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Effects of potato virus Y™ infection on gas exchange and photosystem 2
function in leaves of Solanum tuberosum L.
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Abstract

Photosynthetic responses of potato (Solanum tuberosum L. cv. Chunzao) were examined during potato virus Y
(PVYN™) infection. PVYN™ infection significantly reduced net photosynthetic rate and stomatal conductance, but had
little influence on intercellular CO, concentration. As the disease developed, the maximum carboxylation velocity of ri-
bulose-1,5-bisphosphate carboxylase/oxygenase and the maximum electron transport rate contributing to ribulose-1,5-
bisphosphate regeneration gradually decreased, followed by substantial reductions in the relative quantum efficiency of
photosystem 2 (PS2) electron transport, the efficiency of excitation energy capture by open PS2 reaction centres, and
photochemical quenching, but not in sustained photoinhibition. Thus PVY""™ depressed photosynthesis mainly by inter-
fering with the enzymatic processes in the Calvin cycle which resulted in a down-regulation of electron transport.

Additional key words: chlorophyll fluorescence; intercellular CO, concentration; net photosynthetic rate; photochemistry; photosyn-
thetic electron transport; potato; potato virus Y; quantum yield; stomatal conductance.

Introduction

Potato virus Y (PVY"™) is prevalent in potato plants. It
infects potato leaves and spreads rapidly. PVY"'™™ results
in a great loss of yield and is a world-wide problem in the
potato production (Dolenc et al. 2000). Virus-infected
plants show strong morphological and physiological al-
terations, with symptoms such as leaf mosaic and curling
or vein necrosis associated with changes in the chloro-
plast structure and function (Reinero and Beachy 1989,
Rahoutei et al. 2000, Pompe-Novak et al. 2001). Previous
studies show that lowered plant growth rate in virus-in-
fected plants is attributed mainly to impaired photosyn-
thesis in virus-infected leaves with reduced chlorophyll
(Chl) content and maximum Chl fluorescence, decreased
activities of some photosynthetic enzymes, and elevated
sugar or starch contents (Montalbini and Lupattelli 1989,
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Funayama et al. 1997, Osmond et al. 1998, Funayama
and Terashima 1999, Swiech et al. 2001). Effects of virus
infection on photosynthesis have been mostly studied in
the tobacco mosaic virus (TMV) systems (Montalbini and
Lupattelli 1989, Balachandran and Osmond 1994,
Balachandran et al. 1994, 1997, Wolf and Millatiner
2000). The coat protein of TMV is bound to photosys-
tem 2 (PS2) complex with lowered activities of PS2 elec-
tron transport (Reinero and Beachy 1989) and induces
chronic photoinhibition, which leads to yellow mosaic
symptoms through photooxidation of Chl (Balachandran
and Osmond 1994). Conversely, inhibition of PS2
activity in cucumber mosaic virus (CMV)-infected
tobacco plants has been associated with a decrease in the
amount of polypeptides of the oxygen-evolving complex
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Abbreviations: C;, intercellular CO, concentration; Chl, chlorophyll; Fy, F,,, minimum and maximum Chl fluorescence yield corre-
sponding to open and closed PS2, respectively, after dark pre-treatment; Fyy', F,', minimum and maximum Chl fluorescence yield cor-
responding to open and closed PS2, respectively, during irradiation; F,/F,,, the maximal photochemical efficiency of PS2; F,'/F,,', the
efficiency of excitation energy capture by open PS2 reaction centres; g, stomatal conductance; J,,,, maximum electron transport rate
contributing to RuBP regeneration; L, stomatal limitation; Py, irradiance-saturated net CO, assimilation rate; PPFD, photosynthetic
photon flux density; PVYN™, potato virus Y; qn, non-photochemical quenching coefficient; qp, photochemical quenching coefficient;
RuBP, ribulose-1,5-bisphosphate; RuBPCO, ribulose-1,5-bisphosphate carboxylase/oxygenase; Vi may, the maximum carboxylation
velocity of RuBPCO; ®co,, the maximum apparent quantum efficiency for CO, assimilation; ®ps,, quantum yield of electron trans-
port at PS2.
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(Takahashi and Ehara 1992). PVY™™ infection of potato
leads to impaired photosynthesis as is the case in other
virus diseases (Chia and He 1999, Funayama 2001). It in-
fluences the ultrastructure of chloroplasts in primary
infected potato leaves (Pompe-Novak et al. 2001). The
underlying causes remain largely unknown, as do the
basis of pathogenicity (Nadderi and Berger 1997a,b,

