
Abstract We have studied by kinetic Chl-fluores-

cence imaging (Chl-FI) Nicotiana benthamiana plants

infected with the Italian strain of the pepper mild

mottle tobamovirus (PMMoV-I). We have mapped

leaf photosynthesis at different points of the fluores-

cence induction curve as well as at different post-

infection times. Images of different fluorescence

parameters were obtained to investigate which one

could discriminate control from infected leaves in the

absence of symptoms. The non-photochemical

quenching (NPQ) of excess energy in photosystem II

(PSII) seems to be the most adequate chlorophyll

fluorescence parameter to assess the effect of

tobamoviral infection on the chloroplast. Non-symp-

tomatic mature leaves from inoculated plants dis-

played a very characteristic time-varying NPQ

pattern. In addition, a correlation between NPQ

amplification and virus localization by tissue-print

was found, suggesting that an increase in the local

NPQ values is associated with the areas invaded by

the pathogen. Changes in chloroplast ultrastructure in

non-symptomatic leaf areas showing different NPQ

levels were also investigated. A gradient of ultra-

structural modifications was observed among the

different areas.

Keywords Biotic stress Æ Chlorophyll fluorescence

imaging Æ Non-photochemical quenching Æ Pepper mild

mottle virus Æ Photosystem II Æ Tobamovirus

Abbreviations

AS asymptomatic leaf

C chloroplast

CCD charge coupled device

Chl a chlorophyll a

Chl-FI chlorophyll fluorescence imaging

CP viral coat protein

CW cell wall

dpi days post-infection

F actual fluorescence

F¢M maximum fluorescence in the light-

adapted state

FM maximal fluorescence in the dark-adapted

state

G grana

L Sharp and narrow band marking the

border between leaf areas with different

NPQ values in NPQ30 images from AS

leaves.

La stroma lamellae

LHCII light harvesting complex II

Mt mitochondrion

M outer region of the mesophyll in AS

leaves

NPQ non-photochemical quenching
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NPQt non-photochemical quenching at referred

kinetics time, t

OEC oxygen-evolving complex

PAR photosynthetically active radiation

Pg plastoglobuli

Pm plasmatic membrane

PMMoV-I pepper mild mottle virus Italian strain

PSI photosystem I

PSII photosystem II

PVX potato virus X

ROI region of interest

S starch grains

TMV tobacco mosaic virus

V areas surrounding the main veins in AS

leaves

Va vacuole

VP virus particles

Introduction

Viruses induce in their hosts a wide range of foliar

visual symptoms with a heterogeneous distribution

(mottle, mosaic, chlorosis, necrosis, etc). In some host–

virus systems, the metabolic heterogeneity of the

infected leaves regarding to local changes in CO2

assimilation, photosynthetic efficiency, starch accumu-

lation and chlorophyll a (Chl a) fluorescence have been

documented (Técsi et al. 1996; Chou et al. 2000;

Havelda and Maule 2000).

The development of imaging techniques to monitor

the red fluorescence emitted by Chl a, so called fluo-

rescence imaging (Chl-FI) systems, has allowed the

study of the spatial and temporal heterogeneity of the

foliar photosynthetic efficiency in response to different

biotic and abiotic stress factors (Daley et al. 1989;

Fenton and Crofts 1990; Genty and Meyer 1994; Técsi

et al. 1994; Ning et al. 1995; Rolfe and Scholes 1995;

Lichtenthaler 1996; Lichtenthaler et al. 1997; Oxbor-

ough and Baker 1997; Leipner et al. 2001; Fryer et al.

2002; Lawson et al. 2002).

This Chl-FI tool is especially valuable in the case of

biotic stress where no uniform alteration of the foliar

metabolism, neither of the photosynthetic activity nor

the symptom development is expected.

Since the pioneering study in which Björn and

Forsberg (1979) applied imaging of chlorophyll lumi-

nescence to reveal non-uniform leaf photosynthesis in

response to pathogens, the development of further

Chl-FI prototypes have provided valuable tools to

follow the infection and investigate its effect on the

photosynthetic machinery. Thus, it is now docu-

mented for some plant–pathogen interactions that

photosynthesis is severely unpaired in the symptom-

atic areas from either fungal- or viral-infected plants,

as deduced from Chl-FI (Esfeld et al. 1995; Scholes

and Rolfe 1996; Osmond et al. 1998; Chou et al. 2000;

Lohaus et al. 2000). In fungal infections, it has been

described that the rate of photosynthetic inhibition is

associated with the severity of the symptoms. It has

also been shown that changes in some fluorescence

parameters precede the symptom development (Ning

et al. 1995; Peterson and Aylor 1995; Soukupová et al.

2003).

