PHOTOSYNTHETICA 43 (4): 597-602, 2005

Photosynthesis in leaves of Nicotiana tabacum L.
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Abstract

In tobacco leaves inoculated with tobacco mosaic virus (TMV), changes in chlorophyll (Chl) and carotenoid contents,
parameters of slow Chl fluorescence kinetics, i.e. the maximum quantum yield of photosystem (PS2) photochemistry
F./Fm, the effective quantum yield of photochemical energy conversion in PS2 @,, ratio of quantum yields of photo-
chemical and concurrent non-photochemical processes in PS2 F,/Fo, non-photochemical quenching (NPQ), and photo-
chemical activities of isolated chloroplasts from systemically infected tobacco leaves were investigated. We compared
two successive stages of infection, the first in the stage of vein clearing at 9" day post inoculation (dpi) and the second at
22" dpi when two different regions, i.e. light- (LGI) or dark-green (DGI) islands in the infected leaf were apparent and
symptoms were fully developed. These two different regions were measured separately. The Chl and carotenoid contents
in infected leaves decreased with a progression of infection and were lowest in LGI in the second stage. Also the ratio of
Chl a/b declined in similar manner. The maximum quantum yield of PS2 photochemistry F./F,, was decreased in the
following order: first stage, DGI, and LGI. The same is true for the ratio F,/F,. The decrease of @, in infected leaves de-
clined as compared to their controls. On the contrary, NPQ increased in infected leaves, the highest value was found in
the first infection stage. Photochemical activities of the whole electron transport chain in isolated chloroplasts dramati-
cally declined with the progression of symptoms, the lowest value was in LGI. Similarly, but to a lesser extent, the activ-
ity of PS2 in isolated chloroplasts decreased in infected leaves. Generally, the most marked impairment of the photosyn-
thetic apparatus was manifested in the LGI of infected leaves.

Additional key words: carotenoids; chlorophyll; chlorophyll fluorescence; electron transport; photosynthetic efficiency; photo-
system 2; tobacco.

Introduction

Viruses, such as TMV, cause severe biotic stress to infec-
ted leaves leading to oxidative stress. Visual symptoms of
viral infection are caused by chlorosis of leaf tissues.
Metabolism of infected leaf tissue is strongly affected
leading to the damage to the whole plant (e.g. Goodman
et al. 1967, Sindelarova et al. 1997, 2000, Sindelat and
Sindelarova 2002). As some TMVs multiply in a plant
the disease becomes visible as numerous light and dark
green islands within the leaf tissue creating a clear-cut
mosaic (Fulton 1951, Atkinson and Matthews 1967,
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HanuSova et al. 1990, Guo and Garcia 1997, Yelina et al.
2002). The virus content is higher in light spots and it
interferes there with chloroplast development and func-
tion (Goodman et al. 1986). Marked reduction in photo-
synthetic activity arises early after inoculation in associa-
tion with reduced size and number of chloroplasts, re-
duced chlorophyll (Chl) content and low efficiency of
CO, fixation in the chloroplasts (Jensen 1968, Tu et al.
1968). The severity of damage to a leaf depends princi-
pally on a strain or a mutant of a virus. The impairment of
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Abbreviations: Chl — chlorophyll; DGI — dark green islands; dpi — days post inoculation; ET — electron transport chain; Fy —
maximum Chl fluorescence from dark-adapted leaves; F,’ — maximum Chl fluorescence from light-adapted leaves; Fo — minimum
Chl fluorescence from dark-adapted leaves; Fs—steady state Chl fluorescence from light-adapted leaves; F, — variable Chl
fluorescence from dark-adapted leaves; F,/F, — maximum ratio of quantum yields of photochemical and concurrent non-
photochemical processes in PS2; F,/F,, — maximum quantum yield of PS2 photochemistry; FeCy — potassium ferricyanide; LGI —
light green islands; NPQ — non-photochemical quenching; PAM — pulse amplitude modulation; PS2 — photosystem 2; RC — reaction
centre; TMV — tobacco mosaic virus; @, — effective quantum yield of photochemical energy conversion in PS2.
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chloroplast function is often coupled with a presence of
viral coat protein in these organelles. This protein was
found both in stroma and thylakoids of chloroplasts in
systematically infected leaves (Reinero and Beachy
1986). Protein analysis indicated that in TMV infected
spinach coat protein was associated with thylakoids, par-
ticularly with the photosystem 2 (PS2) fraction (Hodgson
et al. 1989). Virus strain TMV-PV42 causing mild symp-
toms induced ten times less accumulation of coat protein
in chloroplasts as compared to those from leaves infected
with invasive strain of TMV PV230 (Reinero and Beachy
1989). Moreover, the activity of PS2 was inhibited in
leaves infected with an aggressive strain while no reduc-
tion was found in PS2 activity in plants infected with a
milder strain. Surprisingly, both viruses were found to re-
plicate equivalently and their contents in a leaf were
about the same.