Materials and methods

Plant and virus materials: Groups of two potato
(Solanum tuberosum L. cv. Chunzao) plants were grown
in a 15 000 cm’ pot with soils in a greenhouse maintained
at 25/20 °C and relative humidity of 80-90 %. A geogra-
phical isolate of the potato virus YN (PVYN™) strain
obtained from a highly susceptible potato cv. No. 35 was
used. Plants with six fully developed leaves were ino-
culated with potato virus PVY"™ (Dolenc et al. 2000,
Milavec et al. 2001). After infection, both healthy and
viral systemically infected plants were transferred to a
growth chamber. The chamber was maintained at
25/20 °C with photosynthetic photon flux density (PPFD)
of 500 umol(photon) m™ s and relative humidity of 80—
90 %. During the experiment, the pots were watered
every 2-3 d with a nutrient solution containing [mM] 6.0
KNO3, 2.0 Ca(NO3)2, 1.0 NH4H2PO4, and 1.0 MgSO4 (Yu
and Matsui 1997). Eighty days later, plants were har-
vested and weighted. There were twenty Y™ -infected
plants and controls, respectively.

Leaf Chl was extracted in dim light with 80 % acetone in
the presence of small amount of CaCO;. The extract was
centrifuged at 5 000xg for 10 min at 2 °C and the super-
natant was further cleared by passing through a 0.45 um
filter. Chls were measured spectrophotometrically using a
Shimazu UV 2100 spectrophotometer (Manetas et al.
2002).

Gas exchange measurements: Analyses of the various
photosynthetic parameters were carried out in virus-in-
fected plants and in the corresponding controls. The 5"
symptomatic leaf from bottom was selected for the mea-
surement of CO, assimilation using an infrared gas ana-
lyzer (CIRAS-1, PP Systems, Hitchin, UK). For the mea-
surements of the net photosynthetic rate (Py), intercel-
lular CO, content (C;), and stomatal conductance (g;), air
temperature, air relative humidity, CO, concentration, and
PPFD were maintained at 25 °C, 80-90 %, 360 pmol

Results

The first symptoms appeared 8—13 d after inoculation and
plant growth was significantly inhibited by the PVY"™
infection. PVY"™-infected plants initially developed lo-
cal lesions and later also severe systemic symptoms such
as vein necrosis, leaf mosaic, and curling. At the end of
the experiment, the average tuber yield for the PVY""-
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Petrovic et al. 1997). It is not certain if impaired photo-
synthesis results from stomatal limitation or biochemical
limitation or photoinhibition or other factors. In this stu-
dy, we demonstrate how changes in the gas exchange pa-
rameters, CO, fixation capacity, and Chl fluorescence
quenching in plants infected with PVY™'™ are related to
the impaired photosynthesis.

mol ™, and 1 050 umol(photon) m?s™, respectively. Mea-
surements of Py/PPFD or P\/C; were made in descending
order from 1300 to 10 umol(photon) m™ s™', and from
1500 to 10 umol mol ™, respectively. From the Pn/C; and
PN/PPFD  curves, stomatal limitation (L) and true
quantum yield of CO, assimilation (®¢o,) were calcula-
ted, respectively (Farquhar and Sharkey 1982). Estima-
tion of the maximum electron transport rate contributing
to RuBP (ribulose-1,5-bisphosphate) regeneration (J.x)
and the maximum carboxylation velocity of RuBPCO
(Vemax) Were made by fitting a maximum likelihood re-
gression below and above the inflexion of the P\/C; res-
ponse using the method of McMurtrie and Wang (1993).

Chl fluorescence quenching was measured simultane-
ously using a system that combined the infrared gas ana-
lyzer with a FMS-2 pulse-modulated fluorometer (Hansa-
tech Instruments, Norfolk, UK) (Yu ef al. 2002).

After 15 min dark adaptation, the minimal fluores-
cence Fy was measured as the average of the fluorescence
signal under a week pulse of amber modulating radiation
emitting diode over a 1.8-s period, and maximal fluo-
rescence F,, was measured after a saturating pulse
(8 000 pmol m?s™) of 0.7 s. The maximum quantum effi-
ciency of PS2 was determined as F,/F, where F, is the
difference between F, and F,. An “actinic light”
(600 umol m? s™) was then applied to achieve steady
photosystems and to obtain F; (steady state fluorescence
yield). After that, a saturating pulse was applied for 0.7 s
to obtained F,’ (light adapted maximal fluorescence).
From the measurement, maximum quantum efficiency of
PS2 photochemistry (F,/Fy,), the relative quantum effi-
ciency of PS2 electron transport (®ps,), the efficiency of
excitation energy capture by open PS2 reaction centres
(F\’/F”), photochemical quenching (qp), and non-photo-
chemical quenching (qn) were determined, respectively
(Genty et al. 1989).

infected plants was only 79.7 % of the control plants, re-
spectively (values not shown).