In addition, the analysis of the data obtained by Chl-

FI could be indicative of the underlying metabolic

changes in the infected plants. Thus, the local changes

in photochemical and non-photochemical quenchings

have been associated to alterations of the Benson–

Calvin cycle capacity and changes in the carbohydrate

metabolism (Esfeld et al. 1995; Rolfe and Scholes

1995; Scholes and Rolfe 1996; Chou et al. 2000).

Changes in stomatal conductance and metabolic inhi-

bition of photosynthesis have also been reported

(Meyer et al. 2001).

In virus-infected plants, Balachandran and Osmond

(1994) and Balachandran et al. (1994) used Chl-FI to

diagnose early stages of Nicotiana tabacum infection by

tobacco mosaic virus (TMV). In these studies, it was

shown that the earliest in vivo sign of infection is a

reduction of fluorescence yield, prior to enhancement

of unquenched fluorescence and light-dependent

development of chlorotic mosaic symptoms following

photoinhibitory damage. As for fungal infection,

Osmond et al. (1998) and Lohaus et al. (2000) showed

in Abutilon mosaic virus-infected Abutilon striatum

leaves that the impaired non-photochemical quenching

(NPQ) in the infected tissues reflects the state of

symptom development.

According to Balachandran et al. (1997), early

responses of the photosynthetic parameters to patho-

gen infection suggest that photoprotective as well as

photoinhibitory processes contributed to local damage

of the photosynthetic apparatus and symptom devel-

opment.

By combining both Chl-FI and thermography anal-

ysis, Chaerle et al. (2004) were able to distinguish the

early stages of a plant–virus interaction from a plant-

fungus one, proposing that disease signatures of

different plant–pathogen interactions could facilitate a

pre-symptomatic diagnosis.

In the present work, Chl-FI was used to study a

compatible host–pathogen interaction, Nicotiana benth-

amiana plants infected by the Italian strain of the pepper

mild mottle virus (PMMoV-I). In previous studies
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(Barón et al. 1995; Rahoutei et al. 1998, 1999, 2000;

Pérez-Bueno et al. 2004), we have analysed the effect of

infection with the Spanish and Italian strains of PMMoV

upon photosynthesis in these plants. We have shown in

infected plants that, photosystem II (PSII) electron

transport is inhibited due to changes in the protein

composition of the oxygen-evolving complex (OEC) in

the thylakoid membranes. In addition, point measure-

ments of modulated Chl-fluorescence demonstrated that

NPQ increases during the symptom development.

The Chl-FI system (Valcke et al. 1999; Ciscato 2000)

used in this study allows gaining further insight into the

processes induced by tobamovirus infection in the

photosynthetic apparatus.

Leaf photosynthesis was mapped and images of

different fluorescence parameters were obtained at

different points of the fluorescence induction curve, as

well as at different post-infection times, to investigate

which one could better discriminate control from

infected leaves in the absence of symptoms.

Kinetic Chl-FI revealed a complex and heteroge-

neous time-varying spatial pattern of the photosyn-

thetic efficiency and non-photochemical processes

during pathogenesis. To test whether the heterogeneity

of the photosynthetic pattern (Chl-FI images) found in

the asymptomatic (AS) leaves from infected plants

could be associated to the pathogen distribution,

tissue-prints for pathogen detection were carried out.

Ultrastructural studies of chloroplasts from infected

plants were also addressed, to test whether the

decreased capacity of photosynthesis and changes in

the Chl-FI parameters could be associated to modifi-

cations in chloroplast structure.

To our knowledge, this is the first study of infected

plants where the whole quenching analysis was carried

out by mean of Chl-FI from the early to the later

infection stages of the host-plant. We were able to

obtain images of NPQ (other parameters are not

shown) at different points of the fluorescence induction

curve; some of them (NPQ20, NPQ30, NPQ300) could

be used as stress indicators. In addition, we have

demonstrated a correlation between changes in the

chlorophyll fluorescence parameter NPQ and the

location of the virus, as well as the chloroplast ultra-

structure in asymptomatic leaves.

Material and methods

Plant and virus material

N. benthamiana Gray plants were cultivated in a

growth chamber at 200 lmol m–2 s–1 PAR (photosyn-

thetically active radiation), generated by a combina-

tion of Sylvania (Danvers, MA, USA) VHO cool white

fluorescent and incandescent lamps, with a 16/8 h

photoperiod, a temperature regime of 25�C/20�C (day/

night) and a relative humidity of 80%.

