All in vitro experiments were repeated 3 to 5 times on di�erent 
days. All in situ assays were performed three times for each 
sample. �e average values ± SE are presented. Statistical 
analysis of the data was done using the so�ware Sigma plot 
(version 11.0).

Results
Changes in activity levels of C3 PEPC in leaf discs of 
P. sativum upon incubation at different temperature 
A remarkable dependence of PEPC activity on temperature 
was observed when leaf discs of P. sativum were incubated at 
varying temperatures for 45min (Figure 1A and 1B). �e 
optimum temperature for in vitro activity of C3 PEPC was 
25°C. �e activity decreased slightly upon incubation at 20°C 
(sub-optimal) but was much less when compared to the 
reduction upon exposure to supra-optimal temperatures 
(30°C to 45°C). �us, C3 PEPC was most active at moderate 
temperatures, less sensitive to cold temperatures, and most 
sensitive to warm temperatures. For further studies about the 
interactive e�ects of light and temperature on C3 PEPC, the 
temperatures of 30°C were taken as the pre-incubation 
control, 25°C as the optimal, 20°C as the sub-optimal, and 
40°C as the supra-optimal for incubation of leaf discs. �e 
results are described in the next section.

Effect of light and temperature on the activity of C3 
PEPC in leaf discs of P. sativum
Incubation of leaf discs at 25°C led to a dramatic increase in C3 
PEPC activity with time. A 1.6-fold increase in C3 PEPC 
activity over initial was observed at 25°C at an optimal 
incubation time of 45 min. �is activation was however only as 
high as 1.4-fold at 20°C, but decreased by 0.6-fold at 40°C 
(Figure 2). �us, the C3 PEPC from P. sativum is optimally 
active at the moderate temperature of 25°C than at either 20°C 
or at 40°C.

 �e PEPC activity was observed to increase by up to 
2.0-fold at 25°C upon 45 min of illumination. �is activation by 
light was however comparatively lower, i.e., 1.6-fold at 20°C and 
1.1-fold at 40°C (Figure 2). �e L/D ratio was higher (1.5) at 
25°C than at 20°C (1.1), suggesting that light activation is more 
at 25°C than at 20°C (Table 1). However, the higher L/D ratio at 
40°C (1.9) could be attributed to very low PEPC activity in the 
dark at this temperature. �us, the light activation of C3 PEPC 
was being modulated as a factor of temperature. �e 25°C/40°C 
and 20°C/40°C ratios were higher in the dark than in light, 
suggesting that the activation of C3 PEPC by temperature was 
more in the dark than in light. �e 25°C /40°C and 20°C /40°C 

ratios were higher when compared to the L/D ratios, 
suggesting a greater e�ect of temperature than light in 
modulating C3 PEPC.

Effect of light and temperature on the regulatory 
properties of C3 PEPC in leaf discs of P. sativum 
Experiments were done to study the responses of C3 PEPC to 
malate and Glu-6-P under the in�uence of light and 
temperature. �e results are summarized in Table 2. �e 
sensitivity of PEPC to 2 mM malate decreased from 55% to 40% 
when incubated at 25°C. However, this relief in inhibition by 
malate was much less, from 55% to 48% at 20°C, than at 25°C. In 
contrast, at 40°C, the malate sensitivity increased from 55% to 
65%. �us, malate inhibition was less at 25°C than at either 20°C 
or 40°C. Upon illumination, the malate sensitivity decreased 
further to a low of 20% at 25°C but only up to 33% at 20°C. 

However, the malate sensitivity still increased to 57% at 40°C.

 Maximum activation of C3 PEPC with 2 mM Glu-6-P was 
observed at 25°C (2.1-fold). However, this activation was only 
1.9-fold at 20°C and 1.4-fold at 40°C . Upon illumination of 
leaf discs, the activation of C3 PEPC by Glu-6-P further 
increased to 2.6-fold at 25°C and 2.2-fold at 20°C but up to 
only 1.6-fold at 40°C. �us, 25°C was observed to be the 
optimum temperature with regards to reduction in malate 
sensitivity and increase in Glu-6-P activation when compared 
to either 20°C or 40°C under both dark and light conditions. 
Hence, temperature modulated the regulatory properties of 
PEPC not only in the dark but also under the light.

Pattern of modulation of C3 PEPC activity during a 
daily natural cycle of light and temperature in leaves 
of P. sativum
PEPC activity in P. sativum was determined at regular intervals 
of 3 hr from 6.00 hr to 24.00 hr during the course of a particular 
day during di�erent months of the year 2009, along with the 
light intensities and temperatures (data for August is not 
available). No consistent, clear trends in the diurnal changes in 
PEPC activity were observed. For e.g., in May, the PEPC activity 
remained high throughout the day (Figure 3A), but in 
December, PEPC activity started to rise from 6.00 hr to reach a 
peak at 15.00 hr and then decreased to reach a minimum at 

24.00 hr (Figure 3A). When the maximum PEPC activities 
during a typical day for all the months of the year were 
compared, there appeared to be no seasonal di�erences in 
PEPC activity in P. sativum (Figure 4A). �e data for two 
months- May and December is also shown in a tabular form 
(Table 2).

 As the day progressed, the light intensity reached its 
maximum by 12 PM and the temperature by 15.00 h and then 
decreased by 24.00 hr. �is trend was also consistent for all 
months of the entire year. �e temperatures and light 
intensities were signi�cantly higher during the summer [e.g., 
May] and least during the winter [e.g., December] (Figures 3 D 
and 3 E).

Pattern of modulation of the regulatory properties of 
C3 PEPC during a daily natural cycle of light and 
temperature in leaves of P. sativum
�e malate sensitivity and activation of PEPC by Glu-6-P were 
also determined along with the PEPC activity.  Unlike PEPC 
activity, the malate sensitivity showed a consistent diurnal 
rhythm through most of the year. �e sensitivity of PEPC to 
malate decreased from 6.00 hr up till either noon or 15.00 hr 
and then increased to reach a maximum by 24.00 hr. In 
summer, e.g., in May, the malate sensitivity remained 
consistently low throughout the day (Figure 3B). In winter, 
e.g., in December, the malate sensitivity showed a clearer 
diurnal trend (Figure 3B). When the minimum malate 
sensitivity recorded during a typical day for all the months of 
the year was compared, there appears to be no seasonal 
di�erences in the sensitivity of PEPC to malate in P. sativum 
(Figure 4B).

Discussion
In this study, the e�ects of the interaction between light and 
temperature were examined while modulating C3 PEPC from 
P. sativum under in vitro as well as in situ conditions. Another 
objective was to �nd out if these two factors a�ected C3 PEPC 
in a manner similar to C4 PEPC. Hence, these experiments 
were done with leaf discs as well as leaves using the same 
methodology as was used with C4 PEPC. In our present study, 
in contrast to the observations made by Chastain and Chollet 
and Wang et al., we observed that the PEPC from P. sativum 
was activated by 1.5-2.0 fold by light (Figure 2) [3,4]. �e 
ranges of light activation obtained were in accordance with 

 �e activation by Glu-6-P, however showed inconsistent 
trends in the diurnal changes over the year. In summer, e.g., in 
May, the levels of PEPC activation by Glu-6-P remained low 
during the day but high during the night (Figure 3C). On the 
contrary, in winter, e.g., in December, the activation by 
Glu-6-P showed an opposite diurnal trend- increasing from 
the morning, reaching a peak by 15.00 hr, and then decreasing 
(Figure 3C). On comparison of the maximum levels of 
activation by Glu-6-P during a typical day for all the months of 
the year, no seasonal di�erences in these levels in P. sativum 
could be observed (Figure 4C).

 �us, the activity, malate sensitivity, and activation by 
Glu-6-P of C3 PEPC did not show a consistent diurnal 
variation over di�erent months. �ere was also no marked 
seasonal variation that could be observed in these properties of 
C3 PEPC. �e ranges of these variations are summarized in 
Table 2. Scatter plots (Figure 5) were used to calculate the 
correlation coe�cients between light or temperature and 
PEPC activity, malate sensitivity, and activation by Glu-6-P 
data obtained at 15.00 hr over the year (Table 3). �ese 
suggested that light has a greater in�uence on PEPC activity 
while temperature exerted a much greater e�ect on the 
regulatory properties of C3 PEPC. �us, C3 PEPC was also 
modulated by a natural variation in light and temperature 
under in situ conditions.

those reported by Rajagopalan et al. and Gupta et al. but not as 
high as those reported by Van Quy et al. [5,6,8]. However, in a 
further extension to these studies, such a stimulation of PEPC 
activity by light was found to be better at cold temperatures than 
at warm temperatures (Figure 2).

 Our observations that PEPC activity in P. sativum was 
higher at 25°C than at warmer temperatures (30°C to 45°C) 
(Figure 1) correlated well with those made by Chinthapalli et al., 
who have reported 30°C to be optimal for the activity of C3 

PEPC [13]. �e activation of C3 PEPC upon exposure to 
optimum temperature was more in the dark than in light 
(Table 1). �e higher 25°C /40°C and 20°C /40°C ratios, when 
compared to the L/D ratios (Table 1), suggested that activation 
due to incubation at optimal temperature was more e�cient 
than light in enhancing the activity of C3 PEPC in vitro. In the 
case of C4 PEPC, photoactivation was higher at warm 
temperatures, and the e�ect of light in modulating PEPC 
activity was higher than that of temperature [19,20].

 �is is the �rst study on the interactions between light and 
temperature during the regulation of activity and regulatory 
properties of C3 PEPC under in vitro or in situ conditions. C3 
plants di�er from C4 plants in their light and temperature 
requirements [1,2]. �e optimum temperature for 
photosynthesis and growth is lower in C3 plants when compared 
to C4 plants [21]. �e photosynthetic rates were higher in the C3 
than the C4 subspecies of Alloteropsis semialata under low 
winter temperatures [22]. �e observations made under in vitro 
and in situ conditions correlated well with the light and 
temperature requirements of C3 plants. �e higher activity, 
lower malate sensitivity and increased response to Glu-6-P at 
temperatures around 25°C than at warm temperatures 
suggested that the optimal conditions for C3 PEPC relate well to 
the optimal growth temperature of C3 plants. Under �eld 
conditions, a diurnal rhythm in the activity and regulatory 
properties of C3 PEPC was more prominent in colder than 
warm temperatures. �e ambient light intensities are usually 
subdued on cold days, indicating that the C3 plants prefer 
temperate regions and can tolerate low light conditions.
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Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) is a key 
enzyme involved in primary carbon �xation in the leaves of C4 
and Crassulacean Acid Metabolism (CAM) plants. In C3 plants, 
the enzyme is responsible for housekeeping, by providing 
carbon skeletons for amino acid and protein synthesis. Unlike 
C4 plants, C3 plants do not have a CO2 concentrating 
mechanism (the C4 cycle), which enables them to function 
optimally under conditions of high light intensities and warm 
temperatures, which promote photorespiration. Hence, C3 
plants di�er from C4 plants in their optimal light and 
temperature requirements [1,2]. Parallelly the responses of 
PEPC from C3 plants to light and/or temperature may also vary 
from those of C4 PEPC.

 �ere have been only a few studies made on the e�ects of 
light on the activity and regulatory properties of C3 PEPC. 
Unlike C4 PEPC, C3 isoform is not activated by light [3,4]. 
However, Rajagopalan et al. have reported that PEPC from C3 
species is activated by up to 1.6-fold upon exposure to light but 
with no signi�cant changes in either sensitivity to malate or 
activation by Glu-6-P [5]. In contrast, PEPC from wheat leaves 
showed up to a 3.8-fold increase in activity due to protein 
phosphorylation [6] and also showed a decrease in malate 
sensitivity upon illumination [7]. Although to a lesser extent 
when compared to C4 plants, light enhances PEPC activity in 
various C3 plants with a concomitant decrease in malate 
sensitivity and an enhancement in activation by Glu-6-P [8,9].

 Illumination of protoplasts obtained from barley leaves led 
to an increase in PEPC activity [10] along with a reduction in 
malate sensitivity [11] and a reduction in K0.5 (PEP) but with no 
accompanying changes in Vmax [12].

 In comparison to the reports on the responses of C3 PEPC 
to light, studies on the e�ects of varying temperatures are very 
limited. Chinthapalli et al. have reported C3 PEPC to be more 
active at 30°C than at lower or higher temperatures and that 
the sensitivity of the enzyme to malate decreases with an 
increase in temperature [13]. �us, there is a need for a 
comprehensive study on the e�ects of light as well as 
temperature on the activity and regulatory properties of C3 
PEPC. Further, there are no studies on the interactive 
in�uence of light and temperature on C3 PEPC, either under 
in vitro or in situ conditions. It is not clear if the 
activity/regulatory properties of C3 PEPC follow any diurnal 
rhythm. �ere have been two reports regarding the e�ect of N 
nutrition on diurnal rhythms of C3 PEPC. �e PEP 
carboxylation rates in nitrate grown, pea plants showed a 
diurnal rhythm but without any concomitant diurnal changes 
in PEPC activity/regulatory properties/protein levels, which 
may be due to direct allosteric e�ects but not due to changes in 
protein phosphorylation levels [14]. In leaves of N-su�cient 
tobacco plants, PEPC transcript levels were higher at night 
than during the day, and the PEPC activity was highest during 
the morning, whereas in N-limited plants, both the mRNA 
and activity levels remained low during the day [15]. �us, 
further studies on the possible occurrence of a diurnal and 
seasonal rhythm in C3 PEPC are also required.

 �e characteristics of C3 PEPC were assessed in extracts 
(in vitro) prepared either from leaf discs exposed to 
temperature and/or light treatments or from leaves collected 
from the �eld (in situ) at the required time of the day. 
Experiments were performed in di�erent months of the year 

2009 to examine critically whether there are any signi�cant 
diurnal and seasonal variations in the properties of PEPC in 
the leaves of P. sativum, a C3 plant. Our university campus, 
being located in a typical, subtropical environment, o�ers a 
good choice, with signi�cant �uctuations in the intensity of 
incident light as well as temperature during the day and 
during the year. �e physiological/biochemical properties of 
C3 PEPC were studied, followed by the molecular analysis of 
protein levels, phosphorylation status, and mRNA levels.

Materials and Methods
Plant material and growth conditions
Plants of Pisum sativum L. (cv. Arkel) were raised from seeds 
purchased from Pocha Seeds Co. Ltd., Pune, or Maharashtra 
Hybrid Seed Co., Mumbai. �e seeds were soaked overnight 
in water, surface sterilized with 0.2% (v/v) sodium 
hypochlorite solution for 15 min, and then washed for 1 hr 
under running tap water. �e seeds were kept covered in a 
moist black cloth at 25°C until they germinated (usually 3 
days). �e germinating seeds were then sown in plastic trays 
�lled with soil and farmyard manure (3:1, v/v) and were 
watered twice daily. �e plants were grown in a greenhouse at 
average temperatures of 33°C day/25°C night and a natural 
photoperiod of approximately 12 hr for in vitro or outdoors 
for in situ studies as required.

Harvest of leaf tissue
�e second and third fully expanded leaves were picked from 
8-15-day old plants. �e leaves were harvested about 2 to 3 hr 
a�er sunrise for in vitro studies, and leaf discs were punched as 
described below. For in situ studies, the leaf samples were 
harvested at the time needed, immediately frozen, and stored 
in liquid nitrogen until used for the preparation of total 
protein extract for PEPC enzyme assays.

Temperature and/or light treatments
Discs of ca. 0.2 cm2 were punched from leaves underwater 
with the help of a sharp paper punch. Leaf discs (each of ca. 0.2 
cm2; total weight approximately 125mg) were kept in 25mL 
beakers containing distilled water and le� in darkness for 2 hr. 
�e dark-adapted leaf discs were incubated for the required 
time period and temperature in thermostatically controlled 
circulatory water baths. When required, illumination as white 
light at an intensity of 1000 µmolm-2s-1 was supplied 
simultaneously by arranging four Philips Comptalux �ood 
bulbs (150W each). �e light was allowed to pass through a 
10cm thick water �lter, which helped to dissipate the heat and 
to maintain an optimal temperature during illumination. At 
the end of each incubation period, the leaf discs were quickly 
extracted, and the extract was assayed for PEPC activity as 
described next.

Extraction and assay of PEPC
�e extraction and assay of PEPC were as already described 
[13,16]. �e leaf discs or frozen leaf material was quickly 
extracted using a chilled mortar and pestle in ice, i.e., at 4°C 
with 1 mL of extraction medium containing 100mM Tris-HCl 
(pH ± 7.3), 10mM MgCl2, 2mM K2HPO4, 1mM EDTA, 10% 
(v/v) glycerol, 10mM β-mercaptoethanol, 10mM NaF, 2mM 
PMSF, 10μgmL-1 chymostatin and 2% (w/v) insoluble PVP. 
�e homogenate was centrifuged at 15,000g for 5min, and the 
supernatant was used as a “crude extract”. A small aliquot was 

kept aside for chlorophyll estimation prior to centrifugation.

 Maximum PEPC activity was assayed by coupling to 
NAD-MDH and monitoring NADH oxidation at 340nm  in a 
Shimadzu 1601 UV-visible spectrophotometer at 30°C 
(irrespective of the preincubation temperature of the leaf discs 
or leaves). �e assay mixture (1mL) contained 50mM 
Tris-HCl (pH 7.3), 5mM MgCl2, 0.2mM NADH, 2 U MDH, 
2.5mM PEP, 10mM NaHCO3 and leaf extract equivalent to 
1µg of chlorophyll. �e sensitivity of PEPC to malate was 
checked by adding malate to a �nal concentration 2mM/mL of 
assay mixture. Activation by Glu-6-P was similarly checked by 
adding Glu-6-P to a �nal concentration of 2mM/mL of assay 
mixture; 0.5mM PEP and 0.05mM NaHCO3 were used.

Estimation of chlorophyll and protein
Chlorophyll was estimated by extraction with 80% (v/v) 
acetone [17]. Total protein content was estimated by the 
method of Lowry et al. by using bovine serum albumin (BSA) 
as a standard [18].

Replications and statistical analysis
All in vitro experiments were repeated 3 to 5 times on di�erent 
days. All in situ assays were performed three times for each 
sample. �e average values ± SE are presented. Statistical 
analysis of the data was done using the so�ware Sigma plot 
(version 11.0).