Montalbini and Lupattelli (1986) compared two to-
bacco cultivars differing in susceptibility to TMV infec-
tion. The rate of whole electron transport in isolated chlo-
roplasts from susceptible tobacco was not influenced by

Materials and methods

Plant cultivation and virus inoculation: Two-month-
old tobacco plants (Nicotiana tabacum L. cv. Samsun)
grown under constant conditions in soil at an irradiance
of 60 pmol(photon) m?s™, 16-h photoperiod, and average
temperature of 25 °C, were used. Two leaves of the bot-
tom insertion (approximately 5cm long) were mecha-
nically inoculated with purified tobacco mosaic virus
(TMV, common strain) (Gooding and Hebert 1967) at a
concentration of 100 g m™. Corresponding leaves of con-
trol plants were mock-inoculated with distilled water. The
samples of systemically infected leaves and correspond-
ing leaves from mock-inoculated plants were collected in
the first stage on the 9" day post inoculation (dpi) when
the first symptoms of infection appeared (vein clearing).
Samples were further collected in the second stage on the
22" dpi when two regions (“islands”) differing in their
tone of green colour were distinguished. The apparent
light-green (LGI) and dark-green (DGI) regions were cut
out with a scalpel and everywhere estimated separately
(except Chl fluorescence parameters). The day of inocu-
lation was designated as day zero.

Determination of TMV content: TMV content was
determined by the quantitative DAS-ELISA (Clark and
Adams 1977) with rabbit anti-TMV antibodies and
alkaline phosphatase labelled antibodies raised against
our isolate of TMV (common strain).

Contents of Chls and carotenoids were estimated by
extracting 1cm? of the leaf material in 3cm® of
dimethylformamide. The samples were incubated for 48 h
in the dark at room temperature and then the absorbance
of the extract was recorded at wavelengths of 480.0,
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the infection whereas in chloroplasts from hypersensitive
plants this rate was strongly inhibited. Van Kooten et al.
(1990) investigated the change in electron transport in re-
lation to symptom expression and deduced that quantum
yields of PS2 electron transport rate were significantly di-
minished in virus strains inducing loss of Chl. Further,
they found that PS2 was irreversibly damaged in the ino-
culated leaves and the ones directly above them reflecting
an increased susceptibility to photoinhibition. Interesting-
ly, both maximum photochemical efficiency (F./Fy) in
isolated chloroplasts from TMV infected spinach as well
as photochemical activity of PS2 were reduced as com-
pared to controls but activity of PS1 was not affected by
the infection (Hodgson et al. 1989).

In order to establish the relation between photosyn-
thetic activity and virus content we studied the effects of
TMV on photosynthetic capacity during progression of
viral infection in tobacco leaves, namely photochemical
efficiency of PS2 and the photochemical activities of the
whole electron transport chain and PS2.

646.8, and 663.8 nm (Hitachi U 3300, Tokyo, Japan).
The contents of Chls and carotenoids were calculated by
the method of Porra et al. (1989).