The changes in Chl content and gas exchange parame-
ters with the development of virus infection in potato
plants are shown in Fig. 1. Pyg and g of the healthy
leaves decreased gradually. The virus-infected leaves



EFFECTS OF POTATO VIRUS Y™ INFECTION ON GAS EXCHANGE IN LEAVES OF SOLANUM TUBEROSUM

showed reduced Pys and g in comparison with the
healthy leaves from 20 d after the infection. Twenty days
after infection, Py, decreased by 27.4 % as compared to
control. C; did not change until 60 d after the infection of
the experiment, but no significant differences in C;

were observed between the healthy leaves and diseased
leaves. The decrease in Chl content developed later than
that in Pys, and significant differences between two treat-
ments were observed only on 60 d after infection.
Analyses of P\/C; curves throughout the experiment
revealed that viral infection markedly decreased
maximum carboxylation velocity of RuBPCO (V) and
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Fig. 1. Effects of potato virus
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on the (4) photon-saturated net photosynthetic rate (Png), (B) stomatal conductance (gs), (C)

intercellular CO, concentration (C;), and (D) chlorophyll (Chl) content for control (o) and viral infected (®) potato leaves. Means of
three measurements (three seedlings) with standard deviations shown by the vertical bars. Leaf temperature was maintained at
25+0.5 °C with 360 umol(CO,) mol” and 1 050 pmol m™?s™ incident PPFD for the measurement.

150

-
0] © N
o o o

Vemax [Mmol m’? S-1]

w
o

0.45

4 0.30

0.15

500
L §—O °cK —7 {400 —
\ \§ o PVY \ ‘;w
: §\ E 1 300 %
L §\ \ \ { 200 g
i ‘\%’ { 100 =
A ¢ |5 .
. . . . . . . . . . . il
/§ . {088
| T
54 §>< \% \isé o84
\{ } { 0.80 -
© . . . ‘ | P . . . . . {076
10 20 30 40 50 60 10 20 30 40 50 60

TIME AFTER INFECTION [d]

Fig. 2. Effects of potato virus Y™™ infection on (4) maximum carboxylation velocity of RuBPCO (Vmay), (B) maximum potential
rate of electron transport contributed to RuBP regeneration (J,.x), (C) stomatal limitation (L), and (D) maximum photochemical
efficiency (F,/F,,) for control (o) and viral infected (®) potato leaves. Leaf temperature was maintained at 25+0.5 °C with 1 050 umol
m™?s™ incident PPFD for the measurement.

419



Y.H. ZHOU et al.

maximum potential rate of electron transport contributing 23.4 and 27.0 %, respectively, as compared to control

to RuBP regeneration (J,.x). Twenty days after infection, (Fig. 2). Stomatal limitation (L) increased at the early
Vemax and Jy, for the viral infected leaves decreased by stage but decreased at the later stage after viral infection.

0.60 038

oCK }<§\§

045 f T o PVY'T™ — 106
Zosof T3 5 loa &

015 | $ 102

A B
0 . . : : : 0

1 0.80

I ok
N
- |

! 0.75
10 20 30 40 50 60 10 20 30 40 50 60

TIME AFTER INFECTION [d]

Fig. 3. Effects of potato virus YN infection on (4) quantum efficiency of PS2 (®pg,), (B) photochemical quenching coefficient (qp),
(C) the efficiency of excitation capture by open PS2 centres (F,’/F,,’), and (D) non-photochemical quenching coefficient (qy) for
control (0) and potato virus Y infected (®) potato plants. Means of three replicates with standard errors shown by vertical bars.
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Fig. 4. Response of (4) net assimilation rate (Py), (B) quantum efficiency of PS2 (®ps,), (C) photochemical quenching coefficient
(qp), and (D) the efficiency of excitation capture by open PS2 centres (F,’/F,,’) to decreasing PPFD for control (0) and potato virus
YN™ infected (@) potato plants. Measurement was carried out 40 d after viral infection. Leaf temperature was maintained at
25+0.5 °C with 360 pmol(CO,) mol™'. Means of three replicates with standard errors shown by vertical bars.