Results
Changes in activity levels of C3 PEPC in leaf discs of 
P. sativum upon incubation at different temperature 
A remarkable dependence of PEPC activity on temperature 
was observed when leaf discs of P. sativum were incubated at 
varying temperatures for 45min (Figure 1A and 1B). �e 
optimum temperature for in vitro activity of C3 PEPC was 
25°C. �e activity decreased slightly upon incubation at 20°C 
(sub-optimal) but was much less when compared to the 
reduction upon exposure to supra-optimal temperatures 
(30°C to 45°C). �us, C3 PEPC was most active at moderate 
temperatures, less sensitive to cold temperatures, and most 
sensitive to warm temperatures. For further studies about the 
interactive e�ects of light and temperature on C3 PEPC, the 
temperatures of 30°C were taken as the pre-incubation 
control, 25°C as the optimal, 20°C as the sub-optimal, and 
40°C as the supra-optimal for incubation of leaf discs. �e 
results are described in the next section.

Figure 1. The activity of C3 PEPC in extracts from leaf discs of P. 
sativum upon incubation at different temperatures (A) or under 
illumination (B). The changes caused by temperature or light are all 
statistically significant (P<0.01). Standard errors if not seen are within 
the symbols.

Effect of light and temperature on the activity of C3 
PEPC in leaf discs of P. sativum
Incubation of leaf discs at 25°C led to a dramatic increase in C3 
PEPC activity with time. A 1.6-fold increase in C3 PEPC 
activity over initial was observed at 25°C at an optimal 
incubation time of 45 min. �is activation was however only as 
high as 1.4-fold at 20°C, but decreased by 0.6-fold at 40°C 
(Figure 2). �us, the C3 PEPC from P. sativum is optimally 
active at the moderate temperature of 25°C than at either 20°C 
or at 40°C.

 �e PEPC activity was observed to increase by up to 
2.0-fold at 25°C upon 45 min of illumination. �is activation by 
light was however comparatively lower, i.e., 1.6-fold at 20°C and 
1.1-fold at 40°C (Figure 2). �e L/D ratio was higher (1.5) at 
25°C than at 20°C (1.1), suggesting that light activation is more 
at 25°C than at 20°C (Table 1). However, the higher L/D ratio at 
40°C (1.9) could be attributed to very low PEPC activity in the 
dark at this temperature. �us, the light activation of C3 PEPC 
was being modulated as a factor of temperature. �e 25°C/40°C 
and 20°C/40°C ratios were higher in the dark than in light, 
suggesting that the activation of C3 PEPC by temperature was 
more in the dark than in light. �e 25°C /40°C and 20°C /40°C 

ratios were higher when compared to the L/D ratios, 
suggesting a greater e�ect of temperature than light in 
modulating C3 PEPC.

Effect of light and temperature on the regulatory 
properties of C3 PEPC in leaf discs of P. sativum 
Experiments were done to study the responses of C3 PEPC to 
malate and Glu-6-P under the in�uence of light and 
temperature. �e results are summarized in Table 2. �e 
sensitivity of PEPC to 2 mM malate decreased from 55% to 40% 
when incubated at 25°C. However, this relief in inhibition by 
malate was much less, from 55% to 48% at 20°C, than at 25°C. In 
contrast, at 40°C, the malate sensitivity increased from 55% to 
65%. �us, malate inhibition was less at 25°C than at either 20°C 
or 40°C. Upon illumination, the malate sensitivity decreased 
further to a low of 20% at 25°C but only up to 33% at 20°C. 

However, the malate sensitivity still increased to 57% at 40°C.

 Maximum activation of C3 PEPC with 2 mM Glu-6-P was 
observed at 25°C (2.1-fold). However, this activation was only 
1.9-fold at 20°C and 1.4-fold at 40°C . Upon illumination of 
leaf discs, the activation of C3 PEPC by Glu-6-P further 
increased to 2.6-fold at 25°C and 2.2-fold at 20°C but up to 
only 1.6-fold at 40°C. �us, 25°C was observed to be the 
optimum temperature with regards to reduction in malate 
sensitivity and increase in Glu-6-P activation when compared 
to either 20°C or 40°C under both dark and light conditions. 
Hence, temperature modulated the regulatory properties of 
PEPC not only in the dark but also under the light.

Pattern of modulation of C3 PEPC activity during a 
daily natural cycle of light and temperature in leaves 
of P. sativum
PEPC activity in P. sativum was determined at regular intervals 
of 3 hr from 6.00 hr to 24.00 hr during the course of a particular 
day during di�erent months of the year 2009, along with the 
light intensities and temperatures (data for August is not 
available). No consistent, clear trends in the diurnal changes in 
PEPC activity were observed. For e.g., in May, the PEPC activity 
remained high throughout the day (Figure 3A), but in 
December, PEPC activity started to rise from 6.00 hr to reach a 
peak at 15.00 hr and then decreased to reach a minimum at 

24.00 hr (Figure 3A). When the maximum PEPC activities 
during a typical day for all the months of the year were 
compared, there appeared to be no seasonal di�erences in 
PEPC activity in P. sativum (Figure 4A). �e data for two 
months- May and December is also shown in a tabular form 
(Table 2).

 As the day progressed, the light intensity reached its 
maximum by 12 PM and the temperature by 15.00 h and then 
decreased by 24.00 hr. �is trend was also consistent for all 
months of the entire year. �e temperatures and light 
intensities were signi�cantly higher during the summer [e.g., 
May] and least during the winter [e.g., December] (Figures 3 D 
and 3 E).

Pattern of modulation of the regulatory properties of 
C3 PEPC during a daily natural cycle of light and 
temperature in leaves of P. sativum
�e malate sensitivity and activation of PEPC by Glu-6-P were 
also determined along with the PEPC activity.  Unlike PEPC 
activity, the malate sensitivity showed a consistent diurnal 
rhythm through most of the year. �e sensitivity of PEPC to 
malate decreased from 6.00 hr up till either noon or 15.00 hr 
and then increased to reach a maximum by 24.00 hr. In 
summer, e.g., in May, the malate sensitivity remained 
consistently low throughout the day (Figure 3B). In winter, 
e.g., in December, the malate sensitivity showed a clearer 
diurnal trend (Figure 3B). When the minimum malate 
sensitivity recorded during a typical day for all the months of 
the year was compared, there appears to be no seasonal 
di�erences in the sensitivity of PEPC to malate in P. sativum 
(Figure 4B).

Discussion
In this study, the e�ects of the interaction between light and 
temperature were examined while modulating C3 PEPC from 
P. sativum under in vitro as well as in situ conditions. Another 
objective was to �nd out if these two factors a�ected C3 PEPC 
in a manner similar to C4 PEPC. Hence, these experiments 
were done with leaf discs as well as leaves using the same 
methodology as was used with C4 PEPC. In our present study, 
in contrast to the observations made by Chastain and Chollet 
and Wang et al., we observed that the PEPC from P. sativum 
was activated by 1.5-2.0 fold by light (Figure 2) [3,4]. �e 
ranges of light activation obtained were in accordance with 

 �e activation by Glu-6-P, however showed inconsistent 
trends in the diurnal changes over the year. In summer, e.g., in 
May, the levels of PEPC activation by Glu-6-P remained low 
during the day but high during the night (Figure 3C). On the 
contrary, in winter, e.g., in December, the activation by 
Glu-6-P showed an opposite diurnal trend- increasing from 
the morning, reaching a peak by 15.00 hr, and then decreasing 
(Figure 3C). On comparison of the maximum levels of 
activation by Glu-6-P during a typical day for all the months of 
the year, no seasonal di�erences in these levels in P. sativum 
could be observed (Figure 4C).

 �us, the activity, malate sensitivity, and activation by 
Glu-6-P of C3 PEPC did not show a consistent diurnal 
variation over di�erent months. �ere was also no marked 
seasonal variation that could be observed in these properties of 
C3 PEPC. �e ranges of these variations are summarized in 
Table 2. Scatter plots (Figure 5) were used to calculate the 
correlation coe�cients between light or temperature and 
PEPC activity, malate sensitivity, and activation by Glu-6-P 
data obtained at 15.00 hr over the year (Table 3). �ese 
suggested that light has a greater in�uence on PEPC activity 
while temperature exerted a much greater e�ect on the 
regulatory properties of C3 PEPC. �us, C3 PEPC was also 
modulated by a natural variation in light and temperature 
under in situ conditions.

those reported by Rajagopalan et al. and Gupta et al. but not as 
high as those reported by Van Quy et al. [5,6,8]. However, in a 
further extension to these studies, such a stimulation of PEPC 
activity by light was found to be better at cold temperatures than 
at warm temperatures (Figure 2).

 Our observations that PEPC activity in P. sativum was 
higher at 25°C than at warmer temperatures (30°C to 45°C) 
(Figure 1) correlated well with those made by Chinthapalli et al., 
who have reported 30°C to be optimal for the activity of C3 

PEPC [13]. �e activation of C3 PEPC upon exposure to 
optimum temperature was more in the dark than in light 
(Table 1). �e higher 25°C /40°C and 20°C /40°C ratios, when 
compared to the L/D ratios (Table 1), suggested that activation 
due to incubation at optimal temperature was more e�cient 
than light in enhancing the activity of C3 PEPC in vitro. In the 
case of C4 PEPC, photoactivation was higher at warm 
temperatures, and the e�ect of light in modulating PEPC 
activity was higher than that of temperature [19,20].

 �is is the �rst study on the interactions between light and 
temperature during the regulation of activity and regulatory 
properties of C3 PEPC under in vitro or in situ conditions. C3 
plants di�er from C4 plants in their light and temperature 
requirements [1,2]. �e optimum temperature for 
photosynthesis and growth is lower in C3 plants when compared 
to C4 plants [21]. �e photosynthetic rates were higher in the C3 
than the C4 subspecies of Alloteropsis semialata under low 
winter temperatures [22]. �e observations made under in vitro 
and in situ conditions correlated well with the light and 
temperature requirements of C3 plants. �e higher activity, 
lower malate sensitivity and increased response to Glu-6-P at 
temperatures around 25°C than at warm temperatures 
suggested that the optimal conditions for C3 PEPC relate well to 
the optimal growth temperature of C3 plants. Under �eld 
conditions, a diurnal rhythm in the activity and regulatory 
properties of C3 PEPC was more prominent in colder than 
warm temperatures. �e ambient light intensities are usually 
subdued on cold days, indicating that the C3 plants prefer 
temperate regions and can tolerate low light conditions.
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Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) is a key 
enzyme involved in primary carbon �xation in the leaves of C4 
and Crassulacean Acid Metabolism (CAM) plants. In C3 plants, 
the enzyme is responsible for housekeeping, by providing 
carbon skeletons for amino acid and protein synthesis. Unlike 
C4 plants, C3 plants do not have a CO2 concentrating 
mechanism (the C4 cycle), which enables them to function 
optimally under conditions of high light intensities and warm 
temperatures, which promote photorespiration. Hence, C3 
plants di�er from C4 plants in their optimal light and 
temperature requirements [1,2]. Parallelly the responses of 
PEPC from C3 plants to light and/or temperature may also vary 
from those of C4 PEPC.

 �ere have been only a few studies made on the e�ects of 
light on the activity and regulatory properties of C3 PEPC. 
Unlike C4 PEPC, C3 isoform is not activated by light [3,4]. 
However, Rajagopalan et al. have reported that PEPC from C3 
species is activated by up to 1.6-fold upon exposure to light but 
with no signi�cant changes in either sensitivity to malate or 
activation by Glu-6-P [5]. In contrast, PEPC from wheat leaves 
showed up to a 3.8-fold increase in activity due to protein 
phosphorylation [6] and also showed a decrease in malate 
sensitivity upon illumination [7]. Although to a lesser extent 
when compared to C4 plants, light enhances PEPC activity in 
various C3 plants with a concomitant decrease in malate 
sensitivity and an enhancement in activation by Glu-6-P [8,9].

 Illumination of protoplasts obtained from barley leaves led 
to an increase in PEPC activity [10] along with a reduction in 
malate sensitivity [11] and a reduction in K0.5 (PEP) but with no 
accompanying changes in Vmax [12].

 In comparison to the reports on the responses of C3 PEPC 
to light, studies on the e�ects of varying temperatures are very 
limited. Chinthapalli et al. have reported C3 PEPC to be more 
active at 30°C than at lower or higher temperatures and that 
the sensitivity of the enzyme to malate decreases with an 
increase in temperature [13]. �us, there is a need for a 
comprehensive study on the e�ects of light as well as 
temperature on the activity and regulatory properties of C3 
PEPC. Further, there are no studies on the interactive 
in�uence of light and temperature on C3 PEPC, either under 
in vitro or in situ conditions. It is not clear if the 
activity/regulatory properties of C3 PEPC follow any diurnal 
rhythm. �ere have been two reports regarding the e�ect of N 
nutrition on diurnal rhythms of C3 PEPC. �e PEP 
carboxylation rates in nitrate grown, pea plants showed a 
diurnal rhythm but without any concomitant diurnal changes 
in PEPC activity/regulatory properties/protein levels, which 
may be due to direct allosteric e�ects but not due to changes in 
protein phosphorylation levels [14]. In leaves of N-su�cient 
tobacco plants, PEPC transcript levels were higher at night 
than during the day, and the PEPC activity was highest during 
the morning, whereas in N-limited plants, both the mRNA 
and activity levels remained low during the day [15]. �us, 
further studies on the possible occurrence of a diurnal and 
seasonal rhythm in C3 PEPC are also required.

 �e characteristics of C3 PEPC were assessed in extracts 
(in vitro) prepared either from leaf discs exposed to 
temperature and/or light treatments or from leaves collected 
from the �eld (in situ) at the required time of the day. 
Experiments were performed in di�erent months of the year 

2009 to examine critically whether there are any signi�cant 
diurnal and seasonal variations in the properties of PEPC in 
the leaves of P. sativum, a C3 plant. Our university campus, 
being located in a typical, subtropical environment, o�ers a 
good choice, with signi�cant �uctuations in the intensity of 
incident light as well as temperature during the day and 
during the year. �e physiological/biochemical properties of 
C3 PEPC were studied, followed by the molecular analysis of 
protein levels, phosphorylation status, and mRNA levels.

Materials and Methods
Plant material and growth conditions
Plants of Pisum sativum L. (cv. Arkel) were raised from seeds 
purchased from Pocha Seeds Co. Ltd., Pune, or Maharashtra 
Hybrid Seed Co., Mumbai. �e seeds were soaked overnight 
in water, surface sterilized with 0.2% (v/v) sodium 
hypochlorite solution for 15 min, and then washed for 1 hr 
under running tap water. �e seeds were kept covered in a 
moist black cloth at 25°C until they germinated (usually 3 
days). �e germinating seeds were then sown in plastic trays 
�lled with soil and farmyard manure (3:1, v/v) and were 
watered twice daily. �e plants were grown in a greenhouse at 
average temperatures of 33°C day/25°C night and a natural 
photoperiod of approximately 12 hr for in vitro or outdoors 
for in situ studies as required.

Harvest of leaf tissue
�e second and third fully expanded leaves were picked from 
8-15-day old plants. �e leaves were harvested about 2 to 3 hr 
a�er sunrise for in vitro studies, and leaf discs were punched as 
described below. For in situ studies, the leaf samples were 
harvested at the time needed, immediately frozen, and stored 
in liquid nitrogen until used for the preparation of total 
protein extract for PEPC enzyme assays.

Temperature and/or light treatments
Discs of ca. 0.2 cm2 were punched from leaves underwater 
with the help of a sharp paper punch. Leaf discs (each of ca. 0.2 
cm2; total weight approximately 125mg) were kept in 25mL 
beakers containing distilled water and le� in darkness for 2 hr. 
�e dark-adapted leaf discs were incubated for the required 
time period and temperature in thermostatically controlled 
circulatory water baths. When required, illumination as white 
light at an intensity of 1000 µmolm-2s-1 was supplied 
simultaneously by arranging four Philips Comptalux �ood 
bulbs (150W each). �e light was allowed to pass through a 
10cm thick water �lter, which helped to dissipate the heat and 
to maintain an optimal temperature during illumination. At 
the end of each incubation period, the leaf discs were quickly 
extracted, and the extract was assayed for PEPC activity as 
described next.

Extraction and assay of PEPC
�e extraction and assay of PEPC were as already described 
[13,16]. �e leaf discs or frozen leaf material was quickly 
extracted using a chilled mortar and pestle in ice, i.e., at 4°C 
with 1 mL of extraction medium containing 100mM Tris-HCl 
(pH ± 7.3), 10mM MgCl2, 2mM K2HPO4, 1mM EDTA, 10% 
(v/v) glycerol, 10mM β-mercaptoethanol, 10mM NaF, 2mM 
PMSF, 10μgmL-1 chymostatin and 2% (w/v) insoluble PVP. 
�e homogenate was centrifuged at 15,000g for 5min, and the 
supernatant was used as a “crude extract”. A small aliquot was 

kept aside for chlorophyll estimation prior to centrifugation.

 Maximum PEPC activity was assayed by coupling to 
NAD-MDH and monitoring NADH oxidation at 340nm  in a 
Shimadzu 1601 UV-visible spectrophotometer at 30°C 
(irrespective of the preincubation temperature of the leaf discs 
or leaves). �e assay mixture (1mL) contained 50mM 
Tris-HCl (pH 7.3), 5mM MgCl2, 0.2mM NADH, 2 U MDH, 
2.5mM PEP, 10mM NaHCO3 and leaf extract equivalent to 
1µg of chlorophyll. �e sensitivity of PEPC to malate was 
checked by adding malate to a �nal concentration 2mM/mL of 
assay mixture. Activation by Glu-6-P was similarly checked by 
adding Glu-6-P to a �nal concentration of 2mM/mL of assay 
mixture; 0.5mM PEP and 0.05mM NaHCO3 were used.

Estimation of chlorophyll and protein
Chlorophyll was estimated by extraction with 80% (v/v) 
acetone [17]. Total protein content was estimated by the 
method of Lowry et al. by using bovine serum albumin (BSA) 
as a standard [18].

Replications and statistical analysis
All in vitro experiments were repeated 3 to 5 times on di�erent 
days. All in situ assays were performed three times for each 
sample. �e average values ± SE are presented. Statistical 
analysis of the data was done using the so�ware Sigma plot 
(version 11.0).

Results
Changes in activity levels of C3 PEPC in leaf discs of 
P. sativum upon incubation at different temperature 
A remarkable dependence of PEPC activity on temperature 
was observed when leaf discs of P. sativum were incubated at 
varying temperatures for 45min (Figure 1A and 1B). �e 
optimum temperature for in vitro activity of C3 PEPC was 
25°C. �e activity decreased slightly upon incubation at 20°C 
(sub-optimal) but was much less when compared to the 
reduction upon exposure to supra-optimal temperatures 
(30°C to 45°C). �us, C3 PEPC was most active at moderate 
temperatures, less sensitive to cold temperatures, and most 
sensitive to warm temperatures. For further studies about the 
interactive e�ects of light and temperature on C3 PEPC, the 
temperatures of 30°C were taken as the pre-incubation 
control, 25°C as the optimal, 20°C as the sub-optimal, and 
40°C as the supra-optimal for incubation of leaf discs. �e 
results are described in the next section.

