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Photosynthesis and activity of phosphoenolpyruvate carboxylase
in Nicotiana tabacum L. leaves infected by Potato virus A and Potato virus Y
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Abstract

The influence of viral infection caused by two different potyviruses, Potato virus Y (PVY) and Potato virus A (PVA) on
plant metabolism and photosynthetic apparatus of Nicotiana tabacum L. cv. Samsun and cv. Petit Havana SR1 was
studied. The main stress was focused on the activities of phosphoenolpyruvate carboxylase (PEPC), NADP-malic en-
zyme (NADP-ME), and pyruvate phosphate dikinase (PPDK). The analysis of the presence of viral proteins, enzyme
activities, and different photosynthetic parameters showed the time dependent progress of viral infection and NADP-ME
and PEPC activities. PVY caused significant response, while PVA affected both tobacco cultivars only slightly. Viral
infection, namely PVY, affected more negatively photosynthetic apparatus of cv. Petit Havana SR1 than cv. Samsun.

Additional key words: chlorophyll fluorescence; NADP-malic enzyme; photosystem 2; pyruvate phosphate dikinase; stomatal conduc-

tance; transpiration rate.
Introduction

Virus-infected plants often show strong morphological
and physiological alterations, with symptoms such as
chlorosis and necrosis associated with changes in chloro-
plast structure and function. The severity of chlorotic
symptoms seems to correlate with the presence of viral
proteins inside the plastids (Reinero and Beachy 1989).
Plant viruses reduce photosynthesis and increase suscep-
tibility to photoinhibition (Rahoutei et al. 2000). Simi-
larly as under various abiotic stresses, photosystem 2
(PS2) electron transport is often limited and energy-dissi-
pating mechanisms are reduced. The mechanism of the
viral infection on PS 2 remains unclear (Balachandran et
al. 1994a). Irradiance stress may play an important role in
host-virus interaction that results in clearly defined visi-
ble symptoms (van Kooten ef al. 1990, Balachandran and
Osmond 1994). Destruction of chloroplasts in affected
leaf areas was also accompanied by severe reduction of
ribulose-1,5-bisphosphate carboxylase/oxygenase content
(Balachandran et al. 1994b).
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Saccharide synthesis and nitrate assimilation are
closely related. The alterations in any of them caused by
various stress factors or changing environment require
alterations in the other one (Scheible et al. 2000). This
adjustment operates via phosphoenolpyruvate carboxy-
lase (PEPC). In leaves of C; plants and in non-photo-
synthetic tissues PEPC is active in several anaplerotic
reactions to replenish the intermediates of the Krebs cycle
and to provide carbon skeletons to sustain the synthesis
of amino acids during NH," assimilation. Together with
NADP-malic enzyme it is involved in the fine regulation
of cytoplasmic pH and compensates for alkalisation of
the cytoplasm during nitrate reduction (Latzko and Kelly
1983, Manh et al. 1993). PEPC capacity increases in
Phaseolus vulgaris grown at zinc toxic concentrations
(Vangrosveld and Clijsters 1994) and in Cucumis sativus
under iron deficiency (De Nisi and Zocchi 2000), and
also under salt stress (Thomas et al. 1992). Nothing is
known about the effect of any viral infection on PEPC

Abbreviations: g, total stomatal conductance; NADP-ME, NADP-malic enzyme; Py, net photosynthetic rate; PEPC, phosphoenol-
pyruvate carboxylase; PPDK, pyruvate phosphate dikinase; PVA, Potato virus A; PVY, Potato virus Y¥V. SR1, cv. Petit Havana SR1.
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and related enzymes. Pyruvate phosphate dikinase
(PPDK) is abundant in leaves of C;, and CAM plants
where it is responsible for the production of phosphoenol-
pyruvate. However, there is only a little information
about its role and expression in C; plants (Moons et al.
1998).

Aphid-transmitted potyviruses (genus Potyvirus) are
the largest group of plant viruses. Potato virus Y (PVY) is
one of the most damaging plant viruses particularly be-
cause of the economical importance of its plant host spe-
cies. PVY is highly variable due to a wide host range.
Generally, PVY potato strains are subdivided into three
main groups, i.e. PVY®, PVYS, and PVYN (de Bokx and
Huttinga 1981). However, during the last few decades,
new strain variants have been reported, such as the tuber
necrosis strain (PVY"'). Isolates of PVYN™ are associ-
ated with potato tuber necrotic ringspot disease (Beczner
et al. 1984). The disease is characterised by a superficial
necrosis on tubers, which occurs at harvest, and often
develops during storage. PVY isolates inducing necrosis
on tubers belong to the PVY™ subgroup according to their
reactions on Nicotiana tabacum.

