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Summary

 

• Virus infections decrease photosynthesis in plants, but the mechanistic basis is
poorly understood. This was analysed in Banyalbufar malmsey, a grapevine (

 

Vitis
vinifera

 

) variety of Mallorca (Spain).
• The aim of this study was to analyse the mechanisms by which virus infection
affect photosynthesis. Gas exchange (limitation analysis), chlorophyll fluorescence
and Rubisco activity were compared in potted virus-infected and virus-free potted
plants, and in field-grown young lowly infected and older highly infected plants.
• Virus infection resulted in decreased photosynthesis (

 

c

 

. 50%). Stomatal limitation
was unaffected in virus-infected plants, demonstrating that stomatal closure was
not causing photosynthesis decreases. Chlorophyll fluorescence and limitation
analysis suggested that the inhibition of primary light reactions was only a minor
effect of virus infection. By contrast, mesophyll conductance to CO

 

2

 

 and Rubisco
activity substantially decreased in virus-infected plants, corresponding to increa-
ses in the limitations to photosynthesis imposed by mesophyll conductance and
carboxylation.
• It is concluded that decreases in carboxylation and, possibly, in mesophyll con-
ductance are the primary mechanisms by which virus infection impairs photosynthe-
sis in Banyalbufar malmsey.
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Introduction

 

Biotic stresses, such as virus infections, cause serious economic
losses to many crops world-wide (Boyer, 1982). A portion of
these yield reductions induced by biotic stress may be due to
reduced photosynthesis in infected plants. Several studies have
demonstrated that photosynthesis is a primary target of different
types of biotic stress, such as infestation of leaf-feeding mites
(Lin 

 

et al

 

., 1999), inoculation with soil-borne pathogenic fungus
(Nogués 

 

et al

 

., 2002) or virus infection (Balachandran 

 

et al

 

., 1997).
Virus infection is especially problematic in crops because,

unlike other diseases, its impact cannot be reduced by phytosani-
tary treatments. In grapevines (

 

Vitis vinifera

 

), in particular, a
number of viruses are known to affect grape yield and quality
(Walter, 1988; Credi & Babini, 1997; González 

 

et al

 

., 1997;

Guidoni 

 

et al

 

., 1997; Cabaleiro 

 

et al

 

., 1999), with its important
world-wide economic impact (Walter & Martelli, 1996). Several
studies have shown that virus-infected grapevines present
alterations of diverse metabolic processes, such as respiration,
the activity of several enzymes, transport of assimilates, hormonal
balance and photosynthesis (Pozsar 

 

et al

 

., 1969; Walter, 1988).
Despite its importance for crop yield, the mechanisms by

which viruses induce the inhibition of photosynthesis in host
plants are still unclear. Some studies have focused on the pho-
tosynthetic primary reactions, because virus coat protein seems
to accumulate in the membranes of chloroplasts and thylakoids
of the infected plants (Zaitlin, 1987; Reinero & Beachy, 1989;
Rahoutei 

 

et al

 

., 2000). It has been suggested that they inhibit
the electron transport of photosystem II (PSII), and this has
been demonstrated in tobacco mosaic virus (TMV) (Hodgson
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et al

 

., 1989; Reinero & Beachy, 1989; Balachandran & Osmond,
1994; Balachandran 

 

et al

 

., 1994a; Rahoutei 

 

et al

 

., 1999, 2000)
and cucumber mosaic virus (CMV) (Técsi 

 

et al

 

., 1994). A few
studies have also shown that several enzymes involved in CO

 

2

 

assimilation, starch synthesis and photoassimilate transport,
are inhibited by virus infection (Balachandran 

 

et al

 

., 1994b;
Técsi 

 

et al

 

., 1994). However, as noted by Nogués 

 

et al

 

. (2002),
plant diseases can potentially impair the performance of the three
main processes of photosynthesis: the primary light reactions
(light absorbance, thylakoid electron transport and ATP syn-
thesis), the stomatal and/or mesophyll control of CO

 

2

 

 supply,
and the activity of the carbon reduction cycle. Thus, examination
of a single photosynthetic process might not allow a full iden-
tification of the mechanisms of disease-induced limitation.