Chl fluorescence parameters: Photochemical efficiency
of electron transport through PS2 was specified from Chl
fluorescence induction Kinetics. It was measured after a
15 min dark period with the PAM chlorophyll fluoro-
meter (Walz, Effeltrich, Germany) on fresh whole leaves
at room temperature (Prochazkova and Wilhelmova
2004). In the second stage of infection, the areas of DGI
or LGl were measured separately on the whole leaf.
Measuring irradiance was 0.35 pmol m? s™, actinic
irradiance 200 pmol m? s*, 700 ms saturated flash of
2500 pmol m™ s™. The DA 100 data acquisition system
(Walz, Effeltrich, Germany) was used for sampling and
calculation. The Chl fluorescence ratio F,/F., (F, = F, —
Fo) was calculated using nomenclature of van Kooten and
Snel (1990). The ratio F,/F;, non-photochemical quen-
ching NPQ = (Fn,— F)/F.", effective quantum yield of
photochemical energy conversion in PS2 ®, = AF/F,’
were determined according to Rohacek (2002).

Chloroplasts were isolated according to PospiSilova
et al. (1998). Leaf blades (or tissue of LGI or DGI) were
sliced and blended in isolation medium [mM]: HEPES 50
(pH 7.8), sorbitol 350, MnCl, 1, MgCl, 1, EDTA 2,
K,HPO, 0.5. After filtration and following centrifugation
(2 000xg, 10 min), the pellet was washed in re-suspend-
ing medium [mM]: Tricine 50 (pH 7.5), sorbitol 330,
MnCl, 1, MgCl, 1, EDTA 2. After repeated centri-
fugation the chloroplasts were re-suspended in a small
volume of re-suspending medium to a Chl concentration



PHOTOSYNTHESIS IN LEAVES OF NICOTIANA TABACUM L. INFECTED WITH TOBACCO MOSAIC VIRUS

of ca. 1 kg m*.

Photochemical activities: Activities of the whole elec-
tron transport chain and of PS2 were measured as oxygen
evolution using an oxygen electrode (Hansatech, King’s
Lynn, UK). The suspension of chloroplasts was diluted in
the assay medium [mM]: Tricine 40 (pH 7.5), NaCl 2,
MgCl, 5, K,HPO, 2. Final Chl concentration in the mea-
suring chamber was 50 g m®. Potassium ferricyanide
(FeCy) at a final concentration of 6.25 mM was present
for estimation of the activity of the whole electron trans-
port chain. For PS2 activity measurement, 1,4-phenylene
diamine (PD) was added to a final concentration of

Results

We investigated the concentrations of Chls and carote-
noids and several photochemical parameters in tobacco
leaves at two different stages of viral infection. The first
one, 9 dpi, was characterised by vein clearing, the second
stage, 22 dpi, was characterised by an occurrence of dark
and light regions on leaves. The first leaf above the
inoculated one was used for all measurements. Total Chl
content at the stage of vein clearing was decreased by
12.7 % in infected plants compared to that of healthy
controls (Fig. 1A). Also Chl a/b decreased by 3.4 %
(Fig. 1C). Carotenoid content was lowered by 7.6 % of
controls (Fig. 1E). Chl/carotenoid ratio decreased by
7.4% (Fig. 1G). Maximum photochemical efficiency
expressed as F,/F, decreased by 3.0 % in infected leaves
(Fig. 2A). Ratio of variable to minimum Chl fluorescence
yield (F,/F;) decreased by 5.0 % (Fig. 2C). Effective
guantum yield of photochemical energy conversion in
PS2 (®,) decreased by 6.2 % (Fig. 2E). On the other
hand, non-photochemical chlorophyll quenching (NPQ)
increased by 46.4 % in infected leaves (Fig. 2G). The
whole chain electron transport rate in isolated chloro-
plasts was diminished by 56.6 % as compared to controls
already in first stage of infection. The photochemical ac-
tivity of PS2 in isolated chloroplasts was reduced to even
higher extent (by 60.3 %) compared to control in this
stage of infection (Fig. 3A).