Effect of light and temperature on the activity of C3 
PEPC in leaf discs of P. sativum
Incubation of leaf discs at 25°C led to a dramatic increase in C3 
PEPC activity with time. A 1.6-fold increase in C3 PEPC 
activity over initial was observed at 25°C at an optimal 
incubation time of 45 min. �is activation was however only as 
high as 1.4-fold at 20°C, but decreased by 0.6-fold at 40°C 
(Figure 2). �us, the C3 PEPC from P. sativum is optimally 
active at the moderate temperature of 25°C than at either 20°C 
or at 40°C.

 �e PEPC activity was observed to increase by up to 
2.0-fold at 25°C upon 45 min of illumination. �is activation by 
light was however comparatively lower, i.e., 1.6-fold at 20°C and 
1.1-fold at 40°C (Figure 2). �e L/D ratio was higher (1.5) at 
25°C than at 20°C (1.1), suggesting that light activation is more 
at 25°C than at 20°C (Table 1). However, the higher L/D ratio at 
40°C (1.9) could be attributed to very low PEPC activity in the 
dark at this temperature. �us, the light activation of C3 PEPC 
was being modulated as a factor of temperature. �e 25°C/40°C 
and 20°C/40°C ratios were higher in the dark than in light, 
suggesting that the activation of C3 PEPC by temperature was 
more in the dark than in light. �e 25°C /40°C and 20°C /40°C 

ratios were higher when compared to the L/D ratios, 
suggesting a greater e�ect of temperature than light in 
modulating C3 PEPC.

Figure 2. Effect of temperature on the activity of C3 PEPC in extracts 
from dark-adapted (●) and light adapted (○) leaf discs of P. sativum. The 
changes caused by temperature are all statistically significant (P<0.01). 
Standard errors if not visible are within the symbols.

Effect of light and temperature on the regulatory 
properties of C3 PEPC in leaf discs of P. sativum 
Experiments were done to study the responses of C3 PEPC to 
malate and Glu-6-P under the in�uence of light and 
temperature. �e results are summarized in Table 2. �e 
sensitivity of PEPC to 2 mM malate decreased from 55% to 40% 
when incubated at 25°C. However, this relief in inhibition by 
malate was much less, from 55% to 48% at 20°C, than at 25°C. In 
contrast, at 40°C, the malate sensitivity increased from 55% to 
65%. �us, malate inhibition was less at 25°C than at either 20°C 
or 40°C. Upon illumination, the malate sensitivity decreased 
further to a low of 20% at 25°C but only up to 33% at 20°C. 

However, the malate sensitivity still increased to 57% at 40°C.

 Maximum activation of C3 PEPC with 2 mM Glu-6-P was 
observed at 25°C (2.1-fold). However, this activation was only 
1.9-fold at 20°C and 1.4-fold at 40°C . Upon illumination of 
leaf discs, the activation of C3 PEPC by Glu-6-P further 
increased to 2.6-fold at 25°C and 2.2-fold at 20°C but up to 
only 1.6-fold at 40°C. �us, 25°C was observed to be the 
optimum temperature with regards to reduction in malate 
sensitivity and increase in Glu-6-P activation when compared 
to either 20°C or 40°C under both dark and light conditions. 
Hence, temperature modulated the regulatory properties of 
PEPC not only in the dark but also under the light.

Temperature
 2mM Malate* 2mM Glu-6-P** 

Dark Light Dark Light 
30 °C (Control) 55% ± 1.5 - 160% ± 4.1 - 
25 °C 40% ± 1.1 20% ± 0.04 210% ± 4.1 260% ± 4.1 
20 °C 48% ± 1.3 33% ± 1.2 193% ± 8.6 215% ± 4.1 
40 °C 65% ± 2.0 57% ± 1.4 140% ± 4.1 156% ± 4.1 

All values are averages of 3-5 replications ± SE and are statistically signi�cant (P<0.01). 
*Assayed at 2.5mM PEP; **Assayed at 0.5mM PEP. 

Table 2. Modulation of the regulatory properties of C3 PEPC in relation to light and/or temperature treatments in leaf discs of P. 
sativum in vitro.

Table 1. Modulation of C3 PEPC by e�ectors in relation to light and/or temperature treatments in leaf discs of P. sativum in vitro.

Modulator Activation by Light (L/D Ratio) Stimulation by temperature  

        (25/40 °C) (20/40 °C) 
  25 °C 20 °C 40 °C Dark Light Dark Light 

Control* (No E�ector) 1.5 1.1 1.9 2.8 1.8 2.4 1.5 

Malate* (2mM) 1.6 1.5 2.3 4.9 3.4 3.6 2.3 

Glu-6-P** (2mM) 1.5 1.3 2.1 4.3 3.1 3.3 2  
�e average values of 3-5 replications are shown. �e values obtained were all statistically signi�cant (P<0.01). 
*Assayed at 2.5mM PEP; **Assayed at 0.5mM PEP. 

Pattern of modulation of C3 PEPC activity during a 
daily natural cycle of light and temperature in leaves 
of P. sativum
PEPC activity in P. sativum was determined at regular intervals 
of 3 hr from 6.00 hr to 24.00 hr during the course of a particular 
day during di�erent months of the year 2009, along with the 
light intensities and temperatures (data for August is not 
available). No consistent, clear trends in the diurnal changes in 
PEPC activity were observed. For e.g., in May, the PEPC activity 
remained high throughout the day (Figure 3A), but in 
December, PEPC activity started to rise from 6.00 hr to reach a 
peak at 15.00 hr and then decreased to reach a minimum at 

24.00 hr (Figure 3A). When the maximum PEPC activities 
during a typical day for all the months of the year were 
compared, there appeared to be no seasonal di�erences in 
PEPC activity in P. sativum (Figure 4A). �e data for two 
months- May and December is also shown in a tabular form 
(Table 2).

 As the day progressed, the light intensity reached its 
maximum by 12 PM and the temperature by 15.00 h and then 
decreased by 24.00 hr. �is trend was also consistent for all 
months of the entire year. �e temperatures and light 
intensities were signi�cantly higher during the summer [e.g., 
May] and least during the winter [e.g., December] (Figures 3 D 
and 3 E).

Pattern of modulation of the regulatory properties of 
C3 PEPC during a daily natural cycle of light and 
temperature in leaves of P. sativum
�e malate sensitivity and activation of PEPC by Glu-6-P were 
also determined along with the PEPC activity.  Unlike PEPC 
activity, the malate sensitivity showed a consistent diurnal 
rhythm through most of the year. �e sensitivity of PEPC to 
malate decreased from 6.00 hr up till either noon or 15.00 hr 
and then increased to reach a maximum by 24.00 hr. In 
summer, e.g., in May, the malate sensitivity remained 
consistently low throughout the day (Figure 3B). In winter, 
e.g., in December, the malate sensitivity showed a clearer 
diurnal trend (Figure 3B). When the minimum malate 
sensitivity recorded during a typical day for all the months of 
the year was compared, there appears to be no seasonal 
di�erences in the sensitivity of PEPC to malate in P. sativum 
(Figure 4B).

Discussion
In this study, the e�ects of the interaction between light and 
temperature were examined while modulating C3 PEPC from 
P. sativum under in vitro as well as in situ conditions. Another 
objective was to �nd out if these two factors a�ected C3 PEPC 
in a manner similar to C4 PEPC. Hence, these experiments 
were done with leaf discs as well as leaves using the same 
methodology as was used with C4 PEPC. In our present study, 
in contrast to the observations made by Chastain and Chollet 
and Wang et al., we observed that the PEPC from P. sativum 
was activated by 1.5-2.0 fold by light (Figure 2) [3,4]. �e 
ranges of light activation obtained were in accordance with 

 �e activation by Glu-6-P, however showed inconsistent 
trends in the diurnal changes over the year. In summer, e.g., in 
May, the levels of PEPC activation by Glu-6-P remained low 
during the day but high during the night (Figure 3C). On the 
contrary, in winter, e.g., in December, the activation by 
Glu-6-P showed an opposite diurnal trend- increasing from 
the morning, reaching a peak by 15.00 hr, and then decreasing 
(Figure 3C). On comparison of the maximum levels of 
activation by Glu-6-P during a typical day for all the months of 
the year, no seasonal di�erences in these levels in P. sativum 
could be observed (Figure 4C).

 �us, the activity, malate sensitivity, and activation by 
Glu-6-P of C3 PEPC did not show a consistent diurnal 
variation over di�erent months. �ere was also no marked 
seasonal variation that could be observed in these properties of 
C3 PEPC. �e ranges of these variations are summarized in 
Table 2. Scatter plots (Figure 5) were used to calculate the 
correlation coe�cients between light or temperature and 
PEPC activity, malate sensitivity, and activation by Glu-6-P 
data obtained at 15.00 hr over the year (Table 3). �ese 
suggested that light has a greater in�uence on PEPC activity 
while temperature exerted a much greater e�ect on the 
regulatory properties of C3 PEPC. �us, C3 PEPC was also 
modulated by a natural variation in light and temperature 
under in situ conditions.

those reported by Rajagopalan et al. and Gupta et al. but not as 
high as those reported by Van Quy et al. [5,6,8]. However, in a 
further extension to these studies, such a stimulation of PEPC 
activity by light was found to be better at cold temperatures than 
at warm temperatures (Figure 2).

 Our observations that PEPC activity in P. sativum was 
higher at 25°C than at warmer temperatures (30°C to 45°C) 
(Figure 1) correlated well with those made by Chinthapalli et al., 
who have reported 30°C to be optimal for the activity of C3 

PEPC [13]. �e activation of C3 PEPC upon exposure to 
optimum temperature was more in the dark than in light 
(Table 1). �e higher 25°C /40°C and 20°C /40°C ratios, when 
compared to the L/D ratios (Table 1), suggested that activation 
due to incubation at optimal temperature was more e�cient 
than light in enhancing the activity of C3 PEPC in vitro. In the 
case of C4 PEPC, photoactivation was higher at warm 
temperatures, and the e�ect of light in modulating PEPC 
activity was higher than that of temperature [19,20].

 �is is the �rst study on the interactions between light and 
temperature during the regulation of activity and regulatory 
properties of C3 PEPC under in vitro or in situ conditions. C3 
plants di�er from C4 plants in their light and temperature 
requirements [1,2]. �e optimum temperature for 
photosynthesis and growth is lower in C3 plants when compared 
to C4 plants [21]. �e photosynthetic rates were higher in the C3 
than the C4 subspecies of Alloteropsis semialata under low 
winter temperatures [22]. �e observations made under in vitro 
and in situ conditions correlated well with the light and 
temperature requirements of C3 plants. �e higher activity, 
lower malate sensitivity and increased response to Glu-6-P at 
temperatures around 25°C than at warm temperatures 
suggested that the optimal conditions for C3 PEPC relate well to 
the optimal growth temperature of C3 plants. Under �eld 
conditions, a diurnal rhythm in the activity and regulatory 
properties of C3 PEPC was more prominent in colder than 
warm temperatures. �e ambient light intensities are usually 
subdued on cold days, indicating that the C3 plants prefer 
temperate regions and can tolerate low light conditions.
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Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) is a key 
enzyme involved in primary carbon �xation in the leaves of C4 
and Crassulacean Acid Metabolism (CAM) plants. In C3 plants, 
the enzyme is responsible for housekeeping, by providing 
carbon skeletons for amino acid and protein synthesis. Unlike 
C4 plants, C3 plants do not have a CO2 concentrating 
mechanism (the C4 cycle), which enables them to function 
optimally under conditions of high light intensities and warm 
temperatures, which promote photorespiration. Hence, C3 
plants di�er from C4 plants in their optimal light and 
temperature requirements [1,2]. Parallelly the responses of 
PEPC from C3 plants to light and/or temperature may also vary 
from those of C4 PEPC.

 �ere have been only a few studies made on the e�ects of 
light on the activity and regulatory properties of C3 PEPC. 
Unlike C4 PEPC, C3 isoform is not activated by light [3,4]. 
However, Rajagopalan et al. have reported that PEPC from C3 
species is activated by up to 1.6-fold upon exposure to light but 
with no signi�cant changes in either sensitivity to malate or 
activation by Glu-6-P [5]. In contrast, PEPC from wheat leaves 
showed up to a 3.8-fold increase in activity due to protein 
phosphorylation [6] and also showed a decrease in malate 
sensitivity upon illumination [7]. Although to a lesser extent 
when compared to C4 plants, light enhances PEPC activity in 
various C3 plants with a concomitant decrease in malate 
sensitivity and an enhancement in activation by Glu-6-P [8,9].

 Illumination of protoplasts obtained from barley leaves led 
to an increase in PEPC activity [10] along with a reduction in 
malate sensitivity [11] and a reduction in K0.5 (PEP) but with no 
accompanying changes in Vmax [12].

 In comparison to the reports on the responses of C3 PEPC 
to light, studies on the e�ects of varying temperatures are very 
limited. Chinthapalli et al. have reported C3 PEPC to be more 
active at 30°C than at lower or higher temperatures and that 
the sensitivity of the enzyme to malate decreases with an 
increase in temperature [13]. �us, there is a need for a 
comprehensive study on the e�ects of light as well as 
temperature on the activity and regulatory properties of C3 
PEPC. Further, there are no studies on the interactive 
in�uence of light and temperature on C3 PEPC, either under 
in vitro or in situ conditions. It is not clear if the 
activity/regulatory properties of C3 PEPC follow any diurnal 
rhythm. �ere have been two reports regarding the e�ect of N 
nutrition on diurnal rhythms of C3 PEPC. �e PEP 
carboxylation rates in nitrate grown, pea plants showed a 
diurnal rhythm but without any concomitant diurnal changes 
in PEPC activity/regulatory properties/protein levels, which 
may be due to direct allosteric e�ects but not due to changes in 
protein phosphorylation levels [14]. In leaves of N-su�cient 
tobacco plants, PEPC transcript levels were higher at night 
than during the day, and the PEPC activity was highest during 
the morning, whereas in N-limited plants, both the mRNA 
and activity levels remained low during the day [15]. �us, 
further studies on the possible occurrence of a diurnal and 
seasonal rhythm in C3 PEPC are also required.

 �e characteristics of C3 PEPC were assessed in extracts 
(in vitro) prepared either from leaf discs exposed to 
temperature and/or light treatments or from leaves collected 
from the �eld (in situ) at the required time of the day. 
Experiments were performed in di�erent months of the year 

2009 to examine critically whether there are any signi�cant 
diurnal and seasonal variations in the properties of PEPC in 
the leaves of P. sativum, a C3 plant. Our university campus, 
being located in a typical, subtropical environment, o�ers a 
good choice, with signi�cant �uctuations in the intensity of 
incident light as well as temperature during the day and 
during the year. �e physiological/biochemical properties of 
C3 PEPC were studied, followed by the molecular analysis of 
protein levels, phosphorylation status, and mRNA levels.

Materials and Methods
Plant material and growth conditions
Plants of Pisum sativum L. (cv. Arkel) were raised from seeds 
purchased from Pocha Seeds Co. Ltd., Pune, or Maharashtra 
Hybrid Seed Co., Mumbai. �e seeds were soaked overnight 
in water, surface sterilized with 0.2% (v/v) sodium 
hypochlorite solution for 15 min, and then washed for 1 hr 
under running tap water. �e seeds were kept covered in a 
moist black cloth at 25°C until they germinated (usually 3 
days). �e germinating seeds were then sown in plastic trays 
�lled with soil and farmyard manure (3:1, v/v) and were 
watered twice daily. �e plants were grown in a greenhouse at 
average temperatures of 33°C day/25°C night and a natural 
photoperiod of approximately 12 hr for in vitro or outdoors 
for in situ studies as required.

Harvest of leaf tissue
�e second and third fully expanded leaves were picked from 
8-15-day old plants. �e leaves were harvested about 2 to 3 hr 
a�er sunrise for in vitro studies, and leaf discs were punched as 
described below. For in situ studies, the leaf samples were 
harvested at the time needed, immediately frozen, and stored 
in liquid nitrogen until used for the preparation of total 
protein extract for PEPC enzyme assays.

Temperature and/or light treatments
Discs of ca. 0.2 cm2 were punched from leaves underwater 
with the help of a sharp paper punch. Leaf discs (each of ca. 0.2 
cm2; total weight approximately 125mg) were kept in 25mL 
beakers containing distilled water and le� in darkness for 2 hr. 
�e dark-adapted leaf discs were incubated for the required 
time period and temperature in thermostatically controlled 
circulatory water baths. When required, illumination as white 
light at an intensity of 1000 µmolm-2s-1 was supplied 
simultaneously by arranging four Philips Comptalux �ood 
bulbs (150W each). �e light was allowed to pass through a 
10cm thick water �lter, which helped to dissipate the heat and 
to maintain an optimal temperature during illumination. At 
the end of each incubation period, the leaf discs were quickly 
extracted, and the extract was assayed for PEPC activity as 
described next.

Extraction and assay of PEPC
�e extraction and assay of PEPC were as already described 
[13,16]. �e leaf discs or frozen leaf material was quickly 
extracted using a chilled mortar and pestle in ice, i.e., at 4°C 
with 1 mL of extraction medium containing 100mM Tris-HCl 
(pH ± 7.3), 10mM MgCl2, 2mM K2HPO4, 1mM EDTA, 10% 
(v/v) glycerol, 10mM β-mercaptoethanol, 10mM NaF, 2mM 
PMSF, 10μgmL-1 chymostatin and 2% (w/v) insoluble PVP. 
�e homogenate was centrifuged at 15,000g for 5min, and the 
supernatant was used as a “crude extract”. A small aliquot was 

kept aside for chlorophyll estimation prior to centrifugation.

 Maximum PEPC activity was assayed by coupling to 
NAD-MDH and monitoring NADH oxidation at 340nm  in a 
Shimadzu 1601 UV-visible spectrophotometer at 30°C 
(irrespective of the preincubation temperature of the leaf discs 
or leaves). �e assay mixture (1mL) contained 50mM 
Tris-HCl (pH 7.3), 5mM MgCl2, 0.2mM NADH, 2 U MDH, 
2.5mM PEP, 10mM NaHCO3 and leaf extract equivalent to 
1µg of chlorophyll. �e sensitivity of PEPC to malate was 
checked by adding malate to a �nal concentration 2mM/mL of 
assay mixture. Activation by Glu-6-P was similarly checked by 
adding Glu-6-P to a �nal concentration of 2mM/mL of assay 
mixture; 0.5mM PEP and 0.05mM NaHCO3 were used.