In the present work, we focused on the effects of virus
infection on photosynthetic metabolism in the ‘Malvasia de
Banyalbufar’ (Banyalbufar malmsey), a grapevine variety of
Mallorca (Balearic Islands, Spain). This variety had almost
disappeared but the historically recognized high quality of its
wines (Habsburg-Lorena, 1869) has brought new interest in
its cultivation. However, all currently existing individuals are
produced from a single survival stock, which is virus infected.
Several independent laboratories have confirmed that the
Banyalbufar malmsey stock is currently infected by at least three
different viruses (grapevine leaf roll-associated virus, GLRaV;
grapevine fan leaf virus, GFLV; and grapevine fleck virus, GFkV).
These infections affect grape yield and quality in an age-
dependent manner, so that the severity of the effects increases
as vines become older (unpubl. obs.), forcing premature pull-
out of the vineyard.

The aim of the present work was to analyse the effects of
these virus on the photosynthetic metabolism of Banyalbufar
malmsey, and to identify the mechanistic basis for virus-induced
photosynthetic inhibition, by comparing photosynthetic para-
meters of virus-infected plants with virus-free plants, previously
obtained with a shoot meristem culture method (Durán-Vila

 

et al

 

., 1988).

 

Materials and Methods

 

Plant material and treatments

 

Two types of 

 

V. vinifera

 

 L. cv. Malvasia were studied: pot-grown
plants (virus-free and infected) and field-grown plants of dif-
ferent ages (5 yr and 10 yr old), all of which were virus-infected.

Virus-free plants were obtained by 

 

in vitro

 

 culture of apex
tissue collected from actively growing vines under field condi-
tions. 

 

In vitro

 

 culture was performed according to Durán-Vila

 

et al

 

., 1988. A total of 120 shoot sections, 0.5–1.0 cm long,
obtained from proliferating shoots derived from the culture
(3 months before cultivation), were used for propagation. They
were transferred to a shoot tip culture medium without hor-
mones. Two months later, 40 plants had survived (33% success).
These rooted plantlets measuring 3–5 cm were transferred to

pots of 0.3 l volume, filled with vermiculite and irrigated every
3 d. The pots were enclosed in clear polyethylene bags to mini-
mize moisture loss and kept under culture cabinet conditions
(20

 

°

 

C and 75% relative humidity). The bags were opened and
closed periodically to minimize stress and were completely
removed when no wilting was observed. Afterwards, plantlets
were transferred to new pots (2 l of volume), filled with ver-
miculite. Plantlets were irrigated every 3 d with 50% Hoagland’s
solution (Hoagland & Aron, 1950) and exposed to outdoors
conditions. Plants having about 20 leaves were transferred to
new pots (40 l volume) filled with commercial Prohumine
turbe (Comercial Projar S.A., Valencia, Spain) and exposed to
ambient conditions, irrigated with 50% Hoagland’s solution
every 3 d. Photosynthetic parameters were determined at this
stage. The presence of the following viruses was tested using
commercial enzyme-linked immunosorbent assay (ELISA)
coating and conjugate antibodies preparations (Bioreba AG,
Reinach, Switzerland): GLRaV-1, 2, 3, GFLV and GFkV.
These viruses are described in the Universal Virus Database
(www.ncbi.nlm.nih.gov/ICTVdb/ICTVdB/index.htm). GLRaV
is a complex of about eight virions from at least three genera.
The viruses assayed in this group are now identified as the
Ampeloviruses GLRaV-1 (00.017.0.03.001), GLRaV-3
(00.017.0.03.003) and the Closterovirus GLRaV-2
(00.017.0.01.009). Grapevine Fan leaf virus is a Nepovirus
(00.018.0.03.016) and Grapevine Fleck Virus is a Maculavi-
rus (00.077.0.03.001). Two independent laboratories tested
all forty surviving plants. As shown in Table 1, 15 of the 

 

in
vitro

 

 obtained plants were still infected by two of the viruses,
GLRaV and GFLV (Virus infected, VI), while the other 25
were completely virus-free (noninfected, NI). Therefore, the
percentage of success of virus eradication was 62.5%.

Field-grown plants were studied at Can Pico and Dalt s’Era
vineyards in Banyalbufar (Mallorca, Spain). At both sites plants
were grafted on rootstock Paulsen 1103 and trained in bilateral
cordon without irrigation. In Can Pico, 10-yr-old-plants were
studied. These plants presented symptoms of severe virus infec-
tion (GLRaV, GFLV and GFkV). The presence of all these
viruses was confirmed by ELISA test (Table 1). We define these
plants as ‘Highly infected’ (HI). In Dalt s’Era, 5-yr-old plants
were studied. An ELISA test demonstrated the presence of
GLRaV, GFLV and GFkV in these plants, although visual
symptoms were not apparent, which confirms the strong
interaction between plant age and the severity of virus infection
(Walter & Martelli, 1996). Parameters related to fruit quality
also confirmed that the effects of the infection were stronger
in Can Pico than in Dalt s’Era (B. Sampol, unpubl. data).
Therefore, we refer to the latter plants as ‘Less infected’ (LI).