The differences between control and infected plants
were much more striking at the second stage of viral in-
fection, when two kinds of leaf regions differing in green
colour — dark green islands (DGI) and light green islands
(LGI) developed. They were assayed separately. Total
Chl content decreased by 19.4 % in DGls and by 45.0 %
in LGIs of healthy control plants (Fig. 1B). Chl a/b
decreased by 12.5 % in DGIs and by 15.4 % in LGls
(Fig. 1D). Carotenoid content decreased by 16.1 % and
by 40.8 % in DGIs and LGls, respectively (Fig. 1F).
Chl/carotenoid ratio was diminished by 3.2 % in DGIs
and by 6.6 % in LGIs, respectively (Fig. 1H). F./F,
declined by 5.6 % in DGIs and by 8.3 in LGls (Fig. 2B)
compared to controls. F,/F, was reduced by 20.5 % in
DGIs and by 31.6 % in LGIs (Fig. 2D). Also @,

0.5 mM. The measurements were carried out at 25 °C and
an irradiance of 1000 pmol m? st (for details see
PospiSilova et al. 1998).

Statistical treatment and chemicals: The results in the
figures are presented as arithmetical means (zstandard er-
ror of mean) of 3—7 measurements in two independent ex-
periments with four measurement repetitions. The t-test
was employed to characterise the differences between
control and infected leaves as well as between DGI and
LGI. All biochemicals were purchased from Sigma
Chemical Company (St. Louis, USA).

decreased by 4.4 % in DGIs and by 16.7 % in LGlIs
(Fig. 2F). On the contrary, NPQ increased by 9.9 % in
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Fig. 1. Photosynthetic pigments in healthy control and infected
tobacco leaves: chlorophyll (Chl) a+b content (A,B), chloro-
phyll a/b ratio (C,D), carotenoid content (E,F), and total
Chl/carotenoid ratio (G,H) in the stage of vein clearing (A, C, E,
G) and the second stage of dark-green (DGI) or light-green
(LGI) islands (B, D, F, H). Means + SE (vertical bars).
Asterisks above the bars indicate significance of differences
from the controls according to Student’s t-test: “p<0.05,
"p<0.01, ""p<0.001. Asterisks inside a light grey column
represent significance between DGI and LGI in the same
manner as the former ones.
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Fig. 2. Maximum photochemical efficiency, i.e. F/Fy, (A, B),
maximum ratio of quantum yields of photochemical and con-
current non-photochemical processes in PS2, i.e. F,/F, (C, D),
effective quantum yield of photochemical energy conversion in
PS2, i.e. @, (E, F), and non-photochemical quenching NPQ
(G, H) in healthy control and infected tobacco leaves in the first
stage of vein clearing (A, C, E, G), and in the second stage of
dark- (DGI) and light-green (LGI) islands (B, D, F, H),
respectively. The tissues of differently green islands were de-
termined separately (DGI or LGI). Means + SE (vertical bars).
Asterisks above the bars indicate significance of differences
from the controls according to Student’s t-test: “p<0.05,
“p<0.01, ""p<0.001. Asterisks inside a light grey column
represent significance between DGI and LGI in the same
manner as the former ones.

DGils and by 35.9 % in LGls of controls (Fig. 2H). In the
second stage when regions visually differing by their Chl
content were apparent, the reduction of photochemical
activities in isolated chloroplasts was even more
pronounced than in the first stage. In DGI the decline was
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Fig. 3. Photochemical activities of isolated chloroplasts of the
whole electron transport chain (ET) with potassium ferricyanide
and of PS2 with 1,4-phenylene diamine as electron acceptors in
control and infected tobacco leaves in the stage of vein clearing
(A) and in infected tobacco leaves in the stage of dark-light
green islands (B). The determinations in the second stage were
done separately in dark-green islands (DGI) or light-green
islands. Asterisks above the bars indicate significance of
differences from the controls according to Student’s t-test:
“p<0.05, "p<0.01, ""p<0.001. Asterisks inside a light grey
column represent significance between DGI and LGI in the
same manner as the former ones.

by 89.7 and 76.7 % of controls for the whole electron
transport rate and PS2 activity, respectively. In LGl we
observed decrease by 98.1 and 90.0 % of control value
for the whole electron transport rate and PS2 activity,
respectively (Fig. 3B).