Three lower leaves of plants at the 4–5 fully

expanded leaves stage were inoculated. Carborundum-

dusted leaves were mechanically inoculated with 50 ll

of inocula per leaf (50 lg of virus per ml of 20 mM

sodium phosphate/biphosphate buffer pH 7.0) by

gently rubbing of the leaf surface. Visual symptoms

start to show at 5–7 days post-infection (dpi). Leaves

developed after inoculation (symptomatic leaves)

showed a severe wrinkling and curling; in contrast, no

symptoms were observed in the three inoculated leaves

and neither in those upper fully expanded leaves that

were not inoculated. These non-inoculated leaves will

be referred as asymptomatic leaves (Rahoutei et al.

2000). After 14 dpi, stunting of the plant was clearly

evident. Summarizing, we can distinguish three kinds

of leaves in the infected plants: inoculated, asymp-

tomatic and symptomatic; only the asymptomatic ones

were used for the experiments.

The origin of the Italian strain of PMMoV has

previously been reported (Wetter et al. 1984).

Red fluorescence imaging by the saturation pulse

mode

The completely computer-controlled Chl-FI system

used in this work (Valcke et al. 1999; Ciscato 2000)

consists of excitation, imaging and control units. A

large area of cold illumination (k < 650 nm) is

provided at two intensity levels by eight fibre bun-

dles mounted in a circular pattern. Actinic light

(220 lE m–2 s–1) is provided by a blue-filtered 150 W

xenon lamp, model FOT 150 FiberOptic (P. +

P. AG, Spreitenbach, Switzerland) and saturating light

(1200 lE m–2 s–1) provided by four additional 250 W xe-

non-lamps (Osram Xenophot HLX, Osram GmbH,

München, Germany) placed in LQ 2600 lamp houses

(Fiberoptic-Heim AG, Uetikon am See, Switzerland) fit-

ted with saturated CuSO4 solution as blue low-pass filters.

Fluorescence is collected via a model XC-75 (Sony

Corporation, Tokyo, Japan) black & white CCD

(charge-coupled device) camera fitted with zoom lens

and a red high-pass filter (k > 680 nm) model B + W

092 (Schneider Optics Inc., Hauppage, NY, USA),

corresponding to Schott RG 695 (Valcke et al. 1999).

Operated in its linear range the camera signal is digi-

tised with an Osprey-100 frame grabber card, (Osprey

Technologies, Inc., Morrisville NC, USA) and an AD/

DA converter board (PCL-711B, Advantech Co., Ltd.,
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Sunnyvale CA, USA), both placed in a Dell Dimension

XPS R450, Dell Computer Corporation, Round Rock

TX, USA).

Instrument control and data collection is carried

out under Linux, distribution Slackware 7.0, Kernel

version 2.0.13, for its robustness and ample freeware

availability. Software for recording and processing

the images is described in Ciscato (2000). Raw 32-bit

images are collected typically for a 640 · 480 pixel

frame size. This corresponds with an 8.5 · 6.4 cm

area. Image processing was done via scripts for the

(free) student version of the KhorosPro2001 suite

(Khoral Research Inc., Albuquerque NM, USA).

Results from dark signal subtraction, illumination

correction, center region-of-interest (ROI) selection

and basic statistical histogram analysis are stored

in SA (Scientific American) false colour (Khoros) or

in grey scale as 8-bit ASCII files for further pro-

cessing.

Plants were first dark-adapted for 1 h before the

start of the measurements. For quenching analysis,

attached AS leaves were illuminated with continuous

blue actinic light (200 lE m–2 s–1) and saturating pulses

(1200 lE m–2 s–1) at 2, 5, 10, 20, 30, 60, 90, 120, 180,

240 and 300 s. Previously to the Chl-FI experiments,

we have carried out measurements by the PEA fluo-

rometer to decide the intensity of saturation light

pulse.

These measurements allow us to follow the fluores-

cence quenching induction as well as the analysis of

quenching levels in the steady state of photosynthesis,

which is considered to be reached at 300 s. Images

were captured during the application of the first satu-

rating pulse of light (maximal fluorescence in the dark-

adapted state, FM), 1 s before (actual fluorescence, F)

and during every pulse (maximum fluorescence in the

light-adapted state, F¢M). From the processed images,

the parameter NPQ (FM/F¢M – 1) was calculated by

computing pixel by pixel. Four different experiments

with five controls and virus-infected plants were car-

ried out.

As an additional step in the image analysis and in

order to reduce the influence of varying surface prop-

erties, four ROIs of 10 · 10 pixels were selected in all

series of images taken from control and asymptomatic

leaves to follow the time course of fluorescence

quenching. Mean values are obtained from the analysis

of three different leaves.

The ImageJ software package (rsb.info.nih.gov/ij)

was used to obtain fluorescence profiles along a 451

pixel line drawn in the middle of the leaf, and centred

on the midrib.

Tissue print

Localization of viral coat protein (CP) in leaves was

performed by tissue print analysis using specific

antiserum against PMMoV-I CP (Alonso et al. 1989).