In August, nutrient solution containing 8% nitrogen (N)
and 8% phosphorus (P) (Actigil; Rhône Poulenc S.A., Paris,
France) was spread over leaves of highly affected plants in Can
Pico to test early suggestions that high nutrient availability
mitigates the effects of virus infection (Balachandran &
Osmond, 1994) and to further test the mechanistic basis for
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photosynthesis depression in virus-infected plants. These plants
are referred as ‘Highly infected plus Nutrients’ (HI + N).

 

Environmental conditions and leaf water status

 

Plants were grown outdoors under typical Mediterranean
summer conditions with a rainfall bellow 30 l m

 

−

 

2

 

 from late
May to August All plants were irrigated at field capacity with
a drip system twice a week in July and August. Mean tempera-
ture values from July to August were 24

 

°

 

C, with maximum
values of 

 

c

 

. 32

 

°

 

C and minimum of 

 

c

 

. 16

 

°

 

C.
Leaf water status was determined in mature leaves as the

midday leaf water potential, using an Scholander chamber
(Soil Moisture Equipment Corp., Santa Barbara, CA, USA).

 

Gas exchange measurements

 

The interaction of the effects of leaf age and virus infection on
net CO

 

2

 

 assimilation (A

 

N

 

) and stomatal conductance (g

 

s

 

) was
analysed in 

 

ex vitro

 

-acclimatized potted plants. The A

 

N

 

 and g

 

s

 

values were determined by gas exchange in three different leaf
stages (old basal, mature medium and young apical), three
times during August, using a Li-6400 (Li-Cor Inc., Lincoln,
NE, USA). Measuring conditions were saturating light (1500
µmol photons m

 

−

 

2

 

 s

 

−

 

1

 

), ambient temperature (between 30

 

°

 

C
and 32

 

°

 

C) and CO

 

2

 

 concentration (360 µmol mol

 

−

 

1

 

). Leaves
from four different plants were measured for each treatment
(VI and NI) and sampling time.

The response of A

 

N

 

 to substomatal CO

 

2

 

 concentration
(Ci) was only analysed in medium leaves, after observing that
those leaves were the most affected by virus infection (see the
Results section). The A

 

N

 

–Ci curves were performed in leaves
from three different plants according to Escalona 

 

et al

 

. (1999),
although in these experiments the external CO

 

2

 

 range was
increased to 1500 p.p.m. The Ci values were corrected for cuticular
conductance according to Boyer 

 

et al

 

. (1997).
In field-grown plants, light-saturated A

 

N

 

 and g

 

s

 

 were deter-
mined at mid-morning in six leaves from different plants for

each treatment (HI, LI and HI + N), using the same conditions
as for pot-grown plants. A

 

N

 

–Ci curves were determined in
four of these six leaves.

 

Chlorophyll fluorescence measurements

 

Chlorophyll fluorescence parameters were measured using a
portable pulse amplitude modulation fluorometer (PAM-2000;
Walz, Effeltrich, Germany) on attached leaves with natural
saturating light around mid-morning (09 : 00 hours, solar
time). Photon flux density (PPFD) incident on the leaves was
always higher than 1000 µmol m

 

−

 

2

 

 s

 

−

 

1

 

, which is known to be
above photosynthesis saturation in field-grown grapevines
(Flexas 

 

et al

 

., 1998; Escalona 

 

et al

 

., 1999). A measuring light of
about 0.5 µmol photon m

 

−

 

2

 

 s

 

−

 

1

 

 was set at a frequency of 600
Hz to determine the background fluorescence signal (Fo), at
predawn (04 : 00 hours, solar time). The same light intensity
was used to measure the steady state fluorescence signal (Fs)
under sunlight conditions at mid-morning, although its frequency
was increased to 20 kHz. To obtain predawn (Fm) and steady-
state (Fm

 

′

 

) maximum fluorescence yields saturation pulses of
about 10 000 µmol photon m

 

−

 

2

 

 s

 

−

 

1

 

 and 0.8 s duration were
applied. Maximum quantum efficiency of PSII (Fv/Fm) was
calculated as described by Björkman & Demmig (1987):

Fv/Fm = (Fm/Fo)/Fm

PS II photochemical efficiency (

 

∆

 

F/Fm

 

′

 

), was calculated as
described by Genty 

 

et al

 

. (1989).

