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The goal of this research was to better understand the mechanism of environmental
control of PEPC expression from Hydrilla verticillata grown under CO; stress. When
PEPC concentration was plotted against CO; compensation point (I'), a linear
increase in PEPC concentration was seen with a decrease in CO, compensation
point. ' was measured on each day of the time course induction. Hydrilla plants
exhibited an initially large decrease in I' between day 0 and day 1; thereafter, the I'
declined in a fairly linear trend for the remaining 5 day time course. PEPC activity
varied greatly over the time course. PEPC activity increased daily from day 0
through day 5 of the time course. Activity of PEPC increased almost 4-fold over the
time course induction. The two upper bands with the approximately 100 kD mass are
the PEPC subunits and PEPC was barely detectable in day 0 but increased through
day 4 with day 5 being approximately equal to day 4. We provide evidence of
increased PEPC protein concentration, and increased PEPC enzyme activity in as
little as 24 h after beginning of induction.
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INTRODUCTION

Most plants capture carbon through the photo-
synthetic carbon reduction cycle (PCR) or Cs3
pathway. CO: is fixed by ribulose 1, 5-bisphos-
phate carboxylase/oxygenase (Rubisco) and enters
the PCR cycle. However, Rubisco also catalyzes
an oxygenase reaction in which O, enters the
photorespiratory carbon oxidation (PCO) cycle.
Therefore, CO, and O, compete as substrates for
Rubisco. This PCO cycle results in a subsequent
loss of CO, and reduces photosynthetic efficiency
by as much as 40% under atmospheric conditions
(Ku et al., 1999). C, plants have effectively over-
come O inhibition of photosynthesis by elevating
CO; levels around Rubisco with an additional
biochemical pathway and Kranz anatomy. Under

conditions of high light intensities and high tem-
perature that result in lower internal CO; con-
centrations, C,4 plants have higher rates of photo-
synthesis than C; plants (Furbank and Taylor,
1995). C4 plants growing in an environment in
which internal CO; concentration are limited
possess a selective advantage over Cs plants in
the same environment.

The submersed freshwater environments that
are densely populated suffer from low CO, and
high O2 concentrations relative to air (Spencer et
al., 1994). Submersed species have adapted to
this environment by evolving a variety of CO;
concentrating mechanisms (CCM) (Boston, 1986;
Bowes and Salvucci, 1989; Keeley, 1990). Hydrilla
verticillata, a submersed aquatic angiosperm,
exhibits facultative C,-like photosynthetic meta-
bolism under limiting CO, where its photosyn-
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thetic phenotype switches from Cs to Cs-like
photosynthetic metabolism (Holaday and Bowes,
1980; Salvucci and Bowes, 1981; Spencer et al.,
1994). This Cs-like state is characterized by a
lower CO; compensation point (I"), decreased O
inhibition of photosynthesis, and lower photores-
piratory rates than the Cs phenotype (Salvucci
and Bowes, 1981). The dissolved inorganic carbon
(DIC) concentrations in Cs-like Hydrilla leaves
are up to 5 times higher than that of the bathing
medium, while C; leaves had DIC concentrations
similar to the bathing medium (Reiskind et al.,
1997). This evidence suggests the presence of an
inducible CCM. HCOs™ utilization cannot account
for this CCM because Cs-like leaves retain their
CO; concentrating abilities in a low pH medium
(Reiskind et al., 1997). The C4-like photosynthetic
phenotype exhibits increased activity and con-
centrations of key Cs enzymes (Salvucci and
Bowes, 1981; Magnin et al., 1997; Rao et al.,
2002). However, Hydrilla lacks Kranz anatomy
and is not a CAM plant. This leads to the question
of how a plant would avoid futile cycling of car-
boxylase/decarboxylase activities. Magnin et al.
(1997) and Reiskind et al. (1989) found PEPC
activity to be located in the cytoplasm, while
NADP-ME activity was located in the chlorop-
lasts. This is consistent with an organelle com-
partmentation model in which CO; is fixed into
an organic acid (C4 acid) in the cytosol. This orga-
nic acid is transported into the chloroplast where
it is decarboxylated to elevate CO, around Ru-
bisco as first proposed by Salvucci and Bowes
(1981).

Previous research has shown that PEPC reach-
ed maximal activity around day five of induction
from Cs to C4-like photosynthetic phenotype
(Magnin et al., 1997). Our goal is to better under-
stand the mechanism of environmental control of
PEPC expression in Hydrilla. We provide the
evidence of increased PEPC protein concentration,
and increased PEPC enzyme activity in as little
as 24 h after beginning of induction.