Content of TMV, estimated on the base of ELISA, in-
creased starting from stage of vein clearing from 0.41 to
0.87 (2" DGI) and 2.02 (2" LGI). Hence it was 2.3 times
higher in LGI than DGI which is in accordance with
previous findings (Atkinson and Matthews 1970,
Hanugova et al. 1990, Sindelarova and Sindelai 2004).
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Discussion

The effects of virus infection on photosynthesis were
studied by several authors in various host plants
(Buchanan et al. 1981, Hodgson et al. 1989, Reinero and
Beachy 1989, Rahoutei et al. 2000, Ryslava et al. 2003).
Plant viruses reduced photosynthesis and increased sus-
ceptibility to photoinhibition. The viral coat protein is
a frequent candidate for the interaction with components
of PS2 and it may be responsible for impairing the
function of photosynthesis (Hodgson et al. 1989,
Banerjee et al. 1995).

We found that the total Chl content declined already
at the first stage, then progressed further and was in LGI
only about half as compared to controls. This is in
agreement with observations that the virus is largely
confined to the light areas, where it seems to interfere
with chloroplast development and function (Goodman et
al. 1986). We assume from the concomitant decrease of
the Chl a/b ratio with the infection progress that the Chl a
was preferentially degraded, namely in LGI. These data
indicate that the Chl a in RCs is broken down faster than
the light-harvesting pigment antennas that possess a Chl
a/b ratio of 1.1-1.3 (Lichtenthaler et al. 1982). Inte-
restingly, a similar trend was found in the carotenoid
content, but the decrease was lower. The reduction of
protection against active oxygen species in thylakoid
membranes can be deduced from this diminution of
carotenoid content.

The maximum quantum yield of PS2 photochemistry
assessed as F,/F, is currently much used for estimation of
a stress impact on the photosynthetic apparatus. This
parameter was depressed by the TMV, the values ob-
served were below that found in healthy plants. Because
this ratio serves as an indicator of photoinhibition or
other kind of injury in response to various biotic and
abiotic stresses (Gamon and Pearcy 1989, Groom and
Baker 1992, Epron et al. 1995) we conclude that function
of PS2 RC was damaged by the viral infection.

Similar conclusions were apparent from F,/F, that can
be used as a sensitive indicator of the maximum effici-
ency of photochemical processes in PS2 and/or the poten-
tial photosynthetic activity of healthy as well as stressed
plants (Rohéacek 2002).

Further, the effective quantum yield of photochemical
energy conversion in PS2, i.e. @,, was also reduced by
the TMV infection. This parameter reflecting actual per-
formance of PS2 was more depressed in the first stage of

References

Atkinson, P.H., Matthews, R.E.F.: Distribution of tobacco
mosaic virus in systemically infected tobacco leaves. —
Virology 32: 171-173, 1967.

Atkinson, P.H., Matthews, R.E.F.: On the origin of dark green
tissue in tobacco leaves infected with tobacco mosaic virus. —
Virology 40: 344-356, 1970.

infection than in the DGI in the second stage. This means
that the DGI of the leaf perform photosynthesis with a
better efficiency. On the other hand, the efficiency of PS2
in LGI with a higher content of the virus was greatly
depressed.

NPQ was used to estimate the participation of several
protective processes but mostly heat dissipation in the
response of the leaf to a stress. The parameter Qy,
a classical quenching ratio, could not be calculated from
our data as we were not able to measure Fy” with our con-
figuration. The non-photochemical energy dissipation
was increased in TMV infected leaves. However, this
process reached a maximum already in the first stage. As
the infection progressed, this protection was no longer so
pronounced. In DGI it was about the same as in healthy
controls. In the second stage the elevated value of NPQ
was observed in LGI but it was lower than in the first
stage. This protective effect of the NPQ was reduced with
a progression of the infection.

The photochemical activity of PS2 and especially of
the whole electron transport chain in isolated chloroplasts
declined very sharply in infected leaves. Comparing the
results of Chl fluorescence kinetics and photochemical
activity of PS2, we conclude that the more dramatic in-
jury could be on the electron donor side of PS2, i.e. the
oxygen evolving system. Also damage to the thylakoid
components acting between PS2 and PS1 and in a domain
close to PS1 probably occurred because substantial
decrease of the rate of whole electron transport chain was
observed in isolated chloroplasts of the infected leaves.
The damage was more pronounced with progression of
the infection and the highest injury was apparent in LGI.