 

∆

 

F/Fm

 

′

 

 = (Fm

 

′

 

 

 

− 

 

Fs)/Fm

 

′

 

,

and used for the calculation of the linear electron transport
rate (ETR) according to Krall & Edwards (1992):

ETR = 

 

∆

 

F/Fm

 

′

 

 

 

×

 

 PPFD 

 

×

 

 0.5 

 

×

 

 ABS

(PPFD is the photosynthetic photon flux density incident on
the leaf; 0.5 is a factor which assumes equal distribution of
energy between the two photosystems (the actual factor has
been described to be between 0.4 and 0.6) (Laisk & Loreto, 1996;
Albertsson, 2001). The leaf absorptance (ABS) was determined
according to Schultz (1996), yielding values between 0.80
and 0.89 for all plants analysed. Therefore, an average value of
0.84 was used for calculations. Non-photochemical quench-
ing of chlorophyll fluorescence (NPQ) at mid-morning was
calculated according to Bilger & Björkman (1994) as:

NPQ = (Fm 

 

− 

 

Fm

 

′

 

)/Fm

 

′

 

Estimation of CO

 

2

 

 concentration in the chloroplasts and 
mesophyll conductance

 

The CO

 

2

 

 concentration in the chloroplasts (Cc) can be
estimated from combined gas-exchange and chlorophyll
fluorescence measurements (Di Marco 

 

et al

 

., 1990; Harley

Table 1 Enzyme-linked immunosorbent assay (ELISA) results on 
the presence (+) or absence (–) of grapevine fan leaf virus (GFLV), 
grapevine fleck virus (GFkV) and grapevine leaf roll-associated virus 
(GLRaV) virus in potted ex vitro acclimatized noninfected (NI) and 
infected (VI) Vitis vinifera plants, and in field-grown young lowly 
infected (LI), old highly infected (HI) and HI plants sprayed with 
nutrient solution (HI + N)
 

 

Treatment GFLV GFkV GLRaV

NI – – –
VI + – +
LI + + +
HI + + +
HI + N + + +

Of 40 ex vitro acclimatized plants, 25 were noninfected and 15 were 
infected.
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et al

 

., 1992; Loreto 

 

et al

 

., 1994; Epron et al., 1995). We have
used the method of Epron et al. (1995) for our estimations, as
previously described (Flexas et al., 2002). According to this
method, the ETR measured by chlorophyll fluorescence, can
be divided in two components:

ETR = ETRA + ETRP

(ETRA is the fraction of ETR used for CO2 assimilation;
ETRP is the fraction of ETR used for photorespiration). Both
ETRA and ETRP can be solved from data of AN, dark respira-
tion (RD) and ETR, and from the known stoichiometries of
electron use in photosynthesis and photorespiration (see Epron
et al., 1995 for details). A RD value of −1 µmol CO2 m

−2 s−1

was used, since it was previously shown to be quite constant
under varying environmental conditions in different grapevine
varieties (Escalona et al., 1999, and unpublished results).

Cc was calculated according to Laing et al. (1974) as:

S = (ETRA/ETRP)/(Cc/O)

(S is the specificity factor of Rubisco; O is the oxygen mole
fraction at the oxygenation site, assumed to be equal to the mole
fraction in the air). The S value was previously determined in
vitro to be 100 mol mol−1 at 25°C in grapevines (Bota et al.,
2002). After estimation of Cc, the mesophyll conductance
(gmes) was approximated as gmes = (AN + RD)/(Ci − Cc) (Epron
et al., 1995), and used to construct AN–Cc curves from data
on AN–Ci curves.

Limitation analysis

From AN–Ci curves, the limitation to photosynthesis imposed
by CO2 diffusion through stomata ( ) was calculated accor-
ding to Farquhar & Sharkey (1982). Recently, Bernacchi et al.
(2002) have established an analogous calculation of the limita-
tion imposed by CO2 diffusion through the leaf mesophyll
( ). This was calculated by transforming AN–Ci curves to
AN–Cc curves from the estimated values of mesophyll conduc-
tance. Limitations due to carboxylation capacity ( ) and maximum
photosynthetic capacity ( ) were calculated according to
Martin & Ruiz-Torres (1992), although in this case AN–Cc curves
were used instead of AN–Ci curves, as the former may be more
representative of the CO2 conditions at the carboxylating site.

Briefly, the meaning of this limitation analysis is as follows.
The  was calculated comparing the plant under study with
a theoretical plant with identical carboxylation efficiency (i.e.
the initial slope of the AN–Ci curve) and Amax (i.e. light- and
CO2-saturated photosynthesis) but with infinite gs (i.e. zero
stomatal limitation). The  was calculated analogously,
and compares the actual plant with one with infinite gmes (i.e.
zero mesophyll limitation). Similarly,  compares the plant
studied with a theoretical plant having identical gs and Amax
but with infinite carboxylation efficiency. The  compares

the studied plant with a plant having identical gs and carboxy-
lation efficiency but infinitely great Amax.