MATERIALS AND METHODS
1. Plant material and photosynthetic
phenotype induction

Hydrilla verticillata (L.f.) Royle was obtained
from Newnans Lake, Alachua County, Florida

and washed visibly free of epiphytes. The plants
were maintained in continuous culture in tanks
in a greenhouse using flowing water pumped in
from Kentucky Lake. To induce C4 biochemistry,
the plants were treated as in Spencer et al. (1994).
Three terminal shoots (5-10 cm length) were
immersed in a 3.5x20 cm test tube containing
5% (v/v) Hoagland solution. These tubes were
placed in a growth chamber with a 14 h photope-
riod under a quantum flux of 600 umol m2s™%,
30°C and 10 h dark period at 20°C for up to 5
days. The Hoagland solution was changed every
other day. Tubes were taken from the growth
chamber as necessary for experiments every day
for 5 days.

Measurement of the I' was accomplished using
an infrared gas analyzer in a closed system of
Li-COR (Li-6400) (Van et al., 1976). Measure-
ments were made at a quantum flux of 600 pmol
m2s’!, pH 5.5 in 20 MM MES and 5% (v/v)
Hoagland solution at 25°C water temperature.

2. Soluble protein extraction and PEPC
activity assay

Plants were selected during the induction phase
ato0, 1, 2, 3, 4, and 5d. The plants were harvested
in the light, rinsed, and approximately 2 g fresh
mass (exact mass recorded) was homogenized in
a Ten Broeck glass tissue grinder on ice in 10 mL
of extraction buffer. The extraction buffer contai-
ned 200 mM HEPES (pH 7.0), 5mM DTT, 10 mM
MgClz, 2% (w/v) PVP-40. The samples were cen-
trifuged at 10,000 g for 5 min at 4°C and the su-
pernatants were collected. An aliquot of the su-
pernatant was taken for protein concentration
determination using a dye-binding protein assay
(Bradford, 1976). For PEPC activity assays, an
aliquot was taken from the extraction and 1%
(w/v) bovine serum albumin was added to reduce
effect of proteases on PEPC.

PEPC activity was assayed by a coupled reac-
tion with NADH malate dehydrogenase. The
reaction was measured in a spectrophotometer at
Asz0 and ambient room temperature (Schuller et
al., 1990). The final concentration in the assay
mixture was: 90 mM Tris-HCL pH 8.0, 9 mM
MgCl;, 1.8 mM phosphoenolpyruvate, 450 uM
NaHCO3, 126 uM NADH, 5 units of malate dehy-
drogenase. A 100 pL aliquot of the protein extract
was added to the reaction mixture for final vol-
ume of 1 mL. The reaction was initiated by the



456 Kim, Yong Jae - William E. Spencer

addition of the enzyme extract.

3. ELISA

Plants were selected before induction and at
various I'. The plants were harvested in the
light, rinsed, and homogenized in a Ten Broeck
glass tissue grinder on ice in 10 mL of extraction
buffer containing 50 mM Tris (pH 8.0), 5 mM
DTT, 10 mM MgCl;, 5 mM isoascorbate, 1.5%
(w/v) PVP-40, 1 mM PMSF, and 0.1 mM leupe-
ptin. The samples were centrifuged at 10,000 g
for 5 minutes at 4°C and the supernatants were
collected. An aliquot of the supernatant was
taken for protein concentration determination
using a dye-binding protein assay (Bradford,
1976).

A direct ELISA was developed to quantitate
PEPC in crude extracts of Hydrilla verticillata
leaf tissue (Crowther, 1995). Optimal PEPC
protein standard and antibody-conjugate con-
centrations were determined by the criss—cross
method of the serial dilution analysis. The PEPC
standard used was obtained from corn (Biozyme,
Inc., San Diego, CA). The antibody-conjugate
used was anti-PEPC of corn conjugated to horse-
radish peroxidase (Biodesign International, Inc.,
Saco, ME).

For the ELISA, serial dilutions of corn PEPC
standard were loaded in the wells of a microtiter
plate with ranged from 2.5 to 100 pg mL™*. The
crude extract of Hydrilla verticillata was diluted
1:10 in TBST. The plate was coated at room
temperature overnight and then washed 3 times
with TBST. The wells were then blocked with
blocking buffer containing 10 mM Tris-HCI, 150
mM NacCl, 0.05% (v/v) Tween 20, 1 mM EDTA,
0.25% (w/v) bovine serum albumin at pH 7.6 and
incubated for 30 min at room temperature. The
plates were rinsed 3 times in TBST. Anti-PEPC
-horseradish peroxidase was added to the wells
and incubated for 2 h at room temperature. The
plate was rinsed 3 times in TBST and the subs-
trate TMB was added. The reaction mixture was
incubated for 30 min at room temperature and
then stopped with 3 M H»SO4. The solution of
each well was transferred to a microcuvette and
measured in a spectrophotometer at 340 nm.