The function of RCs of PS2 was impaired due to the
disease. The type of alterations was not changed drama-
tically with depth of disease but the intensity did. Also
other thylakoid constituents were damaged by the action
of TMV. Depression of photosynthetic rate in TMV-
infected leaves was related to progression of systemic
mosaic symptoms. The LGIs in the second stage of infec-
tion with the highest content of virus were the most
affected, whereas DGIs in several aspects were more
similar to controls. With the onset of disease the plant
initiated protective mechanisms related to non-photo-
chemical quenching but they were diminished in a later
stage of infection especially in DGIs.

Banerjee, N., Wang, J.Y., Zaitlin, M.: A single nucleotide
change in the coat protein gene of tobacco mosaic virus is in-
volved in the induction of severe chlorosis. — Virology 207:
234-239, 1995.

Buchanan, B.B., Hutcheson, S.W., Magyarosy, A.C.,
Montalbini, P.: Photosynthesis in healthy and diseased plants.

601



N. WILHELMOVA et al.

— In: Ayres, P.G. (ed.): Effects of Disease on Physiology of
the Growing Plants. Pp. 13-28, Cambridge University Press,
Cambridge 1981.

Clark, M.F., Adams, A.N.: Characteristics of the microplate
method of enzyme-linked immunosorbent assay for the detec-
tion of plant viruses. — J. gen. Virol. 34: 473-483, 1977.

Epron, D., Godard, D., Cornic, G., Genty, B.: Limitation of net
CO, assimilation rate by internal resistances to CO, transfer in
the leaves of two tree species (Fagus sylvatica L. and
Castanea sativa Mill.). — Plant Cell Environ. 18: 43-51, 1995.

Fulton, R.W.: Superinfection by strains of tobacco mosaic virus.
— Phytopathology 41: 579-592, 1951.

Gamon, J.A., Pearcy, R.W.: Leaf movement, stress avoidance
and photosynthesis in Vitis californica. — Oecologia 79: 475-
481, 1989.

Gooding, G.V., Hebert, T.T.: A simple technique for purifi-
cation of tobacco mosaic virus in large quantities. — Phyto-
pathology 57: 1285-1286, 1967.

Goodman, R.N., Kirdly, Z., Zaitlin, M.: The Biochemistry and
Physiology of Infectious Plant Disease. — D. van Nostrand
Company, Princeton 1967.

Goodman, R.N., Kiraly, Z., Wood, K.R.: The Biochemistry and
Physiology of Plant Disease. — Pp. 46-74. University of
Missouri Press, Columbia 1986.

Groom, Q.J., Baker, N.R.: Analysis of light-induced depres-
sions of photosynthesis in leaves of a wheat crop during the
winter. — Plant Physiol. 100: 1217-1248, 1992.

Guo, H.S., Garcia, J.A.: Delayed resistance to plum pox poty-
virus mediated by a mutated RNA replicase gene: In-
volvement of a gene-silencing mechanism. — Mol. Plant-
Microbe Interact. 10: 160-170, 1997.

Hanusova, M., Sindelat, L., Sindelarova, M.: [TMV-RNA bio-
synthesis in the light-green and dark-green sectors of tissues
in tobacco leaves.] — Ochrana Rostlin 26: 241-246, 1990. [In
Czech].

Hodgson, R.A.J., Beachy, R.N., Pakrasi, H.B.: Selective inhi-
bition of photosystem II in spinach by tobacco mosaic virus:
an effect of the viral coat protein. — FEBS Lett. 245: 267-271,
1989.

Jensen, S.G.: Photosynthesis, respiration and other physiolo-
gical relationships in barley infected with barley yellow dwarf
virus. — Phytopathology 59: 204-208, 1968.

Lichtenthaler, H.K., Prenzel, U., Kuhn, G.: Carotenoid com-
position of chlorophyll-carotenoid-proteins from radish chlo-
roplasts. — Z. Naturforsch. 37C: 10-12, 1982.

Montalbini, P., Lupattelli, M.: Effect of localized and systemic
tobacco mosaic virus infection on some photochemical and
enzymatic activities of isolated tobacco chloroplasts. —
Physiol. mol. Plant Pathol. 345: 147-162, 1986.