Biochemical analysis

For each treatment (both in pot-grown and field-grown plants)
five leaf discs (5.3 cm2) from different plants were freeze-clamped
in situ. Samples were grounded to a fine powder in a mortar,
previously chilled with liquid N2 and homogenized in 1 ml
ice-cold extraction medium (0.1  Bicine, pH 8, 50 m β-
mercaptoethanol, 11 m 6% polyethylene glycol (PEG)
4000, 11 m Na-diethyl-dithio-carbamate (DIECA), 2 m
benzamidine, 1% (v : v) protease inhibitor cocktail (Sigma-
Aldrich Co., St. Louis, MO, USA), 2.5% Tween 20). Extracts
were centrifuged (14 500 g at 4°C for 2 min) and the
supernatant immediately assayed at 25°C for Rubisco activity.
Initial and total activities were determined as previously
described (Delgado et al., 1993).

In pot-grown plants, the same discs were used to determine
chlorophyll, carotenoids and total soluble protein. Determi-
nation of chlorophyll and carotenoid contents was performed
according to Lichtenthaler & Wellburn (1983) and total soluble
protein content was determined according to Bradford (1976).

Growth determinations

Basal shoot diameter, shoot length, lateral shoot length, total
number of leaves, and length of four average leaves were
measured on each plant once a week during August in four ex
vitro acclimatized plants for each treatment (VI and NI). Shoot
length was measured with a metal rule, and leaf length and
basal shoot diameter were measured with a digital micrometer
(Comecta S.A., Barcelona, Spain). Leaf elongation rate was
calculated as the difference in leaf length between two
consecutive samplings.

Statistical analyses

Statistical analyses of the data were performed with the SPSS
9.0 software package (SPSS, Chicago, IL, USA). Three-way ,
including treatment, leaf stage and date of measurement as
factors was performed to analyse the interactive effects of these
factors on leaf photosynthesis. One-way  with treatment
as the factor was also performed for all the studied parameters.
Differences between means were revealed by Walter–Duncan
test (P < 0.05).

Results

Photosynthetic differences between uninfected and 
virus-infected potted plants

In order to determine possible interactions between virus infec-
tion, time of the season and leaf age, AN was measured three
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times during August in three different leaf stages, in both VI
and NI plants. The AN value was affected by virus infection
and both leaf age and position. However, time was not a
significant factor on AN (Table 2). The interaction of leaf stage
and virus infection significantly affected AN. On average, AN
of VI plants was reduced by 21% with respect to NI plants,
but the medium mature leaves were the most affected by virus
(45% average reduction, see Table 3). Medium mature leaves
were used for further comparisons among VI and NI plants
(Tables 4–6).

Virus infection had no effect on leaf water potential
(Table 3) and Fv/Fm (not shown). However, virus infections
had significant effects on pigment and protein contents, and
all the other photosynthetic parameters analysed (AN, gs and
ETR) were also significantly affected by infection (Table 3).
Both AN and gs were reduced to a similar extent, so that the

intrinsic water-use efficiency (AN/gs) remained unaffected
(not shown). The decrease of ETR was matched by an increase
of NPQ (not shown). ETR : AN and ETR : AG* ratios were
similar for NI and VI plants. This supports the notion that
most of the reducing equivalents generated in the electron
transport rate are used for photosynthesis and photorespira-
tion (Flexas et al., 2002), which allows the method of Epron
et al. (1995) to be used for the estimation of gmes. The esti-
mated gmes was decreased by c. 50% in VI plants (Table 3).

Virus infection resulted in significant reductions of both
the initial slope of AN-Ci curves and the maximum photosyn-
thesis at high CO2 (Fig. 1). A limitation analysis was applied
to AN–Ci and AN–Cc curves (Table 3). In NI plants,  was
the highest limitation to photosynthesis and  the lowest,
as usually observed (Martin & Ruiz-Torres, 1992). All limitations
except  increased significantly in VI plants. The greatest per
cent increase in VI plants was that of , but it was still the
lowest of all limitations, the highest still being  (Table 3).

Age- and nutrient-dependent reductions of net 
photosynthesis in field-grown virus-infected plants

The comparison of HI and LI plants under field conditions
yielded very similar results to those observed in potted plants,
thus confirming the known interaction between plant age and
virus infection (Walter & Martelli, 1996).