4. Western Blotting

For western blotting, an aliquot of the protein
extract was mixed with an equal part sample

treatment buffer containing 125 mM Tris-HCI
pH 7.0, 4% w/v SDS, 25% glycerol, 10% v/v -
mercaptoethanol, and 0.02% bromophenol blue
and boiled for 1 min. The samples and molecular
weight marker were subjected to SDS-PAGE on
precast 4-20% acrylamide, Tris-glycine gels. The
proteins were transferred to a nitrocellulose mem-
brane using a Trans-blot apparatus (Bio-Rad
Lab., Hercules, CA). This transfer was carried
out in Towbin Transfer at 300 mA and 100V for
2.5 h (Towbin et al., 1979). The membrane was
rinsed twice in TBS and blocked with 1% blocking
solution (Chemiluminescence Blotting Substrate
Kit, Roche Diagnostics Corporation, Indianapolis,
IN) at 4°C overnight. The blot was incubated
with 4 ug mL™* rabbit anti-PEPC polyclonal
antibody (Biodesign International, Saco, ME) in
0.5X blocking solution at room temperature for
1h. The blot was then washed twice with TBST
for 10 min each, and twice with 0.5% blocking
solution for 10 min each. The blot was then incu-
bated with 2 pg mL™* goat anti-rabbit 1gG-hor-
seradish peroxidase conjugate in 0.5X blocking
solution at room temperature for 30 min and
washed four times in TBST for 15 min each. The
blot was incubated in the detection solution for
60 sec and exposed to X-ray film. The film was
then developed and analyzed.

For a more objective, qguantitative measurement
of the PEPC band on the western blots was car-
ried out in the software program Quantity One
(BioRad Lab., Hercules, CA) used to measure the
peak density of each band. Two western blots
from two independent time course inductions
were measured and the results for each day were
averaged.

RESULTS

1. Direct ELISA and CO, compensation
points (I")

A direct ELISA was developed in order to
guantitate the amount of PEPC in crude extracts
of Hydrilla verticillata at various CO; compen-
sation points. When PEPC concentration is plot-
ted against CO, compensation point, a linear
increase in PEPC concentration is seen with a
decrease in CO, compensation point (Fig. 1). The
concentration of PEPC increased more than two
fold when CO, compensation point decreased
from 118 uL L™* to 10 uL L%, and reached the
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Fig. 1. Direct ELISA was used to determine the relative
concentration of PEPC (ug PEPC mg™* soluble
protein) in crude extracts of H. verticillata at
various CO, compensation points (I, uL L™).

highest concentration at a [ of 10 uL L™ The
direct ELISA were exhibited a significant nega-
tive relationship with I".

2.T, PEPC activity, and western blot analysis

Two independent time course inductions (two
replications) were performed and the CO, com-
pensation points ('), PEPC activity, and optical
densities of Western blot bands were averaged
for graphical representation. Averaging of the
data was used to ascertain trends in the graphs.

the CO, compensation points (I') was measured
on each day of the time course induction. Hydrilla
verticillata exhibited an average I of 259 uL. CO;
L on day 0, and an average largely decrease by
100 uL CO; L™t in I between day 0 and day 1;
thereafter, the uL declined in a fairly linear trend
to from an average 100 uL CO; L™* on day 1 to an
average 42 uL CO; L ! on day 5 (Fig. 2A). The
average I for day 0 was skewed by a very high
measurement of 259 uL L™ with unknown reason

The level of expression of PEPC over the time
course induction was assayed by activity levels of
PEPC and western blot analysis. Activities of
PEPC ranged from 0.20 AAzs min~ mg™ protein
at day 0 to 0.75 AAszq min > mg™* protein at day
5, and increased almost 4-fold over the time
course induction (Fig. 2B).

The relative amount of PEPC protein was deter-
mined from two western blots and showed ranged
from 0.023 to 0.18 dA min~* g™'. PEPC protein
increased the almost 6 fold from day 0 to day 2,
but was little increased for the remaining days.
It was the highest value at day 4 (Fig. 2C).

Western blot analysis was performed on protein
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Fig. 2. (A) CO, compensation point (I) inuL L™ of H. ver-
ticillata over a 5 day induction period, (B) PEPC
activity of H. verticillata over a 5 day induction
period, (C) averaged optical density of PEPC band
from western blot analyses of H. verticillata over a
5day induction period.

extracts from the time course induction to corre-
late activity values with the relative amounts of
PEPC. The two upper bands with the approxi-
mately 100 kD mass were the PEPC subunits
and the level of PEPC was barely detectable in
day 0 but increased through day 4 with day 5
being approximately equal to day 4 (Fig. 3).
Initially, PEPC protein increased rapidly but it
reached a plateau by day 5. However, activity of
PEPC increased slowly from day 0 to day 1; the-
reafter, activity increased at a more rapid rate
without reaching a plateau. The increase in PEPC
amount paralleled the increase in activity of
PEPC.