Porra, R.J., Thompson, W.A., Kriedemann, P.E.: Determination
of accurate extinction coefficient and simultaneous equations
for assuming chlorophylls a and b extracted with four diffe-
rent solvents: verification of the concentration of chlorophyll
standards by atomic absorption spectroscopy. — Biochim.
biophys. Acta 975: 384-394, 1989.

Pospisilova, J., Wilhelmové, N., Synkova, H., Catsky, J., Krebs,
D., Ticha, I., Hanackov4, B., Snopek, J.: Acclimation of
tobacco plantlets to ex vitro conditions as affected by

602

application of abscisic acid. — J. exp. Bot. 49: 863-869, 1998.

Prochazkova, D., Wilhelmova, N.: Changes in antioxidative
protection in bean cotyledons during natural and continuous
irradiation-accelerated senescence. — Biol. Plant. 48: 33-39,
2004.

Rahoutei, J., Garcia-Luque, 1., Baron, M.: Inhibition of photo-
synthesis by viral infection: Effect on PSII structure and
function. — Physiol. Plant. 110: 286-292, 2000.

Reinero, A., Beachy, R.N.: Association of TMV coat protein
with chloroplast membranes in virus-infected leaves. — Plant
mol. Biol. 6: 291-301, 1986.

Reinero, A., Beachy, R.N.: Reduced photosystem Il activity and
accumulation of viral coat protein in chloroplasts of leaves in-
fected with tobacco mosaic virus. — Plant Physiol. 89: 111-
116, 1989.

Rohéacek, K.: Chlorophyll fluorescence parameters: the de-
finitions, photosynthetic meaning, and mutual relationships. —
Photosynthetica 40: 13-29, 2002.

Rohacek, K., Bartdk, M.: Technique of the modulated chloro-
phyll fluorescence: basic concepts, useful parameters, and
some applications. — Photosynthetica 37: 339-363, 1999.

Ryslava, H., Miller, K., Semoradov4, S., Synkovd, H.,
Cerovska, N.: Photosynthesis and activity of phosphoenol-
pyruvate carboxylase in Nicotiana tabacum L. leaves infected
by Potato virus A and Potato virus Y. — Photosynthetica 41:
357-363, 2003.

Sindelat, L., Sindelarova, M.: Correlation of viral-RNA bio-
synthesis with glucose-6-phosphate dehydrogenase activity
and host resistance. — Planta 215: 862-869, 2002.

Sindelarova, M., SindelaF, L.: TMV-RNA biosynthesis in the
light-green and dark-green regions of tobacco leaves. — Biol.
Plant. 48: 419-423, 2004.

Sindelarova, M., Sindelaf, L., Burketova, L.: Dynamic changes
in the activities of glucose-6-phosphate dehydrogenase, ribu-
lose bisphosphate carboxylase and ribonuclease in tobacco
leaves, leaf discs and mesophyll protoplasts in relation to
TMV multiplication. — Physiol. mol. Plant Pathol. 51: 99-109,
1997.

Sindelaiova, M., Sindelaf, L., Burketovd, L.: Correlation
between activity of ribonucleases and potato virus Y biosyn-
thesis in tobacco plants. — Physiol. mol. Plant Pathol. 57: 191-
199, 2000.

Tu, J.C., Ford, R.E., Krass, C.J.: Comparisons of chloroplasts
and photosynthetic rates of plants infected and not infected by
maize dwarf mosaic virus. — Phytopathology 58: 285-288,
1968.

van Kooten, O., Meurs, C., van Loon, L.C.: Photosynthetic
electron transport in tobacco leaves infected with tobacco
mosaic virus. — Physiol. Plant. 30: 446-452, 1990.

van Kooten, O., Snel, J.F.H.: The use of chlorophyll fluores-
cence nomenclature in plant stress physiology. — Photosynth.
Res. 25: 147-150, 1990.

Yelina, N.E., Savenkov, E.l., Solovyev, A.G., Morozov, S.Y.,
Valkonen, J.P.T.: Long-distance movement, virulence, and
RNA silencing suppression controlled by a single protein in
hordei- and potyviruses: Complementary functions between
virus families. — J. Virol. 76: 12981-12991, 2002.