Non-specific binding was reduced by pre-absorbing the

immune antiserum with acetone powder obtained from

stems and leaves of young healthy N. benthamiana

plants (Ruiz del Pino et al. 2003). Whole leaves from

healthy and infected plants were imprinted on nitro-

cellulose sheets and assayed as previously described

(Maliga et al. 1995). Membranes were incubated with

the PMMoV-CP specific antiserum at the appropriate

dilutions and then incubated with goat anti-rabbit

alkaline phosphatase-IgG. Bound antibodies were

detected using nitro-blue tetrazolium/5-bromo-4-

chloro-3-indolyl phosphate (NBT/BCIP, Bio-Rad).

Electron microscopy

For electron microscopy analysis, samples from healthy

and infected leaves were collected and fixed overnight

at 4�C in 2.5% glutaraldehyde and 0.1% malachite

green (w/v) buffered in 50 mM Na-PIPES pH 7.5.

Samples were washed three times in 50 mM Na-PIPES

pH 7.5 and post-fixed for 3 h at room temperature in

2% osmium tetroxide in 0.2 M sodium cacodylate. The

tissue pieces were then rinsed in cacodylate buffer,

dehydrated in ethanol series and embedded in ERL

4206 Spurr resin (Fluka, Buchs, Switzerland) after

incubation in propylene oxide 100% for 1 h. Ultrathin

sections were cut on a Leica ultracut ultramicrotome,

stained in a solution of uranyl acetate and lead citrate.

Later on the cuts were examined under a Philips 208S

electron microscope equipped with a Kodak Megaplus

Camera model 16.1.

Results

Viral infection induces temporal and spatial

variations in the photosynthetic efficiency and non-

photochemical processes

The kinetic of pathogenesis in N. benthamiana infected

by PMMoV-I was followed by capturing images of

different Chl-FI parameters from healthy and infected

plants. During the first post-infection week, images of

Chl-FI parameters were daily collected and then at 7,

10, 14, 17, 21, 24 and 28 dpi. AS leaves and their

equivalent leaves from healthy plants were analysed.

The observed changes were quite complex and a large
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amount of information was obtained as a function of

the post-infection time and selected imaged parame-

ters. Out of the different parameters analysed, it was

found that NPQ maximized the differences between

healthy and infected plants. Therefore, only a small

part of the information is displayed in the following

figures.

During the first 7 days after inoculation no differ-

ence in Chl-FI images was found between AS leaves

from virus-infected and healthy plants. The first chan-

ges were observed at the middle stage of studied period

infection, 14–17 dpi. Maximum differences were

observed in the NPQ pictures (Fig. 1).

Figure 1a, b display the NPQ kinetics during the

fluorescence transient measured in leaves of healthy

plants and AS leaves of PMMoV-I infected plants

at 17 dpi, respectively. They show a complex, time-

varying spatial pattern of non-photochemical quench-

ing processes in the infected plants. Chl-FI reveals a

large contrast between the NPQ images from AS

leaves and corresponding control leaves from 20 s of

the onset illumination. In NPQ20 and NPQ30 images

(after 20 and 30 s illumination) from infected AS

leaves, three well-defined areas are displayed. A sharp

and narrow dark blue band showing the lowest NPQ

value marks the border between the area correspond-

ing to the midrib and midrib branching veins (class I

and II veins; see N. benthamiana vein classification in

Roberts et al. 1997) and the rest of the leaf blade. The

NPQ value at 300 s (NPQ300) exhibits a dramatic

increase in that vein area of AS leaves, whereas it

remains unaffected in the rest of the leaf.

NPQ images of the corresponding leaves in control

plants display a completely different spatial pattern in

most of the kinetics points (20–300 s). NPQ increases

up to 30 s and diminishes to reach a relative minimum

at 90–120 s corresponding to the second maximum in

the fluorescence induction reflecting the activation of

Benson–Calvin cycle, after which the terminal steady-

state is reached (300 s of illumination). NPQ300 values

are much lower in control leaves than those in

asymptomatic ones and no defined NPQ pattern is

found in the corresponding images, in contrast with

that described for infected leaves.

In accordance with the previous data, we have

chosen two time points in the NPQ kinetics during the

fluorescence transient, where the contrast between

healthy and infected plants is high enough to show the

heterogeneity of the photosynthetic processes in virus-

infected leaves: NPQ30 after 30 s illumination during

the fluorescence induction (NPQ30; Fig. 1c, d) and

after 300 s (NPQ300; Fig. 1e, f). Images were collected

from healthy and AS leaves from infected plants at

different post-inoculation time 7, 14, 17, 21, 24 and

28 dpi.

In the images corresponding to NPQ30, the control

leaves (Fig. 1c) do not show any distinctive spatial

pattern, compared to those infected leaves (Fig. 1d).