Estimation of chlorophyll and protein
Chlorophyll was estimated by extraction with 80% (v/v) 
acetone [17]. Total protein content was estimated by the 
method of Lowry et al. by using bovine serum albumin (BSA) 
as a standard [18].

Replications and statistical analysis
All in vitro experiments were repeated 3 to 5 times on di�erent 
days. All in situ assays were performed three times for each 
sample. �e average values ± SE are presented. Statistical 
analysis of the data was done using the so�ware Sigma plot 
(version 11.0).

Results
Changes in activity levels of C3 PEPC in leaf discs of 
P. sativum upon incubation at different temperature 
A remarkable dependence of PEPC activity on temperature 
was observed when leaf discs of P. sativum were incubated at 
varying temperatures for 45min (Figure 1A and 1B). �e 
optimum temperature for in vitro activity of C3 PEPC was 
25°C. �e activity decreased slightly upon incubation at 20°C 
(sub-optimal) but was much less when compared to the 
reduction upon exposure to supra-optimal temperatures 
(30°C to 45°C). �us, C3 PEPC was most active at moderate 
temperatures, less sensitive to cold temperatures, and most 
sensitive to warm temperatures. For further studies about the 
interactive e�ects of light and temperature on C3 PEPC, the 
temperatures of 30°C were taken as the pre-incubation 
control, 25°C as the optimal, 20°C as the sub-optimal, and 
40°C as the supra-optimal for incubation of leaf discs. �e 
results are described in the next section.

Effect of light and temperature on the activity of C3 
PEPC in leaf discs of P. sativum
Incubation of leaf discs at 25°C led to a dramatic increase in C3 
PEPC activity with time. A 1.6-fold increase in C3 PEPC 
activity over initial was observed at 25°C at an optimal 
incubation time of 45 min. �is activation was however only as 
high as 1.4-fold at 20°C, but decreased by 0.6-fold at 40°C 
(Figure 2). �us, the C3 PEPC from P. sativum is optimally 
active at the moderate temperature of 25°C than at either 20°C 
or at 40°C.

 �e PEPC activity was observed to increase by up to 
2.0-fold at 25°C upon 45 min of illumination. �is activation by 
light was however comparatively lower, i.e., 1.6-fold at 20°C and 
1.1-fold at 40°C (Figure 2). �e L/D ratio was higher (1.5) at 
25°C than at 20°C (1.1), suggesting that light activation is more 
at 25°C than at 20°C (Table 1). However, the higher L/D ratio at 
40°C (1.9) could be attributed to very low PEPC activity in the 
dark at this temperature. �us, the light activation of C3 PEPC 
was being modulated as a factor of temperature. �e 25°C/40°C 
and 20°C/40°C ratios were higher in the dark than in light, 
suggesting that the activation of C3 PEPC by temperature was 
more in the dark than in light. �e 25°C /40°C and 20°C /40°C 

ratios were higher when compared to the L/D ratios, 
suggesting a greater e�ect of temperature than light in 
modulating C3 PEPC.

Effect of light and temperature on the regulatory 
properties of C3 PEPC in leaf discs of P. sativum 
Experiments were done to study the responses of C3 PEPC to 
malate and Glu-6-P under the in�uence of light and 
temperature. �e results are summarized in Table 2. �e 
sensitivity of PEPC to 2 mM malate decreased from 55% to 40% 
when incubated at 25°C. However, this relief in inhibition by 
malate was much less, from 55% to 48% at 20°C, than at 25°C. In 
contrast, at 40°C, the malate sensitivity increased from 55% to 
65%. �us, malate inhibition was less at 25°C than at either 20°C 
or 40°C. Upon illumination, the malate sensitivity decreased 
further to a low of 20% at 25°C but only up to 33% at 20°C. 

However, the malate sensitivity still increased to 57% at 40°C.

 Maximum activation of C3 PEPC with 2 mM Glu-6-P was 
observed at 25°C (2.1-fold). However, this activation was only 
1.9-fold at 20°C and 1.4-fold at 40°C . Upon illumination of 
leaf discs, the activation of C3 PEPC by Glu-6-P further 
increased to 2.6-fold at 25°C and 2.2-fold at 20°C but up to 
only 1.6-fold at 40°C. �us, 25°C was observed to be the 
optimum temperature with regards to reduction in malate 
sensitivity and increase in Glu-6-P activation when compared 
to either 20°C or 40°C under both dark and light conditions. 
Hence, temperature modulated the regulatory properties of 
PEPC not only in the dark but also under the light.

Pattern of modulation of C3 PEPC activity during a 
daily natural cycle of light and temperature in leaves 
of P. sativum
PEPC activity in P. sativum was determined at regular intervals 
of 3 hr from 6.00 hr to 24.00 hr during the course of a particular 
day during di�erent months of the year 2009, along with the 
light intensities and temperatures (data for August is not 
available). No consistent, clear trends in the diurnal changes in 
PEPC activity were observed. For e.g., in May, the PEPC activity 
remained high throughout the day (Figure 3A), but in 
December, PEPC activity started to rise from 6.00 hr to reach a 
peak at 15.00 hr and then decreased to reach a minimum at 

24.00 hr (Figure 3A). When the maximum PEPC activities 
during a typical day for all the months of the year were 
compared, there appeared to be no seasonal di�erences in 
PEPC activity in P. sativum (Figure 4A). �e data for two 
months- May and December is also shown in a tabular form 
(Table 2).

 As the day progressed, the light intensity reached its 
maximum by 12 PM and the temperature by 15.00 h and then 
decreased by 24.00 hr. �is trend was also consistent for all 
months of the entire year. �e temperatures and light 
intensities were signi�cantly higher during the summer [e.g., 
May] and least during the winter [e.g., December] (Figures 3 D 
and 3 E).

Figure 3. Patterns of change in PEPC activity (A), inhibition by malate 
(B), activation by Glu-6-P (C), light intensity (D) and temperature (E) 
during the course of a typical day in May and December, 2009. Standard 
errors if not visible fall within the symbols.

Pattern of modulation of the regulatory properties of 
C3 PEPC during a daily natural cycle of light and 
temperature in leaves of P. sativum
�e malate sensitivity and activation of PEPC by Glu-6-P were 
also determined along with the PEPC activity.  Unlike PEPC 
activity, the malate sensitivity showed a consistent diurnal 
rhythm through most of the year. �e sensitivity of PEPC to 
malate decreased from 6.00 hr up till either noon or 15.00 hr 
and then increased to reach a maximum by 24.00 hr. In 
summer, e.g., in May, the malate sensitivity remained 
consistently low throughout the day (Figure 3B). In winter, 
e.g., in December, the malate sensitivity showed a clearer 
diurnal trend (Figure 3B). When the minimum malate 
sensitivity recorded during a typical day for all the months of 
the year was compared, there appears to be no seasonal 
di�erences in the sensitivity of PEPC to malate in P. sativum 
(Figure 4B).

Discussion
In this study, the e�ects of the interaction between light and 
temperature were examined while modulating C3 PEPC from 
P. sativum under in vitro as well as in situ conditions. Another 
objective was to �nd out if these two factors a�ected C3 PEPC 
in a manner similar to C4 PEPC. Hence, these experiments 
were done with leaf discs as well as leaves using the same 
methodology as was used with C4 PEPC. In our present study, 
in contrast to the observations made by Chastain and Chollet 
and Wang et al., we observed that the PEPC from P. sativum 
was activated by 1.5-2.0 fold by light (Figure 2) [3,4]. �e 
ranges of light activation obtained were in accordance with 

 �e activation by Glu-6-P, however showed inconsistent 
trends in the diurnal changes over the year. In summer, e.g., in 
May, the levels of PEPC activation by Glu-6-P remained low 
during the day but high during the night (Figure 3C). On the 
contrary, in winter, e.g., in December, the activation by 
Glu-6-P showed an opposite diurnal trend- increasing from 
the morning, reaching a peak by 15.00 hr, and then decreasing 
(Figure 3C). On comparison of the maximum levels of 
activation by Glu-6-P during a typical day for all the months of 
the year, no seasonal di�erences in these levels in P. sativum 
could be observed (Figure 4C).

 �us, the activity, malate sensitivity, and activation by 
Glu-6-P of C3 PEPC did not show a consistent diurnal 
variation over di�erent months. �ere was also no marked 
seasonal variation that could be observed in these properties of 
C3 PEPC. �e ranges of these variations are summarized in 
Table 2. Scatter plots (Figure 5) were used to calculate the 
correlation coe�cients between light or temperature and 
PEPC activity, malate sensitivity, and activation by Glu-6-P 
data obtained at 15.00 hr over the year (Table 3). �ese 
suggested that light has a greater in�uence on PEPC activity 
while temperature exerted a much greater e�ect on the 
regulatory properties of C3 PEPC. �us, C3 PEPC was also 
modulated by a natural variation in light and temperature 
under in situ conditions.

those reported by Rajagopalan et al. and Gupta et al. but not as 
high as those reported by Van Quy et al. [5,6,8]. However, in a 
further extension to these studies, such a stimulation of PEPC 
activity by light was found to be better at cold temperatures than 
at warm temperatures (Figure 2).

 Our observations that PEPC activity in P. sativum was 
higher at 25°C than at warmer temperatures (30°C to 45°C) 
(Figure 1) correlated well with those made by Chinthapalli et al., 
who have reported 30°C to be optimal for the activity of C3 

PEPC [13]. �e activation of C3 PEPC upon exposure to 
optimum temperature was more in the dark than in light 
(Table 1). �e higher 25°C /40°C and 20°C /40°C ratios, when 
compared to the L/D ratios (Table 1), suggested that activation 
due to incubation at optimal temperature was more e�cient 
than light in enhancing the activity of C3 PEPC in vitro. In the 
case of C4 PEPC, photoactivation was higher at warm 
temperatures, and the e�ect of light in modulating PEPC 
activity was higher than that of temperature [19,20].

 �is is the �rst study on the interactions between light and 
temperature during the regulation of activity and regulatory 
properties of C3 PEPC under in vitro or in situ conditions. C3 
plants di�er from C4 plants in their light and temperature 
requirements [1,2]. �e optimum temperature for 
photosynthesis and growth is lower in C3 plants when compared 
to C4 plants [21]. �e photosynthetic rates were higher in the C3 
than the C4 subspecies of Alloteropsis semialata under low 
winter temperatures [22]. �e observations made under in vitro 
and in situ conditions correlated well with the light and 
temperature requirements of C3 plants. �e higher activity, 
lower malate sensitivity and increased response to Glu-6-P at 
temperatures around 25°C than at warm temperatures 
suggested that the optimal conditions for C3 PEPC relate well to 
the optimal growth temperature of C3 plants. Under �eld 
conditions, a diurnal rhythm in the activity and regulatory 
properties of C3 PEPC was more prominent in colder than 
warm temperatures. �e ambient light intensities are usually 
subdued on cold days, indicating that the C3 plants prefer 
temperate regions and can tolerate low light conditions.
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Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) is a key 
enzyme involved in primary carbon �xation in the leaves of C4 
and Crassulacean Acid Metabolism (CAM) plants. In C3 plants, 
the enzyme is responsible for housekeeping, by providing 
carbon skeletons for amino acid and protein synthesis. Unlike 
C4 plants, C3 plants do not have a CO2 concentrating 
mechanism (the C4 cycle), which enables them to function 
optimally under conditions of high light intensities and warm 
temperatures, which promote photorespiration. Hence, C3 
plants di�er from C4 plants in their optimal light and 
temperature requirements [1,2]. Parallelly the responses of 
PEPC from C3 plants to light and/or temperature may also vary 
from those of C4 PEPC.

 �ere have been only a few studies made on the e�ects of 
light on the activity and regulatory properties of C3 PEPC. 
Unlike C4 PEPC, C3 isoform is not activated by light [3,4]. 
However, Rajagopalan et al. have reported that PEPC from C3 
species is activated by up to 1.6-fold upon exposure to light but 
with no signi�cant changes in either sensitivity to malate or 
activation by Glu-6-P [5]. In contrast, PEPC from wheat leaves 
showed up to a 3.8-fold increase in activity due to protein 
phosphorylation [6] and also showed a decrease in malate 
sensitivity upon illumination [7]. Although to a lesser extent 
when compared to C4 plants, light enhances PEPC activity in 
various C3 plants with a concomitant decrease in malate 
sensitivity and an enhancement in activation by Glu-6-P [8,9].

 Illumination of protoplasts obtained from barley leaves led 
to an increase in PEPC activity [10] along with a reduction in 
malate sensitivity [11] and a reduction in K0.5 (PEP) but with no 
accompanying changes in Vmax [12].

 In comparison to the reports on the responses of C3 PEPC 
to light, studies on the e�ects of varying temperatures are very 
limited. Chinthapalli et al. have reported C3 PEPC to be more 
active at 30°C than at lower or higher temperatures and that 
the sensitivity of the enzyme to malate decreases with an 
increase in temperature [13]. �us, there is a need for a 
comprehensive study on the e�ects of light as well as 
temperature on the activity and regulatory properties of C3 
PEPC. Further, there are no studies on the interactive 
in�uence of light and temperature on C3 PEPC, either under 
in vitro or in situ conditions. It is not clear if the 
activity/regulatory properties of C3 PEPC follow any diurnal 
rhythm. �ere have been two reports regarding the e�ect of N 
nutrition on diurnal rhythms of C3 PEPC. �e PEP 
carboxylation rates in nitrate grown, pea plants showed a 
diurnal rhythm but without any concomitant diurnal changes 
in PEPC activity/regulatory properties/protein levels, which 
may be due to direct allosteric e�ects but not due to changes in 
protein phosphorylation levels [14]. In leaves of N-su�cient 
tobacco plants, PEPC transcript levels were higher at night 
than during the day, and the PEPC activity was highest during 
the morning, whereas in N-limited plants, both the mRNA 
and activity levels remained low during the day [15]. �us, 
further studies on the possible occurrence of a diurnal and 
seasonal rhythm in C3 PEPC are also required.

 �e characteristics of C3 PEPC were assessed in extracts 
(in vitro) prepared either from leaf discs exposed to 
temperature and/or light treatments or from leaves collected 
from the �eld (in situ) at the required time of the day. 
Experiments were performed in di�erent months of the year 

2009 to examine critically whether there are any signi�cant 
diurnal and seasonal variations in the properties of PEPC in 
the leaves of P. sativum, a C3 plant. Our university campus, 
being located in a typical, subtropical environment, o�ers a 
good choice, with signi�cant �uctuations in the intensity of 
incident light as well as temperature during the day and 
during the year. �e physiological/biochemical properties of 
C3 PEPC were studied, followed by the molecular analysis of 
protein levels, phosphorylation status, and mRNA levels.

Materials and Methods
Plant material and growth conditions
Plants of Pisum sativum L. (cv. Arkel) were raised from seeds 
purchased from Pocha Seeds Co. Ltd., Pune, or Maharashtra 
Hybrid Seed Co., Mumbai. �e seeds were soaked overnight 
in water, surface sterilized with 0.2% (v/v) sodium 
hypochlorite solution for 15 min, and then washed for 1 hr 
under running tap water. �e seeds were kept covered in a 
moist black cloth at 25°C until they germinated (usually 3 
days). �e germinating seeds were then sown in plastic trays 
�lled with soil and farmyard manure (3:1, v/v) and were 
watered twice daily. �e plants were grown in a greenhouse at 
average temperatures of 33°C day/25°C night and a natural 
photoperiod of approximately 12 hr for in vitro or outdoors 
for in situ studies as required.

Harvest of leaf tissue
�e second and third fully expanded leaves were picked from 
8-15-day old plants. �e leaves were harvested about 2 to 3 hr 
a�er sunrise for in vitro studies, and leaf discs were punched as 
described below. For in situ studies, the leaf samples were 
harvested at the time needed, immediately frozen, and stored 
in liquid nitrogen until used for the preparation of total 
protein extract for PEPC enzyme assays.

Temperature and/or light treatments
Discs of ca. 0.2 cm2 were punched from leaves underwater 
with the help of a sharp paper punch. Leaf discs (each of ca. 0.2 
cm2; total weight approximately 125mg) were kept in 25mL 
beakers containing distilled water and le� in darkness for 2 hr. 
�e dark-adapted leaf discs were incubated for the required 
time period and temperature in thermostatically controlled 
circulatory water baths. When required, illumination as white 
light at an intensity of 1000 µmolm-2s-1 was supplied 
simultaneously by arranging four Philips Comptalux �ood 
bulbs (150W each). �e light was allowed to pass through a 
10cm thick water �lter, which helped to dissipate the heat and 
to maintain an optimal temperature during illumination. At 
the end of each incubation period, the leaf discs were quickly 
extracted, and the extract was assayed for PEPC activity as 
described next.

Extraction and assay of PEPC
�e extraction and assay of PEPC were as already described 
[13,16]. �e leaf discs or frozen leaf material was quickly 
extracted using a chilled mortar and pestle in ice, i.e., at 4°C 
with 1 mL of extraction medium containing 100mM Tris-HCl 
(pH ± 7.3), 10mM MgCl2, 2mM K2HPO4, 1mM EDTA, 10% 
(v/v) glycerol, 10mM β-mercaptoethanol, 10mM NaF, 2mM 
PMSF, 10μgmL-1 chymostatin and 2% (w/v) insoluble PVP. 
�e homogenate was centrifuged at 15,000g for 5min, and the 
supernatant was used as a “crude extract”. A small aliquot was 

kept aside for chlorophyll estimation prior to centrifugation.

 Maximum PEPC activity was assayed by coupling to 
NAD-MDH and monitoring NADH oxidation at 340nm  in a 
Shimadzu 1601 UV-visible spectrophotometer at 30°C 
(irrespective of the preincubation temperature of the leaf discs 
or leaves). �e assay mixture (1mL) contained 50mM 
Tris-HCl (pH 7.3), 5mM MgCl2, 0.2mM NADH, 2 U MDH, 
2.5mM PEP, 10mM NaHCO3 and leaf extract equivalent to 
1µg of chlorophyll. �e sensitivity of PEPC to malate was 
checked by adding malate to a �nal concentration 2mM/mL of 
assay mixture. Activation by Glu-6-P was similarly checked by 
adding Glu-6-P to a �nal concentration of 2mM/mL of assay 
mixture; 0.5mM PEP and 0.05mM NaHCO3 were used.