The identity of the approximately 70 kD poly-
peptide (Fig. 3) that was recognized by the PEPC
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Fig. 3. Western analysis of crude extracts of H. verticill-
ata over a 5 day time course induction using PEPC
antibodies.

antibody remains in question. But there are
several possible assumptions for the presence of
these lower mass polypeptides. Because of its
size, the lower, approximately 70 kD band on
western blot was presumed to be degradation
products of PEPC. A similar result has been
reported by Harpster and Taylor (1986); where
the PEPC antibodies bound to 77 and 84 kD poly-
peptide bands. The presence of the 70 kD polype-
ptide did not mask the measured increase of the
100 kD PEPC subunit during the induction of
Ca-like photosynthesis.

DISCUSSION

Hydrilla verticillata has previously been shown
to display a large range of CO, compensation
points (') values both in the laboratory and in
the field (Spencer et al., 1996). A time course
induction showed a linear decline in CO, com-
pensation points (') over 12days period (Magnin
et al., 1997). However, they started their time
course with lower I' plants, typical of the summer
months (Salvucci and Bowes, 1981). Our results
do not show a linear decline over the 5 day period,
but plants with initial higher CO, compensation
points (I') were used along with a shorter induc-
tion period. It is possible and probable that a
longer induction period would yield a linear de-
cline in CO, compensation points (') because
PPDK and NADP-ME take up to 12 days to
reach maximum activity levels (Magnin et al.,

1997).

In our study of PEPC protein during induction,
our western blot data showed a large increase of
the level of PEPC after only one day of induction.
Previously, Rao et al. (2002) had shown an inc-
rease the level of PEPC after four days after in-
duction. Here, we show that an increase of PEPC
protein can be measured at a much earlier time
period, which indicates that Hydrilla plants
sense changes in ambient CO, concentration
very quickly with PEPC transcription beginning
soon afterwards. These results may be helpful as
research is directed toward understanding the
initial events that occur during the transition
from Cs to Cs-like photosynthesis in Hydrilla.

We assume that the increased amount of PEPC
found during the induction is due to increased
amounts of the photosynthetic isoform. This
assumption is reasonable given that Rao et al.
(2002) found an increase in the photosynthetic
isoform, but no increase in the anapleurotic iso-
form after 4 days of induction.

Increases in PEPC protein was confirmed by
both direct ELISA assays and western blotting.
Western blot analysis was barely able to detect
PEPC before induction began, but showed a large
increase in PEPC levels by day 1 of induction.
These data suggest that the PEPC gene is swit-
ched on rapidly with accumulation of mMRNA and
subsequent translation to protein (Sugiharto et
al., 1989). PEPC protein continued to increase up
to day 4 of the induction period indicating that
the transcript remained active for at least this
amount of time. However, large increases in
PEPC activity were not seen until after day 2 of
induction. The lag in PEPC activity may reflect
an additional step of PEPC activation. Bowes et
al. (2002) has demonstrated that PEPC isolated
from C,-like Hydrilla plants is light activated. It
is possible that PEPC enzyme activation is par-
tially decoupled from PEPC protein production.

Given the strong evidence of inducible Ca-like
photosynthesis in Hydrilla (Magnin et al., 1997;
Reiskind et al., 1997) together with PEPC inhi-
bitor data that demonstrate dependence of low I
and low O inhibition of photosynthesis upon
PEPC activity (Spencer et al., 1996; Magnin et
al., 1997), the rapid production of PEPC protein
reported here represents an important advance
in our understanding of inducible C4-like photo-
synthesis in Hydrilla.

Hydrilla exhibits inducible C4 biochemistry
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within a single cell, which makes it of great
interest regarding the possibility of genetically
engineering Cs agricultural crops to exhibit C4-
like photosynthesis (Bowes et al., 2002). Incor-
porating single-cell C4 biochemistry into crop
plants would be a much simpler strategy than
transferring the complement of genes required
for full C4 biochemistry together with Kranz ana-
tomy. This strategy appears feasible given the
recent report that Kranz anatomy is not required
for C4 photosynthesis (Voznesenskaya et al.,
2001). Realization of this single-cell strategy
requires identification of the genes and the
mechanisms of their induction that result in Cs—
like physiology in Hydrilla.
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