At 14 dpi the main veins of the AS leaf have developed

lower NPQ values than the rest of the leaf surface.

After 17 dpi the three NPQ areas already mentioned

were evident. The low value of NPQ30 displayed in the

images from infected leaves in the final infection stages

(24–28 dpi) represent an impaired fluorescence

quenching, which could be attributed to dramatic

changes in the thylakoid membrane and PSII function.

Analysing NPQ, changes in NPQ300 during the

pathogenesis are more impressive (Fig. 1e, f). After

14 dpi the areas surrounding the main veins (class I

and II) of the AS leaf showed a slight increase in NPQ

values; but, 3 days later (17 dpi) this parameter was

amplified dramatically in the vein area. Afterwards, at

21–24 dpi, the whole AS leaf showed a very high NPQ

quite homogeneous over the whole leaf. Meanwhile

the corresponding leaves from healthy plants show a

lower NPQ over the leaf surface from 7 to 24 dpi. In

the final infection steps, when senescence is predomi-

nant, both healthy and infected leaves show a low

NPQ.

NPQ300 profiles across the leaf surface of both AS

leaves from infected plants and their corresponding

controls were plotted at 17 and 21 dpi, to visualise the

evolution of the NPQ differences between veins and

surrounding tissues (Fig. 2a, b). They illustrate a

greater spatial heterogeneity of the non-photochemical

process pattern from infected plants compared with the

controls.

In addition, NPQ time-course has been followed in

AS leaves at 17 dpi in the three areas with different

NPQ levels, visible in the corresponding images from

20–30 s (Fig. 3, NPQ30 s). Random ROIs were selected

in the areas surrounding the midrib and secondary

veins (V), a long narrow lane (L), and from this one the

outer region of the mesophyll (M). The area L showed

the lowest NPQ values from 20 s during the fluores-

cence induction (Fig. 3 insert b, see also Fig. 1). These

kinetics were compared with those from healthy plants

measured in equivalent V and M areas of the leaf

(Fig. 3 insert a). In the control leaves both areas

showed similar NPQ kinetics. In contrast, in leaves

from infected plants the three mentioned areas corre-

sponded to areas showing strikingly different levels of

non-photochemical energy dissipation, the highest one

directly surrounding the veins.
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Fig. 1 Images of non-photochemical quenching kinetics at
17 dpi from healthy and PMMoV-I infected plants: kinetics
during fluorescence induction from healthy (a) and asymptom-
atic leaves from infected plants (b) at 17 dpi. NPQ30 images at
different dpi from healthy (c) and asymptomatic leaves of

infected plants (d). Images of non photochemical quenching at
NPQ300 from healthy (e) and asymptomatic leaves of PMMoV-I
infected plants (f) during pathogenesis. The colour scale bar
indicates the NPQ intensity of the leaf pixels given in false
colours from high (white) to low (blue) values
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Differences in NPQ values within the infected leaf

are correlated to viral accumulation detected by

tissue print and electron microscopy

We have described three different areas, attending to

their NPQ kinetics, in AS leaves from infected plants

at 17 dpi. Next, we wanted to test whether the heter-

ogeneity of the NPQ pattern found in these leaves

could be related to viral distribution. Therefore, AS

leaves from both control and PMMoV-I infected plants

were collected at 7, 14, 17, 21 and 28 dpi, blotted onto

nitrocellulose and probed for the presence of viral CP

using a specific PMMoV-CP antiserum.

As shown in Fig. 4, the viral CP was first detected in

the AS leaves at 21 and 28 dpi, albeit its distribution

changed during the infection. Earlier, at 17 dpi, only a

weak reaction was detected in the leaf base close to the

petiole (data not shown). Initially, the reaction signal

was detected in areas close to the main veins at 21 dpi,

indicating that viral accumulation was essentially

associated to these regions. Later on, at 28 dpi, viral

CP could be detected all over the leaf, indicating that

viral infection had spread through the leaf.

In order to know whether different NPQ levels

across the infected leaves were associated with

ultrastructural changes in the chloroplast, electron

Fig. 2 NPQ local changes
during infection (17 and
21 dpi) in leaf tissues adjacent
to major veins. NPQ profiles
are shown along a 451 pixel
line drawn in the middle of
the leaf, and centred on the
midrib. The NPQ images
shown correspond to 17 dpi.
Control plants (a), PMMoV-
I-infected plants (b)

Fig. 3 Non-photochemical
quenching time-course
measured in different regions
of interest from control
healthy and asymptomatic
leaves of infected plants at
17 dpi. Insert: defined areas in
NPQ30 images from healthy
(a) and asymptomatic leaves
from PMMoV-I infected
plants (b) leaves. The scale
bar indicates the NPQ
intensity of the leaf pixels
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micrographs from control and AS leaves were taken

at 17 dpi. Samples were collected from the three

different areas (V, L and M) defined in the corre-

sponding NPQ20 images (Fig. 3 insert b). Chloroplast

structure in these regions were compared to the

equivalent regions from healthy leaves, where only

two zones were considered, V and M (Fig. 3

insert a).