Estimation of chlorophyll and protein
Chlorophyll was estimated by extraction with 80% (v/v) 
acetone [17]. Total protein content was estimated by the 
method of Lowry et al. by using bovine serum albumin (BSA) 
as a standard [18].

Replications and statistical analysis
All in vitro experiments were repeated 3 to 5 times on di�erent 
days. All in situ assays were performed three times for each 
sample. �e average values ± SE are presented. Statistical 
analysis of the data was done using the so�ware Sigma plot 
(version 11.0).

Results
Changes in activity levels of C3 PEPC in leaf discs of 
P. sativum upon incubation at different temperature 
A remarkable dependence of PEPC activity on temperature 
was observed when leaf discs of P. sativum were incubated at 
varying temperatures for 45min (Figure 1A and 1B). �e 
optimum temperature for in vitro activity of C3 PEPC was 
25°C. �e activity decreased slightly upon incubation at 20°C 
(sub-optimal) but was much less when compared to the 
reduction upon exposure to supra-optimal temperatures 
(30°C to 45°C). �us, C3 PEPC was most active at moderate 
temperatures, less sensitive to cold temperatures, and most 
sensitive to warm temperatures. For further studies about the 
interactive e�ects of light and temperature on C3 PEPC, the 
temperatures of 30°C were taken as the pre-incubation 
control, 25°C as the optimal, 20°C as the sub-optimal, and 
40°C as the supra-optimal for incubation of leaf discs. �e 
results are described in the next section.

Effect of light and temperature on the activity of C3 
PEPC in leaf discs of P. sativum
Incubation of leaf discs at 25°C led to a dramatic increase in C3 
PEPC activity with time. A 1.6-fold increase in C3 PEPC 
activity over initial was observed at 25°C at an optimal 
incubation time of 45 min. �is activation was however only as 
high as 1.4-fold at 20°C, but decreased by 0.6-fold at 40°C 
(Figure 2). �us, the C3 PEPC from P. sativum is optimally 
active at the moderate temperature of 25°C than at either 20°C 
or at 40°C.

 �e PEPC activity was observed to increase by up to 
2.0-fold at 25°C upon 45 min of illumination. �is activation by 
light was however comparatively lower, i.e., 1.6-fold at 20°C and 
1.1-fold at 40°C (Figure 2). �e L/D ratio was higher (1.5) at 
25°C than at 20°C (1.1), suggesting that light activation is more 
at 25°C than at 20°C (Table 1). However, the higher L/D ratio at 
40°C (1.9) could be attributed to very low PEPC activity in the 
dark at this temperature. �us, the light activation of C3 PEPC 
was being modulated as a factor of temperature. �e 25°C/40°C 
and 20°C/40°C ratios were higher in the dark than in light, 
suggesting that the activation of C3 PEPC by temperature was 
more in the dark than in light. �e 25°C /40°C and 20°C /40°C 

ratios were higher when compared to the L/D ratios, 
suggesting a greater e�ect of temperature than light in 
modulating C3 PEPC.

Effect of light and temperature on the regulatory 
properties of C3 PEPC in leaf discs of P. sativum 
Experiments were done to study the responses of C3 PEPC to 
malate and Glu-6-P under the in�uence of light and 
temperature. �e results are summarized in Table 2. �e 
sensitivity of PEPC to 2 mM malate decreased from 55% to 40% 
when incubated at 25°C. However, this relief in inhibition by 
malate was much less, from 55% to 48% at 20°C, than at 25°C. In 
contrast, at 40°C, the malate sensitivity increased from 55% to 
65%. �us, malate inhibition was less at 25°C than at either 20°C 
or 40°C. Upon illumination, the malate sensitivity decreased 
further to a low of 20% at 25°C but only up to 33% at 20°C. 

However, the malate sensitivity still increased to 57% at 40°C.

 Maximum activation of C3 PEPC with 2 mM Glu-6-P was 
observed at 25°C (2.1-fold). However, this activation was only 
1.9-fold at 20°C and 1.4-fold at 40°C . Upon illumination of 
leaf discs, the activation of C3 PEPC by Glu-6-P further 
increased to 2.6-fold at 25°C and 2.2-fold at 20°C but up to 
only 1.6-fold at 40°C. �us, 25°C was observed to be the 
optimum temperature with regards to reduction in malate 
sensitivity and increase in Glu-6-P activation when compared 
to either 20°C or 40°C under both dark and light conditions. 
Hence, temperature modulated the regulatory properties of 
PEPC not only in the dark but also under the light.

Pattern of modulation of C3 PEPC activity during a 
daily natural cycle of light and temperature in leaves 
of P. sativum
PEPC activity in P. sativum was determined at regular intervals 
of 3 hr from 6.00 hr to 24.00 hr during the course of a particular 
day during di�erent months of the year 2009, along with the 
light intensities and temperatures (data for August is not 
available). No consistent, clear trends in the diurnal changes in 
PEPC activity were observed. For e.g., in May, the PEPC activity 
remained high throughout the day (Figure 3A), but in 
December, PEPC activity started to rise from 6.00 hr to reach a 
peak at 15.00 hr and then decreased to reach a minimum at 

24.00 hr (Figure 3A). When the maximum PEPC activities 
during a typical day for all the months of the year were 
compared, there appeared to be no seasonal di�erences in 
PEPC activity in P. sativum (Figure 4A). �e data for two 
months- May and December is also shown in a tabular form 
(Table 2).

 As the day progressed, the light intensity reached its 
maximum by 12 PM and the temperature by 15.00 h and then 
decreased by 24.00 hr. �is trend was also consistent for all 
months of the entire year. �e temperatures and light 
intensities were signi�cantly higher during the summer [e.g., 
May] and least during the winter [e.g., December] (Figures 3 D 
and 3 E).

Pattern of modulation of the regulatory properties of 
C3 PEPC during a daily natural cycle of light and 
temperature in leaves of P. sativum
�e malate sensitivity and activation of PEPC by Glu-6-P were 
also determined along with the PEPC activity.  Unlike PEPC 
activity, the malate sensitivity showed a consistent diurnal 
rhythm through most of the year. �e sensitivity of PEPC to 
malate decreased from 6.00 hr up till either noon or 15.00 hr 
and then increased to reach a maximum by 24.00 hr. In 
summer, e.g., in May, the malate sensitivity remained 
consistently low throughout the day (Figure 3B). In winter, 
e.g., in December, the malate sensitivity showed a clearer 
diurnal trend (Figure 3B). When the minimum malate 
sensitivity recorded during a typical day for all the months of 
the year was compared, there appears to be no seasonal 
di�erences in the sensitivity of PEPC to malate in P. sativum 
(Figure 4B).

Discussion
In this study, the e�ects of the interaction between light and 
temperature were examined while modulating C3 PEPC from 
P. sativum under in vitro as well as in situ conditions. Another 
objective was to �nd out if these two factors a�ected C3 PEPC 
in a manner similar to C4 PEPC. Hence, these experiments 
were done with leaf discs as well as leaves using the same 
methodology as was used with C4 PEPC. In our present study, 
in contrast to the observations made by Chastain and Chollet 
and Wang et al., we observed that the PEPC from P. sativum 
was activated by 1.5-2.0 fold by light (Figure 2) [3,4]. �e 
ranges of light activation obtained were in accordance with 

Property/parameter 
Ranges during 
the day 

 May-2009 Dec-2009 
PEPC activity (µmol  
mg-1 Chl h-1) 51-62 23-46 
Inhibition by malate 
(%)* 5-0 100-28 
Activation by Glu-6-P 
(%)** 109-135 110-142 
Light intensity (µmol 
m-2 s-1) 0-2000 0-1150 

Temperature (°C) 26-48 13-32 

*Assayed at 2.5mM PEP; **Assayed at 0.5mM PEP. 

 

Table 3. �e range of changes in C3 PEPC activity, malate 
sensitivity, activation by Glu-6-P, light intensities, and 
temperatures during the course of a typical day in May and 
December, 2009 in leaves of P. sativum.

Figure 4. Maximum PEPC activity (A), least of PEPC sensitivity to 
malate (B) in and maximum sensitivity to Glu-6-P of PEPC (C) in leaves 
of P. sativum observed during a typical day of each month of the year, 
2009. All values are averages of three replications ± SE.

 �e activation by Glu-6-P, however showed inconsistent 
trends in the diurnal changes over the year. In summer, e.g., in 
May, the levels of PEPC activation by Glu-6-P remained low 
during the day but high during the night (Figure 3C). On the 
contrary, in winter, e.g., in December, the activation by 
Glu-6-P showed an opposite diurnal trend- increasing from 
the morning, reaching a peak by 15.00 hr, and then decreasing 
(Figure 3C). On comparison of the maximum levels of 
activation by Glu-6-P during a typical day for all the months of 
the year, no seasonal di�erences in these levels in P. sativum 
could be observed (Figure 4C).

 �us, the activity, malate sensitivity, and activation by 
Glu-6-P of C3 PEPC did not show a consistent diurnal 
variation over di�erent months. �ere was also no marked 
seasonal variation that could be observed in these properties of 
C3 PEPC. �e ranges of these variations are summarized in 
Table 2. Scatter plots (Figure 5) were used to calculate the 
correlation coe�cients between light or temperature and 
PEPC activity, malate sensitivity, and activation by Glu-6-P 
data obtained at 15.00 hr over the year (Table 3). �ese 
suggested that light has a greater in�uence on PEPC activity 
while temperature exerted a much greater e�ect on the 
regulatory properties of C3 PEPC. �us, C3 PEPC was also 
modulated by a natural variation in light and temperature 
under in situ conditions.

those reported by Rajagopalan et al. and Gupta et al. but not as 
high as those reported by Van Quy et al. [5,6,8]. However, in a 
further extension to these studies, such a stimulation of PEPC 
activity by light was found to be better at cold temperatures than 
at warm temperatures (Figure 2).

 Our observations that PEPC activity in P. sativum was 
higher at 25°C than at warmer temperatures (30°C to 45°C) 
(Figure 1) correlated well with those made by Chinthapalli et al., 
who have reported 30°C to be optimal for the activity of C3 

PEPC [13]. �e activation of C3 PEPC upon exposure to 
optimum temperature was more in the dark than in light 
(Table 1). �e higher 25°C /40°C and 20°C /40°C ratios, when 
compared to the L/D ratios (Table 1), suggested that activation 
due to incubation at optimal temperature was more e�cient 
than light in enhancing the activity of C3 PEPC in vitro. In the 
case of C4 PEPC, photoactivation was higher at warm 
temperatures, and the e�ect of light in modulating PEPC 
activity was higher than that of temperature [19,20].

 �is is the �rst study on the interactions between light and 
temperature during the regulation of activity and regulatory 
properties of C3 PEPC under in vitro or in situ conditions. C3 
plants di�er from C4 plants in their light and temperature 
requirements [1,2]. �e optimum temperature for 
photosynthesis and growth is lower in C3 plants when compared 
to C4 plants [21]. �e photosynthetic rates were higher in the C3 
than the C4 subspecies of Alloteropsis semialata under low 
winter temperatures [22]. �e observations made under in vitro 
and in situ conditions correlated well with the light and 
temperature requirements of C3 plants. �e higher activity, 
lower malate sensitivity and increased response to Glu-6-P at 
temperatures around 25°C than at warm temperatures 
suggested that the optimal conditions for C3 PEPC relate well to 
the optimal growth temperature of C3 plants. Under �eld 
conditions, a diurnal rhythm in the activity and regulatory 
properties of C3 PEPC was more prominent in colder than 
warm temperatures. �e ambient light intensities are usually 
subdued on cold days, indicating that the C3 plants prefer 
temperate regions and can tolerate low light conditions.

Acknowledgements
�e work has been supported by grants (to A.S.R) from DST-JC 
Bose Fellowship (No SR/S2/JCB-06/2006) from the Department 
of Science and Technology, New Delhi, India. UKA was a 
recipient of a Junior and Senior Research Fellowship from the 
Council of Scienti�c and Industrial Research, New Delhi. ABP 
was in receipt of a Postdoctoral Fellowship from University 
Grants Commission, New Delhi.

Disclosure statement
No potential con�ict of interest was reported by the authors.

References
1. Sugiyama T, Schmitt MR, Ku SB, Edwards GE. Di�erences in cold 

lability of pyruvate, Pi dikinase among C4 species. Plant Cell 
Physiol. 1979;20(5):965-971.

2. Berry JA, Björkman O. Photosynthetic responses and adaptation 
to temperature in higher plants. Annu Rev Plant Physiol. 
1980;31:491-543.

3. Chastain CJ, Chollet R. Interspeci�c variation in assimilation of 14 
CO2 into C4 acids by leaves of C3, C4 and C3- C4 intermediates 
Flaveria species near the CO2 compensation concentration. Planta. 
1989;179:81-88.

4. Wang XC, Outlaw WH, De Bedout JA, Du Z. Kinetic 
characterization of phosphoenolpyruvate carboxylase extracted 
from whole-leaf and from guard-cell protoplasts of Vicia faba 
L.(C3 plant) with respect to tissue pre-illumination. Histochem J. 
1994;26:152-160.

5. Rajagopalan AV, Devi MT, Raghavendra AS. Patterns of 
phosphoenol pyruvate carboxylase activity and cytosolic pH 
during light activation and dark deactivation in C3 and C4 plants. 
Photosynth Res. 1993;38:51-60.

6. Van Quy L, Foyer C, Champigny ML. E�ect of Light and NO3- on 
Wheat Leaf Phosphoenol pyruvate Carboxylase Activity: Evidence 
for Covalent Modulation of the C3 Enzyme. Plant Physiol. 
1991;97(4):1476-1482.

7. Du� SM, Chollet R. In vivo regulation of wheat-leaf 
phosphoenolpyruvate carboxylase by reversible phosphorylation. 
Plant Physiol. 1995;107(3):775-782.

8. Gupta SK, Ku MS, Lin JH, Zhang D, Edwards GE. Light/dark 
modulation of phosphoenol pyruvate carboxylase in C3 and C4 
species. Photosynth Res. 1994;42:133-143.

9. Gousset-Dupont A, Lebouteiller B, Monreal J, Echevarria C, Pierre 
JN, Hodges M, et al. Metabolite and post-translational control of 
phosphoenolpyruvate carboxylase from leaves and mesophyll cell 
protoplasts of Arabidopsis thaliana. Plant Sci. 
2005;169(6):1096-1101.

 Along with the activation of C3 PEPC, we also observed a 
concomitant decrease in malate sensitivity and an increase in 
activation by Glu-6-P by light (Table 1). Such a response was 
contrary to that reported by Rajagopalan et al. but in accordance 
with some of the other previous reports, such as those by Gupta 
et al., Smith et al., and Dupont et al. [5,8,9,11]. In addition to 
this, we observe further that such modulation of the regulatory 
properties of C3 PEPC by light was more prominent at lower 
than at warm temperatures (Table 1). However, the modulation 
of the activity and regulatory properties of C3 PEPC by 
temperature was further enhanced in light, just as in the case 
with C4 PEPC (Figure 2). �us, we study and report for the very 
�rst time an interaction between light and temperature while 
modulating not only the activity but also the regulatory 
properties of C3 PEPC under in vitro conditions. With C4 PEPC, 
the modulation of the regulatory properties by light was more 
prominent at warm temperatures [20].

 Both the activity and regulatory properties of C3 PEPC 

under in situ conditions usually showed a clear diurnal rhythm 
only when the light intensities and temperatures are lower 
[e.g., in December] (Figures 3 and 4). �e sensitivity of C3 
PEPC to malate showed ab consistent diurnal rhythm 
throughout the year, being lower during the day. �is would be 
necessary and important for the enzyme to function optimally 
during the day. �is observation of an occurrence of a diurnal 
rhythm in the activity and regulatory properties of C3 PEPC 
was in contrast to that made by Leport et al. but similar to that 
by Scheible et al. A seasonal rhythm in the activity and 
properties of C3 PEPC over the course of a typical year was 
however not observed to be consistent or prominent (Figure 4) 
[14]. �e correlation coe�cients obtained suggested that light 
better modulated C3 PEPC activity, whereas temperature had a 
greater e�ect on its regulatory properties (Table 4). �e diurnal 
rhythm in the activity and regulatory properties of C4 PEPC 
was more prominent in warm months with a clear seasonal 
rhythm [20].

10. Lillo C, Smith LH, Nimmo HG, Wilkins MB. Regulation of nitrate 
reductase and phosphoenolpyruvate carboxylase activities in barley 
leaf protoplasts. Planta. 1996;200:181-185.

11. Smith LH, Lillo C, Nimmo HG, Wilkins MB. Light regulation of 
phosphoenolpyruvate carboxylase in barley mesophyll protoplasts 
is modulated by protein synthesis and calcium, and not necessarily 
correlated with phosphoenolpyruvate carboxylase kinase activity. 
Planta. 1996;200:174-180.

12. Krömer S, Gardeström P, Samuelsson G. Regulation of the supply of 
cytosolic oxaloacetate for mitochondrial metabolism via phospho 
enolpyruvate carboxylase in barley leaf protoplasts I. �e e�ect of 
covalent modi�cation on PEPC activity, pH response, and kinetic 
properties. Biochim Biophys Acta Gen Subj. 1996;1289(3):343-350.

13. Chinthapalli B, Murmu J, Raghavendra AS. Dramatic di�erence in 
the responses of phosphoenol pyruvate carboxylase to temperature 
in leaves of C3 and C4 plants. J Exp Bot. 2003;54(383):707-714.

14. Leport L, Kandlbinder A, Baur B, Kaiser WM. Diurnal modulation 
of phosphoenolpyruvate carboxylation in pea leaves and roots as 
related to tissue malate concentrations and to the nitrogen source. 
Planta. 1996;198:495-501.

15. Scheible WR, Krapp A, Stitt M. Reciprocal diurnal changes of 
phosphoenolpyruvate carboxylase expression and cytosolic 
pyruvate kinase, citrate synthase and NADP‐isocitrate 
dehydrogenase expression regulate organic acid metabolism during 
nitrate assimilation in tobacco leaves. Plant Cell Environ. 
2000;23(11):1155-1167.

16. Parvathi K, Bhagwat AS, Ueno Y, Izui K, Raghavendra AS. 
Illumination Increases the A�nity of Phospho enol pyruvate 
Carboxylase to Bicarbonate in Leaves of a C4 Plant, Amaranthus 
hypochondriacus. Plant Cell Physiol. 2000;41(8):905-910.

17. Arnon DI. Copper enzymes in isolated chloroplasts. 
Polyphenoloxidase in Beta vulgaris. Plant Physiol. 1949;24(1):1.

18. Lowry O, Rosebrough N, Farr AL, Randall R. Protein 
measurement with the Folin phenol reagent. J Biol Chem. 
1951;193(1):265-275.