Materials and methods

Plants: Tobacco plants (Nicotiana tabacum L. cv. Sam-
sun and cv. Petit Havana SR1) were grown and infected
in a greenhouse from September till December under
22/18 °C day/night temperatures. Day irradiance [overall
integrated mid-values were ca. 500 pmol(quantum) m™
s'] was prolonged by the additional irradiation [PPFD
ca. 200 umol(quantum) m™ s™'] to 16 h. Seeds were sown
in pots with sand and plantlets were transferred to soil
after 3 weeks. Five-week old plants were mechanically
inoculated with PVY or PVA on the adaxial surface of
the bottom of mature leaves. Virus isolates of PVY '™
(Lebanon) and PVA (Lichte Industriae) were provided by
Dr. P. Dédi¢ (Institute of Potato Research, Havlickav
Brod, Czech Republic).

The extent of viral infection was determined by DAS-
ELISA (Clark and Adams 1977) in homogenates of the
leaves of infected plants using polyclonal or monoclonal
antibodies raised against the respective pathogens
(Filigarové et al. 1994, Cefovska 1998). Leaf samples for
determination of virus content and enzyme activities were
collected each 2-3 d from the mature leaves, which
newly developed above those used for inoculation. The
material was frozen in liquid N, and stored at —75 °C.

Photosynthetic parameters: Chlorophyll (Chl) a fluo-
rescence kinetics was measured on the adaxial surface of
detached leaves after a 15-min dark period with the PAM
Chlorophyll Fluorometer (Walz, Effeltrich, Germany) at
room temperature and ambient CO, concentration.
Measuring beam intensity was 0.35 pmol m™ s, actinic
irradiance 200 pmol m™ s, Seven-hundred-ms saturated
flashes of “white light” (2 500 pmol m™ s') were applied
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Potato virus A (PVA) is one of the potyviruses dis-
covered earlier. It occurs world-wide, infects many potato
cultivars, and can cause about 40 % losses of yield
(Bartels 1971). The isolates of PVY™™ and PVA have
the capacity to infect tobacco plants systemically. The
main difference between both viruses is in symptom
occurrence. PVYN™ causes the vein necrosis, but in some
isolates of tobacco also induces leaf distortion and stem
necrosis (e.g. Lebanon). The symptoms of PVA infection
are very mild diffuse mottle and vein clearing. There is
no information available about their effects on photosyn-
thetic apparatus or plant metabolism, though they are
believed to occur mainly in the cytoplasm (Shukla et al.
1994).

We studied the effect of biotic stress caused by plant
viruses on the activity of PEPC and closely co-operating
enzymes such as NADP-malic enzyme (NADP-ME) and
pyruvate phosphate dikinase (PPDK). We also analysed
various photosynthetic parameters to determine if there is
any correlation in the time course of viral infection and
its effects on photosynthetic apparatus.

at the beginning of measurement and after 300 s. Data
sampling, control, and calculation were performed with
the DA 100 Data Acquisition System (Walz, Effeltrich,
Germany). The nomenclature of van Kooten and Snel
(1990) and Osmond et al. (1993) was used.

Net photosynthetic rate (Py), transpiration rate (E),
and stomatal conductance (g;) were measured using the
gas exchange system LCA-4 (ADC BioScientific,
Hoddesdon, England) at a temperature of 25 °C, irradi-
ance of 750 umol m” s™', relative humidity of 50 %, and
CO, concentration of 350 pmol mol™.

Enzyme activity assays: Samples (1 g of fresh leaf) were
homogenised in 3 cm’ of extraction buffer containing
100 mM Tris-HCI (pH 7.5), 1 mM dithiothreitol, 1 mM
EDTA, and 5 mM MgCl,. The homogenate was centri-
fuged at 250 rps at 4 °C for 15 min. The supernatant was
immediately used for enzyme activity measurements.