Transmission electron micrographs of chloroplasts

from the V and M areas in control leaves (Fig. 5a and

b, respectively) exhibited the typical ellipsoidal shape,

well-developed thylakoid membranes and grana

stacking. In chloroplasts from both areas of control

leaves only, non-opaque plastoglobuli were detected.

Chloroplasts from the V area in infected leaves

(Fig. 5c, d) were deformed, swollen, and contained

large starch grains of irregular shape, which apparently

causes the displacement of the grana to the edge of the

organelle. In addition, two types of plastoglobuli,

osmiophilic and those of less electron opacity could be

observed in these cells (Fig. 5c). Typical tobamovirus

particles were also visualized dispersed in the cyto-

plasm (Fig. 5d).

In the L area from the infected leaves (Fig. 5e, f),

the chloroplast ultrastructures were similar to those

from the V area: globular plastids with large and

irregular starch grains which displaced the granal

structure. The thylakoid organization was loosened,

although some grana remained intact. Virions were

also detected in the cytoplasm (Fig. 5f).

In the M area from AS leaves, the chloroplast con-

tained large but regular starch grains, albeit showing

reduced with respect to those observed in the V and L

areas. Part of the thylakoid structure remains intact.

Osmiophilic and less opaque plastoglobuli were also

present in these samples. In contrast to the V and L

areas, no viral particles could be detected in cells of M

area in any of the analysed fields (Fig. 5g, h).

Discussion

Fluorescence imaging

The development of FI systems was a valuable con-

tribution to the study of the effect of biotic stress in

plants, due to the physiological and morphological

heterogeneity of the pathogen-infected leaf (Bala-

chandran et al. 1994; Esfeld et al. 1995; Peterson and

Aylor 1995; Scholes and Rolfe 1996; Osmond et al.

1998; Chou et al. 2000; Lohaus et al. 2000; Meyer et al.

2001; Soukupová et al. 2003; Chaerle et al. 2004).

The present work, to our knowledge, is the first one

to show that non-photochemical quenching of a whole

leaf has been analysed in planta using Chl-FI and

correlated with the location of a virus by inmunolo-

calization and changes in chloroplast ultrastructure

using electron microscopy. According to our results,

NPQ seems to be the most adequate Chl fluorescence

parameter to assess the effect of tobamoviral infection

Fig. 4 Tissue prints using the
antibody against the viral coat
protein at different post-
infection times from healthy
(a) and asymptomatic leaves
from PMMoV-I infected
plants (b). Left panels:
Reflectance pictures of the
corresponding leaves
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on the chloroplast, providing the highest contrast

between the infected and non-infected plants, in leaves

not showing any symptoms. Other fluorescence

parameter such as the quantum yield of PSII were also

measured (data not shown), but they did not demon-

strate to be useful for stress detection during the

infection process. The data presented here are well in

accordance with those from Osmond et al. (1998) and

Lohaus et al. (2000), and expand them to the asymp-

tomatic areas of the plant. Asymptomatic leaves of

PMMoV-I infected plants display a complex and

characteristic NPQ kinetics patterns, depending upon

the infection stage.

Earlier work by Rahoutei et al. (2000) demonstrated

that chlorophyll content was not significantly different

between the leaves from infected and control plants.

Thus, other factors are responsible for the observed

fluorescence changes in PMMoV-infected plants.

In the AS leaf, NPQ values are low around the

invasion front, indicative of high photosynthetic rates.

In the areas already invaded by the pathogen high

NPQ values are detected, thus the leaf area with higher

NPQ values increases during the infection time. At the

latest stages of infection, the leaf displays the lowest

NPQ values, denoting that senescence is predominant

and photochemical as well as non-photochemical pro-

cesses are totally down-regulated.

Viral-induced changes on the NPQ leaf pattern are

visible earlier (14 dpi) than viral elements could be

detected by either tissue print (for the CP, at 17–

21 dpi) or Northern blot for the viral RNA (21 dpi;

Pérez-Bueno 2003).