19. Avasthi UK, Raghavendra AS. Mutual stimulation of temperature 
and light e�ects on C4 phosphoenolpyruvate carboxylase in leaf 
discs of Amaranthus hypochondriacus. J Plant Physiol. 
2008;165:1023-1032. 

20. Avasthi UK, Izui K, Raghavendra AS. Interplay of light and 
temperature during the in planta modulation of C4 
phosphoenolpyruvate carboxylase from the leaves of Amaranthus 
hypochondriacus L.: diurnal and seasonal e�ects manifested at 
molecular levels. J Exp Bot. 2011;62(3):1017-1026. 

21. Long EO. Regulation of immune responses through inhibitory 
receptors. Annu Rev Immunol. 1999;17(1):875-904.

22. Ibrahim DG, Gilbert ME, Ripley BS, Osborne CP. Seasonal 
di�erences in photosynthesis between the C3 and C4 subspecies of 
Alloteropsis semialata are o�set by frost and drought. Plant Cell 
Environ. 2008;31(7):1038-1050.

J. Plant Res. Innov., 2023, 1, 28- 35 © Reseapro Journals 2023
https://doi.org/10.61577/jpri.2023.100005

JOURNAL OF PLANT RESEARCH AND INNOVATIONS                                  
2023, VOL. 1, ISSUE 1

32



Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) is a key 
enzyme involved in primary carbon �xation in the leaves of C4 
and Crassulacean Acid Metabolism (CAM) plants. In C3 plants, 
the enzyme is responsible for housekeeping, by providing 
carbon skeletons for amino acid and protein synthesis. Unlike 
C4 plants, C3 plants do not have a CO2 concentrating 
mechanism (the C4 cycle), which enables them to function 
optimally under conditions of high light intensities and warm 
temperatures, which promote photorespiration. Hence, C3 
plants di�er from C4 plants in their optimal light and 
temperature requirements [1,2]. Parallelly the responses of 
PEPC from C3 plants to light and/or temperature may also vary 
from those of C4 PEPC.

 �ere have been only a few studies made on the e�ects of 
light on the activity and regulatory properties of C3 PEPC. 
Unlike C4 PEPC, C3 isoform is not activated by light [3,4]. 
However, Rajagopalan et al. have reported that PEPC from C3 
species is activated by up to 1.6-fold upon exposure to light but 
with no signi�cant changes in either sensitivity to malate or 
activation by Glu-6-P [5]. In contrast, PEPC from wheat leaves 
showed up to a 3.8-fold increase in activity due to protein 
phosphorylation [6] and also showed a decrease in malate 
sensitivity upon illumination [7]. Although to a lesser extent 
when compared to C4 plants, light enhances PEPC activity in 
various C3 plants with a concomitant decrease in malate 
sensitivity and an enhancement in activation by Glu-6-P [8,9].

 Illumination of protoplasts obtained from barley leaves led 
to an increase in PEPC activity [10] along with a reduction in 
malate sensitivity [11] and a reduction in K0.5 (PEP) but with no 
accompanying changes in Vmax [12].

 In comparison to the reports on the responses of C3 PEPC 
to light, studies on the e�ects of varying temperatures are very 
limited. Chinthapalli et al. have reported C3 PEPC to be more 
active at 30°C than at lower or higher temperatures and that 
the sensitivity of the enzyme to malate decreases with an 
increase in temperature [13]. �us, there is a need for a 
comprehensive study on the e�ects of light as well as 
temperature on the activity and regulatory properties of C3 
PEPC. Further, there are no studies on the interactive 
in�uence of light and temperature on C3 PEPC, either under 
in vitro or in situ conditions. It is not clear if the 
activity/regulatory properties of C3 PEPC follow any diurnal 
rhythm. �ere have been two reports regarding the e�ect of N 
nutrition on diurnal rhythms of C3 PEPC. �e PEP 
carboxylation rates in nitrate grown, pea plants showed a 
diurnal rhythm but without any concomitant diurnal changes 
in PEPC activity/regulatory properties/protein levels, which 
may be due to direct allosteric e�ects but not due to changes in 
protein phosphorylation levels [14]. In leaves of N-su�cient 
tobacco plants, PEPC transcript levels were higher at night 
than during the day, and the PEPC activity was highest during 
the morning, whereas in N-limited plants, both the mRNA 
and activity levels remained low during the day [15]. �us, 
further studies on the possible occurrence of a diurnal and 
seasonal rhythm in C3 PEPC are also required.

 �e characteristics of C3 PEPC were assessed in extracts 
(in vitro) prepared either from leaf discs exposed to 
temperature and/or light treatments or from leaves collected 
from the �eld (in situ) at the required time of the day. 
Experiments were performed in di�erent months of the year 

2009 to examine critically whether there are any signi�cant 
diurnal and seasonal variations in the properties of PEPC in 
the leaves of P. sativum, a C3 plant. Our university campus, 
being located in a typical, subtropical environment, o�ers a 
good choice, with signi�cant �uctuations in the intensity of 
incident light as well as temperature during the day and 
during the year. �e physiological/biochemical properties of 
C3 PEPC were studied, followed by the molecular analysis of 
protein levels, phosphorylation status, and mRNA levels.

Materials and Methods
Plant material and growth conditions
Plants of Pisum sativum L. (cv. Arkel) were raised from seeds 
purchased from Pocha Seeds Co. Ltd., Pune, or Maharashtra 
Hybrid Seed Co., Mumbai. �e seeds were soaked overnight 
in water, surface sterilized with 0.2% (v/v) sodium 
hypochlorite solution for 15 min, and then washed for 1 hr 
under running tap water. �e seeds were kept covered in a 
moist black cloth at 25°C until they germinated (usually 3 
days). �e germinating seeds were then sown in plastic trays 
�lled with soil and farmyard manure (3:1, v/v) and were 
watered twice daily. �e plants were grown in a greenhouse at 
average temperatures of 33°C day/25°C night and a natural 
photoperiod of approximately 12 hr for in vitro or outdoors 
for in situ studies as required.

Harvest of leaf tissue
�e second and third fully expanded leaves were picked from 
8-15-day old plants. �e leaves were harvested about 2 to 3 hr 
a�er sunrise for in vitro studies, and leaf discs were punched as 
described below. For in situ studies, the leaf samples were 
harvested at the time needed, immediately frozen, and stored 
in liquid nitrogen until used for the preparation of total 
protein extract for PEPC enzyme assays.

Temperature and/or light treatments
Discs of ca. 0.2 cm2 were punched from leaves underwater 
with the help of a sharp paper punch. Leaf discs (each of ca. 0.2 
cm2; total weight approximately 125mg) were kept in 25mL 
beakers containing distilled water and le� in darkness for 2 hr. 
�e dark-adapted leaf discs were incubated for the required 
time period and temperature in thermostatically controlled 
circulatory water baths. When required, illumination as white 
light at an intensity of 1000 µmolm-2s-1 was supplied 
simultaneously by arranging four Philips Comptalux �ood 
bulbs (150W each). �e light was allowed to pass through a 
10cm thick water �lter, which helped to dissipate the heat and 
to maintain an optimal temperature during illumination. At 
the end of each incubation period, the leaf discs were quickly 
extracted, and the extract was assayed for PEPC activity as 
described next.

Extraction and assay of PEPC
�e extraction and assay of PEPC were as already described 
[13,16]. �e leaf discs or frozen leaf material was quickly 
extracted using a chilled mortar and pestle in ice, i.e., at 4°C 
with 1 mL of extraction medium containing 100mM Tris-HCl 
(pH ± 7.3), 10mM MgCl2, 2mM K2HPO4, 1mM EDTA, 10% 
(v/v) glycerol, 10mM β-mercaptoethanol, 10mM NaF, 2mM 
PMSF, 10μgmL-1 chymostatin and 2% (w/v) insoluble PVP. 
�e homogenate was centrifuged at 15,000g for 5min, and the 
supernatant was used as a “crude extract”. A small aliquot was 

kept aside for chlorophyll estimation prior to centrifugation.

 Maximum PEPC activity was assayed by coupling to 
NAD-MDH and monitoring NADH oxidation at 340nm  in a 
Shimadzu 1601 UV-visible spectrophotometer at 30°C 
(irrespective of the preincubation temperature of the leaf discs 
or leaves). �e assay mixture (1mL) contained 50mM 
Tris-HCl (pH 7.3), 5mM MgCl2, 0.2mM NADH, 2 U MDH, 
2.5mM PEP, 10mM NaHCO3 and leaf extract equivalent to 
1µg of chlorophyll. �e sensitivity of PEPC to malate was 
checked by adding malate to a �nal concentration 2mM/mL of 
assay mixture. Activation by Glu-6-P was similarly checked by 
adding Glu-6-P to a �nal concentration of 2mM/mL of assay 
mixture; 0.5mM PEP and 0.05mM NaHCO3 were used.

Estimation of chlorophyll and protein
Chlorophyll was estimated by extraction with 80% (v/v) 
acetone [17]. Total protein content was estimated by the 
method of Lowry et al. by using bovine serum albumin (BSA) 
as a standard [18].

Replications and statistical analysis
All in vitro experiments were repeated 3 to 5 times on di�erent 
days. All in situ assays were performed three times for each 
sample. �e average values ± SE are presented. Statistical 
analysis of the data was done using the so�ware Sigma plot 
(version 11.0).

Results
Changes in activity levels of C3 PEPC in leaf discs of 
P. sativum upon incubation at different temperature 
A remarkable dependence of PEPC activity on temperature 
was observed when leaf discs of P. sativum were incubated at 
varying temperatures for 45min (Figure 1A and 1B). �e 
optimum temperature for in vitro activity of C3 PEPC was 
25°C. �e activity decreased slightly upon incubation at 20°C 
(sub-optimal) but was much less when compared to the 
reduction upon exposure to supra-optimal temperatures 
(30°C to 45°C). �us, C3 PEPC was most active at moderate 
temperatures, less sensitive to cold temperatures, and most 
sensitive to warm temperatures. For further studies about the 
interactive e�ects of light and temperature on C3 PEPC, the 
temperatures of 30°C were taken as the pre-incubation 
control, 25°C as the optimal, 20°C as the sub-optimal, and 
40°C as the supra-optimal for incubation of leaf discs. �e 
results are described in the next section.

Effect of light and temperature on the activity of C3 
PEPC in leaf discs of P. sativum
Incubation of leaf discs at 25°C led to a dramatic increase in C3 
PEPC activity with time. A 1.6-fold increase in C3 PEPC 
activity over initial was observed at 25°C at an optimal 
incubation time of 45 min. �is activation was however only as 
high as 1.4-fold at 20°C, but decreased by 0.6-fold at 40°C 
(Figure 2). �us, the C3 PEPC from P. sativum is optimally 
active at the moderate temperature of 25°C than at either 20°C 
or at 40°C.

 �e PEPC activity was observed to increase by up to 
2.0-fold at 25°C upon 45 min of illumination. �is activation by 
light was however comparatively lower, i.e., 1.6-fold at 20°C and 
1.1-fold at 40°C (Figure 2). �e L/D ratio was higher (1.5) at 
25°C than at 20°C (1.1), suggesting that light activation is more 
at 25°C than at 20°C (Table 1). However, the higher L/D ratio at 
40°C (1.9) could be attributed to very low PEPC activity in the 
dark at this temperature. �us, the light activation of C3 PEPC 
was being modulated as a factor of temperature. �e 25°C/40°C 
and 20°C/40°C ratios were higher in the dark than in light, 
suggesting that the activation of C3 PEPC by temperature was 
more in the dark than in light. �e 25°C /40°C and 20°C /40°C 

ratios were higher when compared to the L/D ratios, 
suggesting a greater e�ect of temperature than light in 
modulating C3 PEPC.

Effect of light and temperature on the regulatory 
properties of C3 PEPC in leaf discs of P. sativum 
Experiments were done to study the responses of C3 PEPC to 
malate and Glu-6-P under the in�uence of light and 
temperature. �e results are summarized in Table 2. �e 
sensitivity of PEPC to 2 mM malate decreased from 55% to 40% 
when incubated at 25°C. However, this relief in inhibition by 
malate was much less, from 55% to 48% at 20°C, than at 25°C. In 
contrast, at 40°C, the malate sensitivity increased from 55% to 
65%. �us, malate inhibition was less at 25°C than at either 20°C 
or 40°C. Upon illumination, the malate sensitivity decreased 
further to a low of 20% at 25°C but only up to 33% at 20°C. 

However, the malate sensitivity still increased to 57% at 40°C.

 Maximum activation of C3 PEPC with 2 mM Glu-6-P was 
observed at 25°C (2.1-fold). However, this activation was only 
1.9-fold at 20°C and 1.4-fold at 40°C . Upon illumination of 
leaf discs, the activation of C3 PEPC by Glu-6-P further 
increased to 2.6-fold at 25°C and 2.2-fold at 20°C but up to 
only 1.6-fold at 40°C. �us, 25°C was observed to be the 
optimum temperature with regards to reduction in malate 
sensitivity and increase in Glu-6-P activation when compared 
to either 20°C or 40°C under both dark and light conditions. 
Hence, temperature modulated the regulatory properties of 
PEPC not only in the dark but also under the light.

Pattern of modulation of C3 PEPC activity during a 
daily natural cycle of light and temperature in leaves 
of P. sativum
PEPC activity in P. sativum was determined at regular intervals 
of 3 hr from 6.00 hr to 24.00 hr during the course of a particular 
day during di�erent months of the year 2009, along with the 
light intensities and temperatures (data for August is not 
available). No consistent, clear trends in the diurnal changes in 
PEPC activity were observed. For e.g., in May, the PEPC activity 
remained high throughout the day (Figure 3A), but in 
December, PEPC activity started to rise from 6.00 hr to reach a 
peak at 15.00 hr and then decreased to reach a minimum at 

24.00 hr (Figure 3A). When the maximum PEPC activities 
during a typical day for all the months of the year were 
compared, there appeared to be no seasonal di�erences in 
PEPC activity in P. sativum (Figure 4A). �e data for two 
months- May and December is also shown in a tabular form 
(Table 2).

 As the day progressed, the light intensity reached its 
maximum by 12 PM and the temperature by 15.00 h and then 
decreased by 24.00 hr. �is trend was also consistent for all 
months of the entire year. �e temperatures and light 
intensities were signi�cantly higher during the summer [e.g., 
May] and least during the winter [e.g., December] (Figures 3 D 
and 3 E).

Pattern of modulation of the regulatory properties of 
C3 PEPC during a daily natural cycle of light and 
temperature in leaves of P. sativum
�e malate sensitivity and activation of PEPC by Glu-6-P were 
also determined along with the PEPC activity.  Unlike PEPC 
activity, the malate sensitivity showed a consistent diurnal 
rhythm through most of the year. �e sensitivity of PEPC to 
malate decreased from 6.00 hr up till either noon or 15.00 hr 
and then increased to reach a maximum by 24.00 hr. In 
summer, e.g., in May, the malate sensitivity remained 
consistently low throughout the day (Figure 3B). In winter, 
e.g., in December, the malate sensitivity showed a clearer 
diurnal trend (Figure 3B). When the minimum malate 
sensitivity recorded during a typical day for all the months of 
the year was compared, there appears to be no seasonal 
di�erences in the sensitivity of PEPC to malate in P. sativum 
(Figure 4B).

Discussion
In this study, the e�ects of the interaction between light and 
temperature were examined while modulating C3 PEPC from 
P. sativum under in vitro as well as in situ conditions. Another 
objective was to �nd out if these two factors a�ected C3 PEPC 
in a manner similar to C4 PEPC. Hence, these experiments 
were done with leaf discs as well as leaves using the same 
methodology as was used with C4 PEPC. In our present study, 
in contrast to the observations made by Chastain and Chollet 
and Wang et al., we observed that the PEPC from P. sativum 
was activated by 1.5-2.0 fold by light (Figure 2) [3,4]. �e 
ranges of light activation obtained were in accordance with 

 �e activation by Glu-6-P, however showed inconsistent 
trends in the diurnal changes over the year. In summer, e.g., in 
May, the levels of PEPC activation by Glu-6-P remained low 
during the day but high during the night (Figure 3C). On the 
contrary, in winter, e.g., in December, the activation by 
Glu-6-P showed an opposite diurnal trend- increasing from 
the morning, reaching a peak by 15.00 hr, and then decreasing 
(Figure 3C). On comparison of the maximum levels of 
activation by Glu-6-P during a typical day for all the months of 
the year, no seasonal di�erences in these levels in P. sativum 
could be observed (Figure 4C).

 �us, the activity, malate sensitivity, and activation by 
Glu-6-P of C3 PEPC did not show a consistent diurnal 
variation over di�erent months. �ere was also no marked 
seasonal variation that could be observed in these properties of 
C3 PEPC. �e ranges of these variations are summarized in 
Table 2. Scatter plots (Figure 5) were used to calculate the 
correlation coe�cients between light or temperature and 
PEPC activity, malate sensitivity, and activation by Glu-6-P 
data obtained at 15.00 hr over the year (Table 3). �ese 
suggested that light has a greater in�uence on PEPC activity 
while temperature exerted a much greater e�ect on the 
regulatory properties of C3 PEPC. �us, C3 PEPC was also 
modulated by a natural variation in light and temperature 
under in situ conditions.

Figure 5. Scatter plots of PEPC activity (A), sensitivity to malate (B) and activation by Glu-6-P (C) versus the maximum light intensity during a 
typical day of the different months of the year. Scatter plots of PEPC activity (D), sensitivity to malate (E) and activation by Glu-6-P (F) versus the 
maximum temperature during a typical day of the different months of the year.

those reported by Rajagopalan et al. and Gupta et al. but not as 
high as those reported by Van Quy et al. [5,6,8]. However, in a 
further extension to these studies, such a stimulation of PEPC 
activity by light was found to be better at cold temperatures than 
at warm temperatures (Figure 2).

 Our observations that PEPC activity in P. sativum was 
higher at 25°C than at warmer temperatures (30°C to 45°C) 
(Figure 1) correlated well with those made by Chinthapalli et al., 
who have reported 30°C to be optimal for the activity of C3 

PEPC [13]. �e activation of C3 PEPC upon exposure to 
optimum temperature was more in the dark than in light 
(Table 1). �e higher 25°C /40°C and 20°C /40°C ratios, when 
compared to the L/D ratios (Table 1), suggested that activation 
due to incubation at optimal temperature was more e�cient 
than light in enhancing the activity of C3 PEPC in vitro. In the 
case of C4 PEPC, photoactivation was higher at warm 
temperatures, and the e�ect of light in modulating PEPC 
activity was higher than that of temperature [19,20].