A slight but significant decrease in F,/F, was declines were much earlier in infected leaves than in

observed 60 d after viral infection (Fig. 2D). ®ps,, healthy leaves. In contrast, qy significantly increased with
F,’/F,’, and qp decreased with plant growth but the plant growth and the trend was more apparent in diseased
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leaves (Fig. 3).

Py increased almost linearly at the PPFD range of
0-300 pmol(photon) m™? s™', then became saturated both
in healthy and diseased leaves. Chl fluorescence quen-
ching parameters in response to incident PPFD are also

shown in Fig. 4. ®pgy, qp, and F,’/F,,” all decreased with
increasing PPFD in both types of leaves. However,
healthy leaves showed significantly higher ®ps), qp, and
F,’/F,’ values than the infected leaves, except those mea-
sured at low PPFD.
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Fig. 5. Response of (4) net photosynthetic rate (Py), (B) quantum efficiency of PS2 (®pg,), (C) photochemical quenching coefficient
(qp), and (D) efficiency of excitation capture by open PS2 centres (F,’/F,’) to decreasing intercellular CO, concentration (C;) for
control (o) and potato virus YN infected (e) potato plants. Measurement was carried out 40 d after viral infection. Leaf temperature
was maintained at 25+0.5 °C with 1 050 pmol m™s™ incident PPFD. Means of three replicates with standard errors shown by vertical
bars.
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Fig. 6. Relationship between (4) PPFD and true quantum yield for CO, assimilation (®co,) and (B) @co, and quantum efficiency of
PS2 electron transport (@ps,) for healthy (o) and potato virus YN infected potato leaves (®). Measurement was carried out 40 d after
viral infection.

Py, Opsy, qp, and F,’/F,, all sharply responded to C; in

each given PPFD, ®co, for diseased leaves was signifi-
the range of 0-500 wumol(CO,) mol' and then they

cantly lower than that for healthy leaves. When ®pg, was

reached a plateau or declined slightly. The values of Py,
Dps,, qp, and F,’/F,,” were generally higher for healthy
leaves than for the diseased leaves although there were
some exceptions (Fig. 5).

®co, decreased with increased PPFD (Fig. 64). At

plotted against ®co,, a close relation was found (Fig. 6B).
Viral infection slightly increased the ratio of ®psy/@co,,
indicating that the infected plants needed a higher rate of
photosynthetic electron supply for CO, assimilation in
comparison to healthy leaves.
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Discussion

Reduced photosynthesis as a result of viral infection is a
well-recognized phenomenon (Goodman et al. 1986). In
agreement with previous studies, our study showed that
P decreased with disease progression (Fig. 1). The re-
duced Png Was not accompanied by a significant de-
crease in C;, suggesting that stomata were the limiting
factor for the reduced photosynthetic rate (Caemmerer
and Farquhar 1981). Moreover, the substantial decrease
in Pyge Was not accompanied by significant changes in
Chl content and F,/F,, at the early stage, suggesting that
the reduced photosynthesis in diseased leaves could not
also be attributed to changes in Chl contents and photo-
inhibition (Baker et al. 1997).

Changes accompanying Pys, (Fig. 1) were significant
decreases in Vi, and Jy. (Fig. 2), indicating that viral
infection greatly reduced the carboxylation efficiency and
the ability to regenerate RuBP. RuBP regeneration could
be limited either by the inability of electron transport to
supply reductants and ATP or by an inactivation or loss
of Calvin cycle enzymes other than RuBPCO (Baker
et al. 1997). The pronounced decrease in J,,, that occur-
red 20 d after infection, was not accompanied by changes
of similar magnitude in ®pg, and F,/F,,. Hence the virus
might interfere with the enzymatic process in the Calvin
cycle and lead to reduction in the ability to regenerate
RuBP. Significant decreases in the activities of some en-
zymes in Calvin cycle have been observed in TMS-
infected tobacco plants (Montalbini and Lupattelli 1989).
Our result is in agreement also with the argument of
Pompe-Novak et al. (2001) that the decreased Py caused
by PVY™™ is a consequence of changes at the biochemi-
cal level.

At the late stage of the experiment, significant reduc-
tions in Pysa, Vemax and Jn.x were accompanied by simi-
lar decreases in ®psp, qp, and F,’/F,,’. No apparent chan-
ges in F,/F,, were observed throughout the experiment,
indicating that no photo-damage to PS2 reaction centres
occurred. Dpg; is the product of F,’/F,,”xqp. Since both qp
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