As in potted plants, leaf water potential and Fv/Fm were
not affected by virus treatments. Leaf protein content was
65% lower in HI than in LI plants (Table 4). Interestingly,
foliar treatment with Actigil resulted in complete recovery of
protein content only 1 wk after the treatment was applied
(HI + N, Table 4). The differences between LI and HI plants

Table 2 ANOVA analysis of the effects of date, stage, treatment and 
their interactions on light-saturated net CO2 assimilation (AN) in 
potted ex vitro acclimated noninfected (NI) and infected (VI) Vitis 
vinifera plants
 

 

Parameters df F P

Date 2 2.62 ns
Stage 2 13.45 *
Treatment 1 16.67 *
Date–stage 4 0.65 ns
Date–treatment 2 0.12 ns
Stage–treatment 2 3.28 *
Date–stage–treatment 4 1.58 ns

*Statistically significant differences between treatments at P < 0.05; 
ns, nonsignificant differences.

Table 3 Leaf water potential (Ψ), chlorophyll (Chl), carotenoid and total soluble protein contents of leaves, light-saturated net CO2 assimilation 
(AN), stomatal conductance (gs), electron transport rate (ETR), ETR to AN ratio, ETR to gross photosynthesis (AG*) ratio, and mesophyll 
conductance (gmes)
 

Parameter NI VI % Change P

Ψ (MPa)  −0.4 ± 0.1 −0.6 ± 0.1 – ns
[Chl] (mg m−2) 269.3 ± 16.5 159.6 ± 11.7 −40.7 *
[Carotenoids] (mg m−2) 441.5 ± 10.1 311.5 ± 21.3 −29.4 *
[soluble protein] (mg m−2) 15.1 ± 0.7 11.3 ± 0.6 −25.2 *
AN (µmol CO2 m

−2 s−1) 12.6 ± 0.7 6.9 ± 0.9 −45.2 *
gs (mol H2O m−2 s−1) 0.18 ± 0.01 0.10 ± 0.01 −43.5 *
ETR (µmol e– m−2 s−1) 123.1 ± 4.5 86.5 ± 8.0 −29.8 *
ETR : A (µmol e– µmol CO2

−1) 10.4 ± 0.9 11.9 ± 2.6 – ns 
ETR : AG* (µmol e– µmol CO2

−1) 6.9 ± 0.7 7.3 ± 1.5 – ns
0.36 ± 0.03 0.40 ± 0.02 – ns
0.02 ± 0.02 0.29 ± 0.01 +31.0 *
0.51 ± 0.02 0.62 ± 0.04 +17.8 *
0.03 ± 0.01 0.16 ± 0.01 +81.2 *

The calculated limitations are: stomatal limitation ( ), the limitation imposed by mesophyll conductance ( ), limitation due to carboxylation 
capacity ( ), and limitation due to maximum photosynthetic capacity ( ) in potted noninfected (NI) and virus-infected (VI) plants. Values 
are means ± SE, n = 4–6. % Change indicates the percentage of change (–, decrease; +, increase) of VI in respect to NI plants for each parameter. 
*Statistically significant differences between treatments at P < 0.05; ns, nonsignificant differences.
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in AN, gs, ETR, ETR : AN, ETR : AG* and gmes were similar
to those previously observed between NI and VI plants
(Table 4). Foliar treatment with Actigil resulted in substantial,
although incomplete, recovery of these parameters.

Both the initial slope of AN–Ci curves and the maximum
photosynthesis at high CO2 were lower in HI than in LI
plants (Fig. 2). The HI + N plants showed an intermediate
pattern (Fig. 2). Limitation analysis revealed that in LI plants,

 was again the most important limitation to photosynthesis
(Table 4). All limitations, including , were significantly greater
in HI than in LI plants. The  presented the highest per
cent increase, but again  and  were the strongest limita-
tions in HI plants (Table 4). Foliar treatment with Actigil

resulted in complete recovery of  and , and in partial
recovery of  and  (Table 4).

Discussion

The present results clearly show that virus infection resulted
in lowered photosynthesis in Malmsey grapevines, as already
observed in other grapevine varieties (Pozsar et al., 1969; Abrasheva
& Slavcheva, 1974; Guidoni et al., 1997; Cabaleiro et al., 1999)
and other plant species (Hodgson et al., 1989; Reinero & Beachy,
1989; Balachandran & Osmond, 1994; Balachandran et al.,
1994a,b, 1997; Técsi et al., 1994; Rahoutei et al., 2000). The
results also confirm a strong effect on photosynthesis of the

Fig. 1 The relationship between net CO2 
assimilation (AN) and substomatal CO2 
concentration (Ci) in potted-grown 
Noninfected (NI, closed triangles) and virus-
infected (VI, open triangles) Vitis vinifera 
plants. Values are means ± SE, n = 4.