 �is is the �rst study on the interactions between light and 
temperature during the regulation of activity and regulatory 
properties of C3 PEPC under in vitro or in situ conditions. C3 
plants di�er from C4 plants in their light and temperature 
requirements [1,2]. �e optimum temperature for 
photosynthesis and growth is lower in C3 plants when compared 
to C4 plants [21]. �e photosynthetic rates were higher in the C3 
than the C4 subspecies of Alloteropsis semialata under low 
winter temperatures [22]. �e observations made under in vitro 
and in situ conditions correlated well with the light and 
temperature requirements of C3 plants. �e higher activity, 
lower malate sensitivity and increased response to Glu-6-P at 
temperatures around 25°C than at warm temperatures 
suggested that the optimal conditions for C3 PEPC relate well to 
the optimal growth temperature of C3 plants. Under �eld 
conditions, a diurnal rhythm in the activity and regulatory 
properties of C3 PEPC was more prominent in colder than 
warm temperatures. �e ambient light intensities are usually 
subdued on cold days, indicating that the C3 plants prefer 
temperate regions and can tolerate low light conditions.
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Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) is a key 
enzyme involved in primary carbon �xation in the leaves of C4 
and Crassulacean Acid Metabolism (CAM) plants. In C3 plants, 
the enzyme is responsible for housekeeping, by providing 
carbon skeletons for amino acid and protein synthesis. Unlike 
C4 plants, C3 plants do not have a CO2 concentrating 
mechanism (the C4 cycle), which enables them to function 
optimally under conditions of high light intensities and warm 
temperatures, which promote photorespiration. Hence, C3 
plants di�er from C4 plants in their optimal light and 
temperature requirements [1,2]. Parallelly the responses of 
PEPC from C3 plants to light and/or temperature may also vary 
from those of C4 PEPC.

 �ere have been only a few studies made on the e�ects of 
light on the activity and regulatory properties of C3 PEPC. 
Unlike C4 PEPC, C3 isoform is not activated by light [3,4]. 
However, Rajagopalan et al. have reported that PEPC from C3 
species is activated by up to 1.6-fold upon exposure to light but 
with no signi�cant changes in either sensitivity to malate or 
activation by Glu-6-P [5]. In contrast, PEPC from wheat leaves 
showed up to a 3.8-fold increase in activity due to protein 
phosphorylation [6] and also showed a decrease in malate 
sensitivity upon illumination [7]. Although to a lesser extent 
when compared to C4 plants, light enhances PEPC activity in 
various C3 plants with a concomitant decrease in malate 
sensitivity and an enhancement in activation by Glu-6-P [8,9].

 Illumination of protoplasts obtained from barley leaves led 
to an increase in PEPC activity [10] along with a reduction in 
malate sensitivity [11] and a reduction in K0.5 (PEP) but with no 
accompanying changes in Vmax [12].

 In comparison to the reports on the responses of C3 PEPC 
to light, studies on the e�ects of varying temperatures are very 
limited. Chinthapalli et al. have reported C3 PEPC to be more 
active at 30°C than at lower or higher temperatures and that 
the sensitivity of the enzyme to malate decreases with an 
increase in temperature [13]. �us, there is a need for a 
comprehensive study on the e�ects of light as well as 
temperature on the activity and regulatory properties of C3 
PEPC. Further, there are no studies on the interactive 
in�uence of light and temperature on C3 PEPC, either under 
in vitro or in situ conditions. It is not clear if the 
activity/regulatory properties of C3 PEPC follow any diurnal 
rhythm. �ere have been two reports regarding the e�ect of N 
nutrition on diurnal rhythms of C3 PEPC. �e PEP 
carboxylation rates in nitrate grown, pea plants showed a 
diurnal rhythm but without any concomitant diurnal changes 
in PEPC activity/regulatory properties/protein levels, which 
may be due to direct allosteric e�ects but not due to changes in 
protein phosphorylation levels [14]. In leaves of N-su�cient 
tobacco plants, PEPC transcript levels were higher at night 
than during the day, and the PEPC activity was highest during 
the morning, whereas in N-limited plants, both the mRNA 
and activity levels remained low during the day [15]. �us, 
further studies on the possible occurrence of a diurnal and 
seasonal rhythm in C3 PEPC are also required.

 �e characteristics of C3 PEPC were assessed in extracts 
(in vitro) prepared either from leaf discs exposed to 
temperature and/or light treatments or from leaves collected 
from the �eld (in situ) at the required time of the day. 
Experiments were performed in di�erent months of the year 

2009 to examine critically whether there are any signi�cant 
diurnal and seasonal variations in the properties of PEPC in 
the leaves of P. sativum, a C3 plant. Our university campus, 
being located in a typical, subtropical environment, o�ers a 
good choice, with signi�cant �uctuations in the intensity of 
incident light as well as temperature during the day and 
during the year. �e physiological/biochemical properties of 
C3 PEPC were studied, followed by the molecular analysis of 
protein levels, phosphorylation status, and mRNA levels.

Materials and Methods
Plant material and growth conditions
Plants of Pisum sativum L. (cv. Arkel) were raised from seeds 
purchased from Pocha Seeds Co. Ltd., Pune, or Maharashtra 
Hybrid Seed Co., Mumbai. �e seeds were soaked overnight 
in water, surface sterilized with 0.2% (v/v) sodium 
hypochlorite solution for 15 min, and then washed for 1 hr 
under running tap water. �e seeds were kept covered in a 
moist black cloth at 25°C until they germinated (usually 3 
days). �e germinating seeds were then sown in plastic trays 
�lled with soil and farmyard manure (3:1, v/v) and were 
watered twice daily. �e plants were grown in a greenhouse at 
average temperatures of 33°C day/25°C night and a natural 
photoperiod of approximately 12 hr for in vitro or outdoors 
for in situ studies as required.

Harvest of leaf tissue
�e second and third fully expanded leaves were picked from 
8-15-day old plants. �e leaves were harvested about 2 to 3 hr 
a�er sunrise for in vitro studies, and leaf discs were punched as 
described below. For in situ studies, the leaf samples were 
harvested at the time needed, immediately frozen, and stored 
in liquid nitrogen until used for the preparation of total 
protein extract for PEPC enzyme assays.

Temperature and/or light treatments
Discs of ca. 0.2 cm2 were punched from leaves underwater 
with the help of a sharp paper punch. Leaf discs (each of ca. 0.2 
cm2; total weight approximately 125mg) were kept in 25mL 
beakers containing distilled water and le� in darkness for 2 hr. 
�e dark-adapted leaf discs were incubated for the required 
time period and temperature in thermostatically controlled 
circulatory water baths. When required, illumination as white 
light at an intensity of 1000 µmolm-2s-1 was supplied 
simultaneously by arranging four Philips Comptalux �ood 
bulbs (150W each). �e light was allowed to pass through a 
10cm thick water �lter, which helped to dissipate the heat and 
to maintain an optimal temperature during illumination. At 
the end of each incubation period, the leaf discs were quickly 
extracted, and the extract was assayed for PEPC activity as 
described next.

Extraction and assay of PEPC
�e extraction and assay of PEPC were as already described 
[13,16]. �e leaf discs or frozen leaf material was quickly 
extracted using a chilled mortar and pestle in ice, i.e., at 4°C 
with 1 mL of extraction medium containing 100mM Tris-HCl 
(pH ± 7.3), 10mM MgCl2, 2mM K2HPO4, 1mM EDTA, 10% 
(v/v) glycerol, 10mM β-mercaptoethanol, 10mM NaF, 2mM 
PMSF, 10μgmL-1 chymostatin and 2% (w/v) insoluble PVP. 
�e homogenate was centrifuged at 15,000g for 5min, and the 
supernatant was used as a “crude extract”. A small aliquot was 

kept aside for chlorophyll estimation prior to centrifugation.

 Maximum PEPC activity was assayed by coupling to 
NAD-MDH and monitoring NADH oxidation at 340nm  in a 
Shimadzu 1601 UV-visible spectrophotometer at 30°C 
(irrespective of the preincubation temperature of the leaf discs 
or leaves). �e assay mixture (1mL) contained 50mM 
Tris-HCl (pH 7.3), 5mM MgCl2, 0.2mM NADH, 2 U MDH, 
2.5mM PEP, 10mM NaHCO3 and leaf extract equivalent to 
1µg of chlorophyll. �e sensitivity of PEPC to malate was 
checked by adding malate to a �nal concentration 2mM/mL of 
assay mixture. Activation by Glu-6-P was similarly checked by 
adding Glu-6-P to a �nal concentration of 2mM/mL of assay 
mixture; 0.5mM PEP and 0.05mM NaHCO3 were used.

Estimation of chlorophyll and protein
Chlorophyll was estimated by extraction with 80% (v/v) 
acetone [17]. Total protein content was estimated by the 
method of Lowry et al. by using bovine serum albumin (BSA) 
as a standard [18].

Replications and statistical analysis
All in vitro experiments were repeated 3 to 5 times on di�erent 
days. All in situ assays were performed three times for each 
sample. �e average values ± SE are presented. Statistical 
analysis of the data was done using the so�ware Sigma plot 
(version 11.0).

Results
Changes in activity levels of C3 PEPC in leaf discs of 
P. sativum upon incubation at different temperature 
A remarkable dependence of PEPC activity on temperature 
was observed when leaf discs of P. sativum were incubated at 
varying temperatures for 45min (Figure 1A and 1B). �e 
optimum temperature for in vitro activity of C3 PEPC was 
25°C. �e activity decreased slightly upon incubation at 20°C 
(sub-optimal) but was much less when compared to the 
reduction upon exposure to supra-optimal temperatures 
(30°C to 45°C). �us, C3 PEPC was most active at moderate 
temperatures, less sensitive to cold temperatures, and most 
sensitive to warm temperatures. For further studies about the 
interactive e�ects of light and temperature on C3 PEPC, the 
temperatures of 30°C were taken as the pre-incubation 
control, 25°C as the optimal, 20°C as the sub-optimal, and 
40°C as the supra-optimal for incubation of leaf discs. �e 
results are described in the next section.

Effect of light and temperature on the activity of C3 
PEPC in leaf discs of P. sativum
Incubation of leaf discs at 25°C led to a dramatic increase in C3 
PEPC activity with time. A 1.6-fold increase in C3 PEPC 
activity over initial was observed at 25°C at an optimal 
incubation time of 45 min. �is activation was however only as 
high as 1.4-fold at 20°C, but decreased by 0.6-fold at 40°C 
(Figure 2). �us, the C3 PEPC from P. sativum is optimally 
active at the moderate temperature of 25°C than at either 20°C 
or at 40°C.

 �e PEPC activity was observed to increase by up to 
2.0-fold at 25°C upon 45 min of illumination. �is activation by 
light was however comparatively lower, i.e., 1.6-fold at 20°C and 
1.1-fold at 40°C (Figure 2). �e L/D ratio was higher (1.5) at 
25°C than at 20°C (1.1), suggesting that light activation is more 
at 25°C than at 20°C (Table 1). However, the higher L/D ratio at 
40°C (1.9) could be attributed to very low PEPC activity in the 
dark at this temperature. �us, the light activation of C3 PEPC 
was being modulated as a factor of temperature. �e 25°C/40°C 
and 20°C/40°C ratios were higher in the dark than in light, 
suggesting that the activation of C3 PEPC by temperature was 
more in the dark than in light. �e 25°C /40°C and 20°C /40°C 

ratios were higher when compared to the L/D ratios, 
suggesting a greater e�ect of temperature than light in 
modulating C3 PEPC.

Effect of light and temperature on the regulatory 
properties of C3 PEPC in leaf discs of P. sativum 
Experiments were done to study the responses of C3 PEPC to 
malate and Glu-6-P under the in�uence of light and 
temperature. �e results are summarized in Table 2. �e 
sensitivity of PEPC to 2 mM malate decreased from 55% to 40% 
when incubated at 25°C. However, this relief in inhibition by 
malate was much less, from 55% to 48% at 20°C, than at 25°C. In 
contrast, at 40°C, the malate sensitivity increased from 55% to 
65%. �us, malate inhibition was less at 25°C than at either 20°C 
or 40°C. Upon illumination, the malate sensitivity decreased 
further to a low of 20% at 25°C but only up to 33% at 20°C. 

However, the malate sensitivity still increased to 57% at 40°C.

 Maximum activation of C3 PEPC with 2 mM Glu-6-P was 
observed at 25°C (2.1-fold). However, this activation was only 
1.9-fold at 20°C and 1.4-fold at 40°C . Upon illumination of 
leaf discs, the activation of C3 PEPC by Glu-6-P further 
increased to 2.6-fold at 25°C and 2.2-fold at 20°C but up to 
only 1.6-fold at 40°C. �us, 25°C was observed to be the 
optimum temperature with regards to reduction in malate 
sensitivity and increase in Glu-6-P activation when compared 
to either 20°C or 40°C under both dark and light conditions. 
Hence, temperature modulated the regulatory properties of 
PEPC not only in the dark but also under the light.

Pattern of modulation of C3 PEPC activity during a 
daily natural cycle of light and temperature in leaves 
of P. sativum
PEPC activity in P. sativum was determined at regular intervals 
of 3 hr from 6.00 hr to 24.00 hr during the course of a particular 
day during di�erent months of the year 2009, along with the 
light intensities and temperatures (data for August is not 
available). No consistent, clear trends in the diurnal changes in 
PEPC activity were observed. For e.g., in May, the PEPC activity 
remained high throughout the day (Figure 3A), but in 
December, PEPC activity started to rise from 6.00 hr to reach a 
peak at 15.00 hr and then decreased to reach a minimum at 

24.00 hr (Figure 3A). When the maximum PEPC activities 
during a typical day for all the months of the year were 
compared, there appeared to be no seasonal di�erences in 
PEPC activity in P. sativum (Figure 4A). �e data for two 
months- May and December is also shown in a tabular form 
(Table 2).

 As the day progressed, the light intensity reached its 
maximum by 12 PM and the temperature by 15.00 h and then 
decreased by 24.00 hr. �is trend was also consistent for all 
months of the entire year. �e temperatures and light 
intensities were signi�cantly higher during the summer [e.g., 
May] and least during the winter [e.g., December] (Figures 3 D 
and 3 E).

Pattern of modulation of the regulatory properties of 
C3 PEPC during a daily natural cycle of light and 
temperature in leaves of P. sativum
�e malate sensitivity and activation of PEPC by Glu-6-P were 
also determined along with the PEPC activity.  Unlike PEPC 
activity, the malate sensitivity showed a consistent diurnal 
rhythm through most of the year. �e sensitivity of PEPC to 
malate decreased from 6.00 hr up till either noon or 15.00 hr 
and then increased to reach a maximum by 24.00 hr. In 
summer, e.g., in May, the malate sensitivity remained 
consistently low throughout the day (Figure 3B). In winter, 
e.g., in December, the malate sensitivity showed a clearer 
diurnal trend (Figure 3B). When the minimum malate 
sensitivity recorded during a typical day for all the months of 
the year was compared, there appears to be no seasonal 
di�erences in the sensitivity of PEPC to malate in P. sativum 
(Figure 4B).

Discussion
In this study, the e�ects of the interaction between light and 
temperature were examined while modulating C3 PEPC from 
P. sativum under in vitro as well as in situ conditions. Another 
objective was to �nd out if these two factors a�ected C3 PEPC 
in a manner similar to C4 PEPC. Hence, these experiments 
were done with leaf discs as well as leaves using the same 
methodology as was used with C4 PEPC. In our present study, 
in contrast to the observations made by Chastain and Chollet 
and Wang et al., we observed that the PEPC from P. sativum 
was activated by 1.5-2.0 fold by light (Figure 2) [3,4]. �e 
ranges of light activation obtained were in accordance with 

 �e activation by Glu-6-P, however showed inconsistent 
trends in the diurnal changes over the year. In summer, e.g., in 
May, the levels of PEPC activation by Glu-6-P remained low 
during the day but high during the night (Figure 3C). On the 
contrary, in winter, e.g., in December, the activation by 
Glu-6-P showed an opposite diurnal trend- increasing from 
the morning, reaching a peak by 15.00 hr, and then decreasing 
(Figure 3C). On comparison of the maximum levels of 
activation by Glu-6-P during a typical day for all the months of 
the year, no seasonal di�erences in these levels in P. sativum 
could be observed (Figure 4C).

 �us, the activity, malate sensitivity, and activation by 
Glu-6-P of C3 PEPC did not show a consistent diurnal 
variation over di�erent months. �ere was also no marked 
seasonal variation that could be observed in these properties of 
C3 PEPC. �e ranges of these variations are summarized in 
Table 2. Scatter plots (Figure 5) were used to calculate the 
correlation coe�cients between light or temperature and 
PEPC activity, malate sensitivity, and activation by Glu-6-P 
data obtained at 15.00 hr over the year (Table 3). �ese 
suggested that light has a greater in�uence on PEPC activity 
while temperature exerted a much greater e�ect on the 
regulatory properties of C3 PEPC. �us, C3 PEPC was also 
modulated by a natural variation in light and temperature 
under in situ conditions.

those reported by Rajagopalan et al. and Gupta et al. but not as 
high as those reported by Van Quy et al. [5,6,8]. However, in a 
further extension to these studies, such a stimulation of PEPC 
activity by light was found to be better at cold temperatures than 
at warm temperatures (Figure 2).

 Our observations that PEPC activity in P. sativum was 
higher at 25°C than at warmer temperatures (30°C to 45°C) 
(Figure 1) correlated well with those made by Chinthapalli et al., 
who have reported 30°C to be optimal for the activity of C3 

PEPC [13]. �e activation of C3 PEPC upon exposure to 
optimum temperature was more in the dark than in light 
(Table 1). �e higher 25°C /40°C and 20°C /40°C ratios, when 
compared to the L/D ratios (Table 1), suggested that activation 
due to incubation at optimal temperature was more e�cient 
than light in enhancing the activity of C3 PEPC in vitro. In the 
case of C4 PEPC, photoactivation was higher at warm 
temperatures, and the e�ect of light in modulating PEPC 
activity was higher than that of temperature [19,20].