Likewise, viral distribution within the leaf changed

during the infection process. At the earliest time point

in which the pattern of viral distribution was detected,

it was found essentially to be associated with the area

Fig. 5 Transmission electron micrographs of N. benthamiana
cells and chloroplasts from the V (a) and M (b) regions of control
leaves, as well as from the V area in asymptomatic leaves of
PMMoV-I infected plants at 17 dpi (c and d). Extension Fig. 5:
Chloroplasts from infected plants at the same post-infection time

in areas L (e, f) and M (g, h) of asymptomatic leaves. Scale,
1 lm; C, chloroplast; CW, cell wall; La, stroma lamellae; G,
grana; M, mithochondrion; Pg, plastoglobuli; Pm, plasmatic
membrane; S, starch grains; VP, virus particles; Va, vacuole
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surrounding major veins (class I and II). Later on, it

was detected all over the leaf (Fig. 4). This distribution

pattern is well correlated with the pattern previously

established for the systemic invasion of N. benthamiana

plants by TMV and potato virus X (PVX) as well as for

other RNA viruses, i.e. virus discharge from phloem-

associated cells in major veins and further invasion of

the entire leaf (Roberts et al. 1997; Cheng et al. 2000;

rev. Hull 2002).

The correlation found between NPQ amplification

and virus localization strongly supports that the

increase in the local NPQ values is associated with the

areas invaded by the pathogen. In Arabidopsis thaliana

plants infected by the fungus Albugo candida it was

found that local NPQ increase precedes the symptom

appearance in the same areas (Chou et al. 2000).

Berger and associates (2004) showed in Lycopersicum

esculentum plants infected by either bacteria or fungus,

that NPQ changes were confined to the direct vicinity

of the infected area, whereas photosynthesis remains

unaffected in the non-invaded areas of the leaf. These

findings suggest that changes in NPQ values in the

regions colonized by the pathogen are a relevant phe-

nomenon in plant pathogenesis.

On the other hand, the lower NPQ values detected

in the leaf area L at the middle stage of infection

suggest an increase in photosynthetic activity in the

area. In strong accordance with previous work carried

out with Cucurbita pepo cotyledons infected with

Cucumber mosaic virus (Técsi et al. 1994, 1996) and

L. esculentum infected by P. syringae, X. campestri and

B. cinerea (Berger et al. 2004), the data here presented

indicate that this area may correspond to the edge of

the infection, since its position changes within the leaf

throughout the time, and its pattern is similar to that

found for viral coat protein at the earliest time in which

it is detected. Whether this area corresponds to the

infection front, where viral replication is very active,

and/or the cells located ahead of the infection front, at

present remains unknown. In any case, it is plausible to

consider that an increase in photosynthetic activity at

the boundary of the viral infection front could be

required not only to support the synthesis of viral

products, but also to mount the host responses that

could restore the cell damage inflicted by the pathogen,

as well as to limit viral replication, accumulation or

spread (Técsi et al. 1996; Havelda and Maule 2000; rev.

Karpinski et al. 2003; Berger et al. 2004).

In accordance with Osmond et al. (1998) and Chou

et al. (2000), we have found in previous work with N.

benthamiana plants infected with PMMoV-I, decreased

levels of the mRNA coding the small Rubisco subunit

and the light harvesting complex II (LHCII), respec-

tively (Pérez-Bueno 2003). Thus, virus-induced distur-

bances of the Benson–Calvin cycle could lead to an

increase of the intrathylakoidal pH gradient (Ruban

and Horton 1995), contributing to the remarkable

NPQ development during infection. Analysis at 17 dpi

of NPQ kinetics in different areas of AS leaves defined

according to NPQ values (V, L, M; Fig. 3) confirms this

assumption. During the fluorescence induction no

NPQ relaxation phase was found in any of these areas

from infected leaves. In contrast, control leaves display

an increase in NPQ values during the first seconds

followed by a decline, related to Benson–Calvin cycle

activation.

In addition, our preliminary analysis (Sajnani et al.

2005) of N. benthamiana leaves infected with PMMoV-

I by thermoluminescence, indicate that cyclic electron

transport around PSI (Peltier and Cournac 2002) could

be stimulated during viral infection; according to

Horton et al. (2005) this can modulate the pH gradient

and consequently NPQ processes. Electron consuming

pathways involving cyclic electron transport are con-

sidered useful photoprotective mechanisms (Karpinski

et al. 2003).

Moreover, our previous studies (Rahoutei et al.

1998, 1999, 2000; Pérez-Bueno et al. 2004) revealed

damage to the PSII donor site due to a decrease in its

extrinsic protein levels in virus-infected plants. Thus,

PSII centers of virus-infected plants show similarities

with the dissipative PSII centers described by other

authors (van Wijk et al. 1993; Critchley and Russell

1994). These dissipative centers lack OEC proteins and

associated cofactors; they do not participate in linear

electron transport and could be involved in alternative

electron pathways, down-regulating PSII and protect-

ing other centers that are fully functional.