Table 4 Leaf water potential (Ψ), total soluble protein contents of leaves, light-saturated net CO2 assimilation (AN), stomatal conductance (gs), 
electron transport rate (ETR), ETR to AN ratio, ETR to gross photosynthesis (AG*) ratio, and mesophyll conductance (gmes) in field-grown lowly 
infected (LI), highly infected (HI) and highly infected plus nutrients (HI + N) plants
 

 

Parameter LI HI % Change HI + N % Change

[soluble protein] (mg m−2) 51.3 ± 6.4a 17.7 ± 9.1b −65.4 49.6 ± 6.8a ns
Ψ (MPa) −1.3 ± 0.2a −1.4 ± 0.1a ns −1.6 ± 0.1a ns
AN (µmol CO2 m

−2 s−1) 9.5 ± 0.2a 4.9 ± 0.6b −48.4 7.7 ± 0.1c −18.9
gs (mol H2O m−2 s−1) 0.14 ± 0.01a 0.06 ± 0.01b −57.1 0.11 ± 0.01c −21.4
ETR (µmol e– m−2 s−1) 104.1 ± 6.1a 81.6 ± 5.5b −21.6 94.0 ± 7.5a −9.7
ETR : AN (mol e– mol−1 CO2) 10.9 ± 0.8a 16.6 ± 3.2a ns 12.1 ± 1.2a ns
ETR : AG* (mol e– mol−1 CO2) 6.1 ± 0.9a 7.7 ± 2.3a ns 6.5 ± 0.8a ns

0.26 ± 0.03a 0.33 ± 0.10b +26.9 0.21 ± 0.03a ns
0.30 ± 0.03a 0.53 ± 0.05b +43.4 0.41 ± 0.04a ns
0.56 ± 0.01a 0.69 ± 0.04b +18.8 0.64 ± 0.03ab +12.5
0.03 ± 0.01a 0.08 ± 0.03b +62.0 0.04 ± 0.01ab +25.0

The calculated limitations are: stomatal limitation ( ), the limitation imposed by mesophyll conductance ( ), limitation due to carboxylation 
capacity ( ), and limitation due to maximum photosynthetic capacity ( ) in potted noninfected (NI) and virus-infected (VI) plants. Values 
are means ± SE, n = 4–6. % Change indicates the percentage of change (–, decrease; +, increase) of HI or HI + N with respect to LI plants for 
each parameter. Different letters indicate statistically significant differences between treatments at P < 0.05; ns, nonsignificant differences.
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interaction between virus infection and plant age (Walter &
Martelli, 1996) and the interaction between virus infection and
nutrient supply (Balachandran & Osmond, 1994; Balachandran
et al., 1994b).

By contrast to most previous studies, the combination of
gas-exchange, chlorophyll fluorescence and photosynthesis
limitation analysis used in the present study allows evaluation
of the effects of virus infection on partial photosynthetic pro-
cesses, such as primary light reactions, stomatal and/or meso-
phyll control of CO2 supply, and the activity of the carbon
reduction cycle.

Chlorophyll and carotenoid contents were strongly reduced
in virus-infected plants, as previously described (Abrasheva &
Slavcheva, 1974; Balachandran et al., 1994b; González et al.,
1997; Rahoutei et al., 2000). However, chlorophyll fluores-
cence analysis suggests that virus-induced damage to PSII was
not the main factor limiting photosynthesis in infected plants.
By contrast to previous suggestions by Balachandran et al.
(1994a) it was found that Fv/Fm was unaffected by virus
infection, suggesting that this did not induce photo-inibitory
damage. Moreover, the observed decreases of ETR in infected

plants were paralleled by identical increases of NPQ, which
suggests enhanced photoprotection rather than photoinhibi-
tion (Rahoutei et al., 2000). Balachandran et al. (1997) have
demonstrated an increased de-epoxidation state of the xan-
thophyll cycle in virus-infected plants. The fact that  was
the lowest photosynthetic limitation in all the studied plants and
that it completely recovered after foliar nutrient supply, while
AN did not, further suggests that primary light reactions were not
the most limiting factor for photosynthesis in virus-infected
plants. These results are in agreement with those of Técsi et al.
(1994), who showed that, despite reduced Rubisco content,
and possible reductions of net CO2 assimilation and PSII
electron transport, the photosynthetic capacity (i.e. the pho-
tosynthetic rate measured in saturating CO2) was not affected
by virus infection in Cucurbita pepo.