The PEPC (E.C. 4.1.1.31) assay mixture contained
100 mM Tris-HCl buffer (pH 8.1), 5SmM NaHCOs,
2 mM MgCl,, 2 mM PEP, and 0.2 mM NADH in total
volume of 1cm® (Slack and Hatch 1967). The PPDK
(E.C. 2.7.9.1.) assay mixture contained 100 mM Tris-HCI
(pH 7.4), 10 mM MgCl,, 5 mM NaHCO;, 2 mM pyru-
vate, 2 mM K,HPO,4, 1 mM ATP, and 0.2 mM NADH in
a total volume of 1 cm® (Aoyagi and Bassham 1983). The
NADP-ME (E.C. 1.1.1.40.) assay mixture contained 100
mM Tris-HCI1 (pH 7.4), 10 mM malate, 2 mM MgCl,,
and 0.2 mM NADP in total volume of 1 cm® (Iglesias and
Andreo 1990). PEPC, PPDK, and NADP-ME activities
were monitored as absorbance changes at 340 nm at
25 °C and activities were calculated [pumol(substrate)
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kg (fresh leaf) s].
Soluble proteins were determined according to Lowry
(1951) with bovine serum albumin as a standard.

Results

Symptoms and time course of viral infection: The time
course of viral infection was followed along with changes
in photosynthetic parameters and enzyme activities in
infected and control plants. The relative content of virus
in tobacco leaves (Fig. 1) was measured from the 4™ until
the 18™ d after inoculation. The maximal content of both
viruses was found about 5 or 6 d after inoculation and

Statistical analysis: Data were obtained from three inde-
pendent series of experiments. Statistical analysis was
done by the ANOVA test. In case of the DAS-ELISA the
most typical time course was presented.

was more or less constant further on. PVY infected to-
bacco leaves accumulated much more viral proteins than
PVA infected plants. There was no significant difference
in the progress of virosis between both cultivars (Fig.
14,B). However, the severity of symptoms and accumu-
lation of viruses was much stronger in PVY than in PVA
infected plants.
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Fig. 1. Time course of infection with PVA and PVY in tobacco plants. The content of viruses was determined with DAS-ELISA with
p-nitrophenylphosphate as enzyme substrate. Absorbance at 405 nm (A4ps) corresponds to virus content. 4: cv. Samsun; B: cv. SRI1.

Photosynthesis and Chl a fluorescence were measured
at two stages of viral infection and with respect to diffe-
rent viruses used for inoculation. Samples were taken in
stage I, i.e. when the first visible symptoms of virosis
appeared on the leaves, which was about 5 d after inocu-
lation by PVY and 7 d after inoculation by PVA; stage 11
was about 15 d after inoculation by PVY and 18 d after
inoculation by PVA. The first mature symptomatic leaf
was used for the measurements.

Gas exchange parameters showed significant differen-
ces between both tobacco cultivars undergoing viral
infection (Fig. 2). Generally, Py was higher in Samsun
than in SR1 and plants were more negatively affected by
PVY than by PVA. Py even increased in both PVA
infected cultivars, while significant decline was found in
PVY infected SR1 (Fig. 24). Total stomatal conductance
(gs) decreased in both PVA and PVY infected SR1. The
increase of g, found in PVY infected Samsun at the stage
I was followed by significant decrease at the later stage of
infection (Fig. 2B) contrary to non-infected and PVA
infected plants. E followed the same course as g, with an
exception of PVA infected SRI, which exhibited
pronounced increase at the later stage of infection (values
not shown).

Chl a fluorescence kinetic parameters showed statisti-
cally significant differences between both tobacco culti-
vars infected by PVA and PVY. Similarly as gasometric
parameters, SR1 was more negatively affected than
Samsun. Maximal photochemical efficiency of PS2
(F\/Fyy) and quantum yield (®,, not shown) were signi-
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Fig. 2. Net photosynthetic rate (Py; 4) and stomatal conduc-
tance (gs; B) of tobacco cv. Samsun and SR1 infected by PVY
or PVA at two different stages of infection. Stage I, i.e. first
visible symptoms of virosis appear on the leaves (about 5 d after
inoculation by PVY and 7 d after inoculation by PVA). Stage 11
(about 15 d after inoculation by PVY and 18 d after inoculation
by PVA). Means + S.E. Different lower-case letters mark sta-
tistically significant differences at p = 0.05.