 �is is the �rst study on the interactions between light and 
temperature during the regulation of activity and regulatory 
properties of C3 PEPC under in vitro or in situ conditions. C3 
plants di�er from C4 plants in their light and temperature 
requirements [1,2]. �e optimum temperature for 
photosynthesis and growth is lower in C3 plants when compared 
to C4 plants [21]. �e photosynthetic rates were higher in the C3 
than the C4 subspecies of Alloteropsis semialata under low 
winter temperatures [22]. �e observations made under in vitro 
and in situ conditions correlated well with the light and 
temperature requirements of C3 plants. �e higher activity, 
lower malate sensitivity and increased response to Glu-6-P at 
temperatures around 25°C than at warm temperatures 
suggested that the optimal conditions for C3 PEPC relate well to 
the optimal growth temperature of C3 plants. Under �eld 
conditions, a diurnal rhythm in the activity and regulatory 
properties of C3 PEPC was more prominent in colder than 
warm temperatures. �e ambient light intensities are usually 
subdued on cold days, indicating that the C3 plants prefer 
temperate regions and can tolerate low light conditions.
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Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) is a key 
enzyme involved in primary carbon �xation in the leaves of C4 
and Crassulacean Acid Metabolism (CAM) plants. In C3 plants, 
the enzyme is responsible for housekeeping, by providing 
carbon skeletons for amino acid and protein synthesis. Unlike 
C4 plants, C3 plants do not have a CO2 concentrating 
mechanism (the C4 cycle), which enables them to function 
optimally under conditions of high light intensities and warm 
temperatures, which promote photorespiration. Hence, C3 
plants di�er from C4 plants in their optimal light and 
temperature requirements [1,2]. Parallelly the responses of 
PEPC from C3 plants to light and/or temperature may also vary 
from those of C4 PEPC.

 �ere have been only a few studies made on the e�ects of 
light on the activity and regulatory properties of C3 PEPC. 
Unlike C4 PEPC, C3 isoform is not activated by light [3,4]. 
However, Rajagopalan et al. have reported that PEPC from C3 
species is activated by up to 1.6-fold upon exposure to light but 
with no signi�cant changes in either sensitivity to malate or 
activation by Glu-6-P [5]. In contrast, PEPC from wheat leaves 
showed up to a 3.8-fold increase in activity due to protein 
phosphorylation [6] and also showed a decrease in malate 
sensitivity upon illumination [7]. Although to a lesser extent 
when compared to C4 plants, light enhances PEPC activity in 
various C3 plants with a concomitant decrease in malate 
sensitivity and an enhancement in activation by Glu-6-P [8,9].

 Illumination of protoplasts obtained from barley leaves led 
to an increase in PEPC activity [10] along with a reduction in 
malate sensitivity [11] and a reduction in K0.5 (PEP) but with no 
accompanying changes in Vmax [12].

 In comparison to the reports on the responses of C3 PEPC 
to light, studies on the e�ects of varying temperatures are very 
limited. Chinthapalli et al. have reported C3 PEPC to be more 
active at 30°C than at lower or higher temperatures and that 
the sensitivity of the enzyme to malate decreases with an 
increase in temperature [13]. �us, there is a need for a 
comprehensive study on the e�ects of light as well as 
temperature on the activity and regulatory properties of C3 
PEPC. Further, there are no studies on the interactive 
in�uence of light and temperature on C3 PEPC, either under 
in vitro or in situ conditions. It is not clear if the 
activity/regulatory properties of C3 PEPC follow any diurnal 
rhythm. �ere have been two reports regarding the e�ect of N 
nutrition on diurnal rhythms of C3 PEPC. �e PEP 
carboxylation rates in nitrate grown, pea plants showed a 
diurnal rhythm but without any concomitant diurnal changes 
in PEPC activity/regulatory properties/protein levels, which 
may be due to direct allosteric e�ects but not due to changes in 
protein phosphorylation levels [14]. In leaves of N-su�cient 
tobacco plants, PEPC transcript levels were higher at night 
than during the day, and the PEPC activity was highest during 
the morning, whereas in N-limited plants, both the mRNA 
and activity levels remained low during the day [15]. �us, 
further studies on the possible occurrence of a diurnal and 
seasonal rhythm in C3 PEPC are also required.

 �e characteristics of C3 PEPC were assessed in extracts 
(in vitro) prepared either from leaf discs exposed to 
temperature and/or light treatments or from leaves collected 
from the �eld (in situ) at the required time of the day. 
Experiments were performed in di�erent months of the year 

2009 to examine critically whether there are any signi�cant 
diurnal and seasonal variations in the properties of PEPC in 
the leaves of P. sativum, a C3 plant. Our university campus, 
being located in a typical, subtropical environment, o�ers a 
good choice, with signi�cant �uctuations in the intensity of 
incident light as well as temperature during the day and 
during the year. �e physiological/biochemical properties of 
C3 PEPC were studied, followed by the molecular analysis of 
protein levels, phosphorylation status, and mRNA levels.

Materials and Methods
Plant material and growth conditions
Plants of Pisum sativum L. (cv. Arkel) were raised from seeds 
purchased from Pocha Seeds Co. Ltd., Pune, or Maharashtra 
Hybrid Seed Co., Mumbai. �e seeds were soaked overnight 
in water, surface sterilized with 0.2% (v/v) sodium 
hypochlorite solution for 15 min, and then washed for 1 hr 
under running tap water. �e seeds were kept covered in a 
moist black cloth at 25°C until they germinated (usually 3 
days). �e germinating seeds were then sown in plastic trays 
�lled with soil and farmyard manure (3:1, v/v) and were 
watered twice daily. �e plants were grown in a greenhouse at 
average temperatures of 33°C day/25°C night and a natural 
photoperiod of approximately 12 hr for in vitro or outdoors 
for in situ studies as required.

Harvest of leaf tissue
�e second and third fully expanded leaves were picked from 
8-15-day old plants. �e leaves were harvested about 2 to 3 hr 
a�er sunrise for in vitro studies, and leaf discs were punched as 
described below. For in situ studies, the leaf samples were 
harvested at the time needed, immediately frozen, and stored 
in liquid nitrogen until used for the preparation of total 
protein extract for PEPC enzyme assays.

Temperature and/or light treatments
Discs of ca. 0.2 cm2 were punched from leaves underwater 
with the help of a sharp paper punch. Leaf discs (each of ca. 0.2 
cm2; total weight approximately 125mg) were kept in 25mL 
beakers containing distilled water and le� in darkness for 2 hr. 
�e dark-adapted leaf discs were incubated for the required 
time period and temperature in thermostatically controlled 
circulatory water baths. When required, illumination as white 
light at an intensity of 1000 µmolm-2s-1 was supplied 
simultaneously by arranging four Philips Comptalux �ood 
bulbs (150W each). �e light was allowed to pass through a 
10cm thick water �lter, which helped to dissipate the heat and 
to maintain an optimal temperature during illumination. At 
the end of each incubation period, the leaf discs were quickly 
extracted, and the extract was assayed for PEPC activity as 
described next.

Extraction and assay of PEPC
�e extraction and assay of PEPC were as already described 
[13,16]. �e leaf discs or frozen leaf material was quickly 
extracted using a chilled mortar and pestle in ice, i.e., at 4°C 
with 1 mL of extraction medium containing 100mM Tris-HCl 
(pH ± 7.3), 10mM MgCl2, 2mM K2HPO4, 1mM EDTA, 10% 
(v/v) glycerol, 10mM β-mercaptoethanol, 10mM NaF, 2mM 
PMSF, 10μgmL-1 chymostatin and 2% (w/v) insoluble PVP. 
�e homogenate was centrifuged at 15,000g for 5min, and the 
supernatant was used as a “crude extract”. A small aliquot was 

kept aside for chlorophyll estimation prior to centrifugation.

 Maximum PEPC activity was assayed by coupling to 
NAD-MDH and monitoring NADH oxidation at 340nm  in a 
Shimadzu 1601 UV-visible spectrophotometer at 30°C 
(irrespective of the preincubation temperature of the leaf discs 
or leaves). �e assay mixture (1mL) contained 50mM 
Tris-HCl (pH 7.3), 5mM MgCl2, 0.2mM NADH, 2 U MDH, 
2.5mM PEP, 10mM NaHCO3 and leaf extract equivalent to 
1µg of chlorophyll. �e sensitivity of PEPC to malate was 
checked by adding malate to a �nal concentration 2mM/mL of 
assay mixture. Activation by Glu-6-P was similarly checked by 
adding Glu-6-P to a �nal concentration of 2mM/mL of assay 
mixture; 0.5mM PEP and 0.05mM NaHCO3 were used.

Estimation of chlorophyll and protein
Chlorophyll was estimated by extraction with 80% (v/v) 
acetone [17]. Total protein content was estimated by the 
method of Lowry et al. by using bovine serum albumin (BSA) 
as a standard [18].

Replications and statistical analysis
All in vitro experiments were repeated 3 to 5 times on di�erent 
days. All in situ assays were performed three times for each 
sample. �e average values ± SE are presented. Statistical 
analysis of the data was done using the so�ware Sigma plot 
(version 11.0).

Results
Changes in activity levels of C3 PEPC in leaf discs of 
P. sativum upon incubation at different temperature 
A remarkable dependence of PEPC activity on temperature 
was observed when leaf discs of P. sativum were incubated at 
varying temperatures for 45min (Figure 1A and 1B). �e 
optimum temperature for in vitro activity of C3 PEPC was 
25°C. �e activity decreased slightly upon incubation at 20°C 
(sub-optimal) but was much less when compared to the 
reduction upon exposure to supra-optimal temperatures 
(30°C to 45°C). �us, C3 PEPC was most active at moderate 
temperatures, less sensitive to cold temperatures, and most 
sensitive to warm temperatures. For further studies about the 
interactive e�ects of light and temperature on C3 PEPC, the 
temperatures of 30°C were taken as the pre-incubation 
control, 25°C as the optimal, 20°C as the sub-optimal, and 
40°C as the supra-optimal for incubation of leaf discs. �e 
results are described in the next section.

Effect of light and temperature on the activity of C3 
PEPC in leaf discs of P. sativum
Incubation of leaf discs at 25°C led to a dramatic increase in C3 
PEPC activity with time. A 1.6-fold increase in C3 PEPC 
activity over initial was observed at 25°C at an optimal 
incubation time of 45 min. �is activation was however only as 
high as 1.4-fold at 20°C, but decreased by 0.6-fold at 40°C 
(Figure 2). �us, the C3 PEPC from P. sativum is optimally 
active at the moderate temperature of 25°C than at either 20°C 
or at 40°C.

 �e PEPC activity was observed to increase by up to 
2.0-fold at 25°C upon 45 min of illumination. �is activation by 
light was however comparatively lower, i.e., 1.6-fold at 20°C and 
1.1-fold at 40°C (Figure 2). �e L/D ratio was higher (1.5) at 
25°C than at 20°C (1.1), suggesting that light activation is more 
at 25°C than at 20°C (Table 1). However, the higher L/D ratio at 
40°C (1.9) could be attributed to very low PEPC activity in the 
dark at this temperature. �us, the light activation of C3 PEPC 
was being modulated as a factor of temperature. �e 25°C/40°C 
and 20°C/40°C ratios were higher in the dark than in light, 
suggesting that the activation of C3 PEPC by temperature was 
more in the dark than in light. �e 25°C /40°C and 20°C /40°C 

ratios were higher when compared to the L/D ratios, 
suggesting a greater e�ect of temperature than light in 
modulating C3 PEPC.

Effect of light and temperature on the regulatory 
properties of C3 PEPC in leaf discs of P. sativum 
Experiments were done to study the responses of C3 PEPC to 
malate and Glu-6-P under the in�uence of light and 
temperature. �e results are summarized in Table 2. �e 
sensitivity of PEPC to 2 mM malate decreased from 55% to 40% 
when incubated at 25°C. However, this relief in inhibition by 
malate was much less, from 55% to 48% at 20°C, than at 25°C. In 
contrast, at 40°C, the malate sensitivity increased from 55% to 
65%. �us, malate inhibition was less at 25°C than at either 20°C 
or 40°C. Upon illumination, the malate sensitivity decreased 
further to a low of 20% at 25°C but only up to 33% at 20°C. 

However, the malate sensitivity still increased to 57% at 40°C.

 Maximum activation of C3 PEPC with 2 mM Glu-6-P was 
observed at 25°C (2.1-fold). However, this activation was only 
1.9-fold at 20°C and 1.4-fold at 40°C . Upon illumination of 
leaf discs, the activation of C3 PEPC by Glu-6-P further 
increased to 2.6-fold at 25°C and 2.2-fold at 20°C but up to 
only 1.6-fold at 40°C. �us, 25°C was observed to be the 
optimum temperature with regards to reduction in malate 
sensitivity and increase in Glu-6-P activation when compared 
to either 20°C or 40°C under both dark and light conditions. 
Hence, temperature modulated the regulatory properties of 
PEPC not only in the dark but also under the light.

Pattern of modulation of C3 PEPC activity during a 
daily natural cycle of light and temperature in leaves 
of P. sativum
PEPC activity in P. sativum was determined at regular intervals 
of 3 hr from 6.00 hr to 24.00 hr during the course of a particular 
day during di�erent months of the year 2009, along with the 
light intensities and temperatures (data for August is not 
available). No consistent, clear trends in the diurnal changes in 
PEPC activity were observed. For e.g., in May, the PEPC activity 
remained high throughout the day (Figure 3A), but in 
December, PEPC activity started to rise from 6.00 hr to reach a 
peak at 15.00 hr and then decreased to reach a minimum at 

24.00 hr (Figure 3A). When the maximum PEPC activities 
during a typical day for all the months of the year were 
compared, there appeared to be no seasonal di�erences in 
PEPC activity in P. sativum (Figure 4A). �e data for two 
months- May and December is also shown in a tabular form 
(Table 2).

 As the day progressed, the light intensity reached its 
maximum by 12 PM and the temperature by 15.00 h and then 
decreased by 24.00 hr. �is trend was also consistent for all 
months of the entire year. �e temperatures and light 
intensities were signi�cantly higher during the summer [e.g., 
May] and least during the winter [e.g., December] (Figures 3 D 
and 3 E).

Pattern of modulation of the regulatory properties of 
C3 PEPC during a daily natural cycle of light and 
temperature in leaves of P. sativum
�e malate sensitivity and activation of PEPC by Glu-6-P were 
also determined along with the PEPC activity.  Unlike PEPC 
activity, the malate sensitivity showed a consistent diurnal 
rhythm through most of the year. �e sensitivity of PEPC to 
malate decreased from 6.00 hr up till either noon or 15.00 hr 
and then increased to reach a maximum by 24.00 hr. In 
summer, e.g., in May, the malate sensitivity remained 
consistently low throughout the day (Figure 3B). In winter, 
e.g., in December, the malate sensitivity showed a clearer 
diurnal trend (Figure 3B). When the minimum malate 
sensitivity recorded during a typical day for all the months of 
the year was compared, there appears to be no seasonal 
di�erences in the sensitivity of PEPC to malate in P. sativum 
(Figure 4B).

Discussion
In this study, the e�ects of the interaction between light and 
temperature were examined while modulating C3 PEPC from 
P. sativum under in vitro as well as in situ conditions. Another 
objective was to �nd out if these two factors a�ected C3 PEPC 
in a manner similar to C4 PEPC. Hence, these experiments 
were done with leaf discs as well as leaves using the same 
methodology as was used with C4 PEPC. In our present study, 
in contrast to the observations made by Chastain and Chollet 
and Wang et al., we observed that the PEPC from P. sativum 
was activated by 1.5-2.0 fold by light (Figure 2) [3,4]. �e 
ranges of light activation obtained were in accordance with 

 �e activation by Glu-6-P, however showed inconsistent 
trends in the diurnal changes over the year. In summer, e.g., in 
May, the levels of PEPC activation by Glu-6-P remained low 
during the day but high during the night (Figure 3C). On the 
contrary, in winter, e.g., in December, the activation by 
Glu-6-P showed an opposite diurnal trend- increasing from 
the morning, reaching a peak by 15.00 hr, and then decreasing 
(Figure 3C). On comparison of the maximum levels of 
activation by Glu-6-P during a typical day for all the months of 
the year, no seasonal di�erences in these levels in P. sativum 
could be observed (Figure 4C).

 �us, the activity, malate sensitivity, and activation by 
Glu-6-P of C3 PEPC did not show a consistent diurnal 
variation over di�erent months. �ere was also no marked 
seasonal variation that could be observed in these properties of 
C3 PEPC. �e ranges of these variations are summarized in 
Table 2. Scatter plots (Figure 5) were used to calculate the 
correlation coe�cients between light or temperature and 
PEPC activity, malate sensitivity, and activation by Glu-6-P 
data obtained at 15.00 hr over the year (Table 3). �ese 
suggested that light has a greater in�uence on PEPC activity 
while temperature exerted a much greater e�ect on the 
regulatory properties of C3 PEPC. �us, C3 PEPC was also 
modulated by a natural variation in light and temperature 
under in situ conditions.

those reported by Rajagopalan et al. and Gupta et al. but not as 
high as those reported by Van Quy et al. [5,6,8]. However, in a 
further extension to these studies, such a stimulation of PEPC 
activity by light was found to be better at cold temperatures than 
at warm temperatures (Figure 2).

 Our observations that PEPC activity in P. sativum was 
higher at 25°C than at warmer temperatures (30°C to 45°C) 
(Figure 1) correlated well with those made by Chinthapalli et al., 
who have reported 30°C to be optimal for the activity of C3 

PEPC [13]. �e activation of C3 PEPC upon exposure to 
optimum temperature was more in the dark than in light 
(Table 1). �e higher 25°C /40°C and 20°C /40°C ratios, when 
compared to the L/D ratios (Table 1), suggested that activation 
due to incubation at optimal temperature was more e�cient 
than light in enhancing the activity of C3 PEPC in vitro. In the 
case of C4 PEPC, photoactivation was higher at warm 
temperatures, and the e�ect of light in modulating PEPC 
activity was higher than that of temperature [19,20].

 �is is the �rst study on the interactions between light and 
temperature during the regulation of activity and regulatory 
properties of C3 PEPC under in vitro or in situ conditions. C3 
plants di�er from C4 plants in their light and temperature 
requirements [1,2]. �e optimum temperature for 
photosynthesis and growth is lower in C3 plants when compared 
to C4 plants [21]. �e photosynthetic rates were higher in the C3 
than the C4 subspecies of Alloteropsis semialata under low 
winter temperatures [22]. �e observations made under in vitro 
and in situ conditions correlated well with the light and 
temperature requirements of C3 plants. �e higher activity, 
lower malate sensitivity and increased response to Glu-6-P at 
temperatures around 25°C than at warm temperatures 
suggested that the optimal conditions for C3 PEPC relate well to 
the optimal growth temperature of C3 plants. Under �eld 
conditions, a diurnal rhythm in the activity and regulatory 
properties of C3 PEPC was more prominent in colder than 
warm temperatures. �e ambient light intensities are usually 
subdued on cold days, indicating that the C3 plants prefer 
temperate regions and can tolerate low light conditions.
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