The diffusion of CO2 through both the stomata and the
mesophyll was lower in VI than in NI, and in HI than in LI
plants, as indicated by reduced gs and gmes. However, the con-
stancy of AN : gs and  among treatments reveals that sto-
matal diffusion of CO2 was not limiting photosynthesis in
infected plants. This was also supported by the fact that foliar
nutrient supply resulted in complete recovery of , but not
of AN. By contrast, decreased CO2 diffusion through the meso-
phyll could be an important factor limiting photosynthesis
in virus-infected plants. At least in field-grown highly infected
plants,  was very high, and of similar order of magnitude
to . Moreover,  was only partly recovered by foliar
nutrient application, as it was AN. This is, to our knowledge,
the first time that decreased gmes is suggested as a possible fac-
tor responsible for virus-induced decreases of photosynthesis.
It has recently been shown that gmes is more variable than pre-
viously thought, and that it could limit photosynthesis under
drought (Flexas et al., 2002), high temperature (Bernacchi
et al., 2002) and salinity stress (Centritto et al., 2003).

Fig. 2 The relationship between net CO2 
assimilation (AN) and substomatal CO2 
concentration (Ci) in field-grown lowly infected 
(LI, closed squares), highly infected (HI, open 
squares) and highly infected plus nutrient 
(HI + N, closed circles) Vitis vinifera plants. 
Values are means ± SE, n = 4.

Table 5 Initial and total Rubisco activity and activation state in 
noninfected (NI) and virus-infected (VI) potted plants
 

 

Parameter NI VI %Change P

% Initial Rubisco activity 100.0 ± 33.9 73.3 ± 21.0 −26.7 *
% Total Rubisco activity 100.0 ± 32.0 90.3 ± 23.0 −9.7 *
% Activation state 51.3 ± 6.0 42.6 ± 8.3 −17.0 **

% Change indicates the percentage of change (–, decrease; +, 
increase) of VI in respect to NI plants for each parameter.
*Statistically significant differences between treatments at P < 0.05; 
ns, nonsignificant differences.

IAmax

Igs

Igs

Igmes
Ice

Igmes



www.newphytologist.com © New Phytologist (2003) 160: 403–412

Research410

Nevertheless, the present analysis also suggests that decreased
carboxylation capacity was the main factor limiting photosyn-
thesis in virus-infected plants.  was by far the greatest lim-
itation to photosynthesis in uninfected and all the different
virus-infected plants. Moreover, it was only partly recovered
by foliar nutrient application, as it was AN. The  value is
usually related to Rubisco activity (von Caemmerer, 2000). To
confirm that this was a main limiting factor for photosynthe-
sis in virus-infected plants, initial and total Rubisco activities
were determined (Tables 5 and 6). Initial Rubisco activity of
VI plants was only 73% of that of NI plants, although total
Rubisco activity was still up to 90%. Similarly, initial Rubisco
activity of HI plants was only 67% of that of LI plants, and
total Rubisco activity was 84%. Therefore, it can be con-
cluded that virus infection results in reduced carboxylation
capacity through impairment of Rubisco activity. This is mainly
due to the decreased activation state of the enzyme (Tables 5
and 6). Foliar nutrient application resulted in almost com-
plete recovery of both initial and total Rubisco activity,
although recovery of  was not as high. The reasons for this
discrepancy remain to be analysed.

In conclusion, the present analysis suggests that the pre-
sence of GFLV and GLRaV viruses in Banyalbufar malmsey
grapevines reduces their photosynthetic capacity through
reductions of the carboxylation capacity and of the CO2 dif-
fusion capacity through the mesophyll, rather than by impair-
ment of primary light reactions or CO2 diffusion through the
stomata. The photosynthetic reductions observed in VI plants
(c. 50%) were reflected in similar (25–50%) reductions of sev-
eral growth parameters (Table 7). Similar growth reductions
have already been observed in plants subjected to virus infec-
tions (Balachandran et al., 1997) and other biotic stresses
(Nogués et al., 2002). Furthermore, it can be concluded that

shoot tip meristem culture is an appropriate method to elim-
inate virus from infected plants, although it takes several years
to obtain mature and acclimatized plants capable of growing
and yielding under field conditions. Meanwhile, foliar appli-
cation of nutrient solution substantially alleviates some of the
effects of virus on photosynthesis and, thus, could be used to
improve growth and yield in field-grown, virus-infected plants.
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