ficantly lower in SR1 than in Samsun, particularly at the
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final stage of infection (Fig. 34). PVY affected SR1 more
than PVA, which was demonstrated by serious decline in
F,/F,.. SR1 exhibited lower non-photochemical quen-
ching in control and both infected types in contrast to
Samsun, where a decrease was found only in PVA
infected plants at final stage of infection (Fig. 3B). The
differences in the reduction status of Q4 (1 — qp) between

both cultivars were small and mostly insignificant,
although some increase was found in control SR1 and a
decrease in both infected SR1 at later stage of infection
contrary to Samsun (Fig. 3C). Vitality index (Rfd)
declined in both infected cultivars, although more
pronounced decrease was found in SR1 and in PVY
infected plants (Fig. 3D).
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Fig. 3. Parameters of chlorophyll @ fluorescence kinetics of tobacco cv. Samsun and SR1 infected by PVY or PVA at two different
stages of infection. Stage I, i.e. first visible symptoms of virosis appear on the leaves (about 5 d after inoculation by PVY and 7 d after
inoculation by PVA). Stage II (about 15 d after inoculation by PVY and 18 d after inoculation by PVA). Means + S.E. Different
lower-case letters mark statistically significant differences at p = 0.05.

Enzyme activities: The time courses of activities of
PEPC, NADP-ME, and PPDK (Figs. 4 and 5) which were
expressed as a percentage of activity of control healthy
plants [calculated per fresh leaf matter] showed signifi-
cant differences in PVY (4,C,E) and PVA (B,D,F) in-
fected plants.

PVY infection caused an increase in the activity of all
three enzymes. NADP-ME was the most sensitive to viral
infection, the enzyme activity was 5 times higher in

Discussion

In contrast to abiotic stresses, a much more difficult task
is to follow the metabolic response of plants to biotic
stress, particularly due to problems with quantification of
the stress factor. We used two types of viruses from the
same genus which differ in the severity of their symptoms
under the same conditions in tobacco (Bartels 1954,
Beczner et al. 1984). Thus, PVY with its massive accu-
mulation in tobacco cells seems to be a better candidate
for stronger response than PVA under conditions of our
experiment.
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Samsun and 6-fold in SR1 as compared to control plants.
The activities of PEPC and PPDK were enhanced 2-3
times in both cultivars (Fig. 4 and 5, 4 and E).

In contrast to PVY, PVA infection affected enzyme
activities insignificantly (Figs. 4 and 5, B and F), al-
though a moderate increase of activities was observed.
No significant difference between both tobacco cultivars
was found.

Photosynthesis: Photosynthetic apparatus of plants
infected with PVY was more severely affected than that
infected with PVA. The significant decline in Py in PVY
infected SR1 was caused by stomata closure probably due
to PVY action (see g;, Fig. 2B). The decline in Py could
be partly caused also by inhibition of PS2 function as
shown by decline in F,/F,, and Rfd (Fig. 34,D). The
involvement of specific viral proteins in inhibition of the
photosynthetic electron transport has been proposed
frequently. Thus, in tobacco mosaic virus infected plants,
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viral coat protein was essentially bound to the PS2 com-
plex (Hodgson et al. 1989, Banerjee et al. 1995) and
considered responsible for decreased PS2 electron
transport. The severity of effects depends probably upon
the virus type, particularly if the virus enters chloroplasts.
However, intracellular virus location is not preciously
known. Hlavackova et al. (2002) reported (a) a decrease
in Py and damage to the acceptor side of PS2, (b) a faster
Q4 re-oxidation in the remaining undamaged centres of
PS2 caused by plum pox potyvirus in Nicotiana ben-
thamiana. The latter virus was only detected in the

PEPC PVY A
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cytoplasm. Rahoutei et al. (2000) showed that in pepper
mild mottle virus and paprika mild mottle virus infected
Nicotiana, both PS2 electron transport and non-photo-
chemical quenching were affected to a different extent
depending upon the virus, whereas photosystem 1
electron transport was not affected. Moreover, we found
that tobacco cv. Samsun seemed to be more resistant to
PVY infection, namely PS2 was less affected than SR1.
More efficient non-photochemical energy dissipation
seems to protect the photosynthetic apparatus of Samsun
against photodamage (Figs. 2 and 3).
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Fig. 4. Activities of PEPC, NADP-ME, and PPDK from tobacco leaves of cv. Samsun 4-18 d after inoculation by PVY (4, C, E) or
by PVA (B, D, F) calculated per fresh mass. The activity of each sample is calculated as percentage of the non-infected control, where
100 % of PEPC is 1.40+0.17 umol s™ kg (4, B), 0.50 £0.08 umol s kg of NADP-ME (C, D) and 0.58+0.01 umol s™ kg of PPDK
(E, F). Means =+ S.E. In each repetition of the experiment, the activity was measured in triplicate.

Enzymes of anaplerotic pathways: PVY infected tobac-
co plants responded with enhanced activities of enzymes
that catalyse anaplerotic metabolic pathways, PEPC,
NADP-ME, and PPDK. The response to PVA infection
was far less evident. PVA protein accumulation was
much lower and interferred probably less with the me-
tabolism of the host plant cell than PVY, which may have
larger source and energy demands for its multiplication.
This may cause larger involvement of anaplerotic meta-
bolic pathways to fulfil such a need. However, it is very
difficult to find any threshold point where the need is so
urgent to involve additional metabolic pathways that then
respond by apparent increase in respective enzyme ac-
tivities.

The experiment showed that PEPC activity was only
enhanced in tobacco undergoing PVY viral infection

(Figs. 4 and 5). This corresponds with facts that increased
activities of PEPC were found in plants with C; metabo-
lism under abiotic or nutrition stress. Higher activity of
PEPC was detected in phosphorus-deficient roots of
Lupinus albus (Johnson et al. 1994). De Nisi and Zocchi
(2000) found 4-fold increase of PEPC activity with al-
tered kinetic properties of the enzyme in roots of cucum-
ber under iron deficiency. The synthesis of malate and
PEPC activity was also affected by osmotic stress caused
by mannitol (Asai et al. 2000).

PEPC, NADP-ME, and PPDK play a key role in Cy
and CAM metabolism. This could represent an adaptation
to “stress” conditions, e.g. to high temperature, high irra-
diance, water deficit, efc. Plants with C;-CAM interme-
diate metabolism can switch their metabolic pathway to
CAM under water deficit or salt stress (Taybi and
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Cushman 1999).

Gradual dehydration, cold stress, osmotic stress, and
high salt concentrations induce PPDK protein accumu-
lation in rice roots but not in shoots. However, heat shock
did not induce PPDK protein accumulation (Moons et al.
1998).

NADP-ME showed the most sensitive response to vi-
ral infection in our experiments (Figs. 4 and 5). In C,
plants, this decarboxylating enzyme releases CO, from
four carbon compounds into the Calvin cycle. However,
increased activities of this enzyme were found also in

tobacco stems before flowering, where it releases CO,
from malate (Hilbert and Quick 2002). Reducing equiva-
lent NADPH is another product of the reaction catalysed
by NADP-ME, which is used for many synthetic reac-
tions including specific defence compounds, phytoal-
lexins (Dixon 2001). NADPH of this origin may be util-
ised for reduction of glutathione, which is directly in-
volved in an inactivation of active oxygen species (Sanz
et al. 1997, Dat et al. 1998). Maize roots treated with
cellulase, fungal elicitors, jasmonate, and under hy-
poxic conditions responded by an increase of NADP-ME
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Fig. 5. Activities of PEPC, NADP-ME, and PPDK from tobacco leaves of cv. Petit Havana SR1 4-18 d after inoculation by PVY (4,
C, E) or by PVA (B, D, F) calculated per fresh mass. The activity of each sample is calculated as percentage of the non-infected
control, where 100 % activity of PEPC is 1. 40£0.13 pmol s kg’ (A, B), 0.58+0.16 pmol s’ kg of NADP-ME (C, D), and
0.50£0.06 pmol s kg of PPDK (E, F). Means + S.E. In each repetition of the experiment, the activity was measured in triplicate.

activity, protein, and mRNA amounts (Maurino et al.
2001).

In our experiment, plants infected by PVY closed
their stomata and lowered photosynthesis, which is the
important source of reducing equivalents and ATP.
NADP-ME could help to overcome this situation, when
CO, availability was restricted by stomata closure, by
releasing CO, from malate, and may also compensate for
increased imbalance in NADPH.
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