The increase in NPQ during the viral infection is a

host defence response that could delay photoinhibition

until the final infection steps (Wright et al. 1995a, b;

Balachandran et al. 1997). In fact, we have previously

shown that only at 21 dpi, photoinhibition occurs with

a decrease in FV/FM ratio (Rahoutei et al. 2000; fluo-

rescence point measurements); at this stage, we have

also found by the HTL (high temperature thermolu-

minescence analysis), oxidative damage in thylakoid

membranes isolated from infected plants (Rahoutei

et al. 1999).

Summarizing, different processes contribute to the

enhancement of energy dissipation in the chloroplast

of PMMoV-I-infected plants: The existence of some

OEC-depleted dissipative PSII centers, disturbances

on Benson–Calvin cycle and functional PSI cycle that

could provide ATP for the pathogen replication and

defence mechanisms.

120 Photosynth Res (2006) 90:111–123

123



However, the goal of this paper is not to identify the

NPQ origin, but to locate a fluorescence signal allow-

ing the differentiation between healthy and infected

plants and correlate it with the pathogen spreading.

The spatial similarity found between viral invasion

and NPQ image seems to be very promising for the

study of metabolic changes and transport pathways

during pathogen infection. Mapping the appropriate

Chl-FI parameter to follow pathogenesis, NPQ in the

case of PMMoV-I infection, will provide disease sig-

natures for different plant–pathogen interactions and

will allow pathogen detection in the absence of symp-

toms (Chaerle and van der Straeten 2001; Baker and

Rosenqvist 2004; Chaerle et al. 2004).

Ultrastructural analysis

A gradient of ultrastructural modifications was

observed among the three different areas defined by

their NPQ values. Chloroplasts of the areas V and

L showed distinct ultrastructural changes associated

with viral content, whereas changes in the M area

could be related to systemic signalling from invaded

tissues of the neighbouring area. The changes observed

in the PMMoV-I infected N. benthamiana cells from

AS leaves—occurrence of large and irregular starch

grains in the swollen and deformed plastids, accumu-

lation of osmiophilic plastoglobuli and disorganization

of chloroplast lamellar structures—are similar to those

previously detected in TMV-infected cucumber coty-

ledons (Cohen and Loebenstein 1974), where the

infection is restricted to the inoculated leaves forming

starch lesions (Lindner et al. 1959). Thus, these data

suggest that some changes in host responses to aviru-

lent or virulent pathogens could be similar.

The observed increase in starch content within

chloroplasts, as we report here, has been associated

with different plant–pathogen interactions as well as to

some abiotic stress conditions (Esau and Cronshaw

1967; Goodmann et al. 1986; Hull 2002). Different

metabolic processes, such as alterations in the Benson–

Calvin cycle, modifications in the permeability of

chloroplast membranes and disturbances on the

source–sink relationship were found to be correlated

with this phenomenon (Wright et al. 1995a, b; Ouzo-

unidou et al. 1997; Hull 2002), but the precise mecha-

nism(s) responsible remain unknown. From Holmes

(1931) pioneering work, it is known that TMV infec-

tions interfere with starch mobilization, reducing both

the rates of accumulation and degradation. Taking into

account the complexity of starch turnover within the

plant (rev. Beck and Ziegler 1989; Ball and Morell

2003; Zeeman et al. 2004), its higher accumulation in

stressed plants could be due to a severe impairment

between the rates of starch breakdown and its bio-

synthesis, which in turn could reflect the profound

metabolic alterations suffered by the host as a conse-

quence of pathogen invasion.

On the other hand, the abundance of plastoglobuli

and disorganization of chloroplast lamellar structures

resemble those of chloroplasts from senescent leaves

(Almási et al. 1996, 2001 and references therein; del

Rı́o et al. 1998). Lehto et al. (2003) assign the chloro-

plast malformations in tobacco plants infected with the

flavum strain of TMV to deficient synthesis and

assembly of thylakoid proteins. In this sense, we have

previously demonstrated disturbances of OEC syn-

thesis during early infection stages in PMMoV-infected

N. benthamiana plants (Rahoutei et al. 2000; Pérez-

Bueno 2003; Pérez-Bueno et al. 2004). The formation

of plastoglobuli is thought to be linked to the break-

down of thylakoids that accompanies senescence (del

Rı́o et al. 1998). Thylakoid membrane degradation by

lipid peroxidation has been shown to take place at the

final infection steps (Rahoutei et al. 1999). Therefore,

the low NPQ values displayed in the NPQ30 and

NPQ300 images from AS leaves in the final infection

stages represent an impaired fluorescence quenching,

which could be attributed to dramatic changes in the

thylakoid membrane and PSII function. These virus-

induced changes in the thylakoid membranes and

photosynthetic complexes could to some extent be

responsible for the chloroplast malformations found in

AS leaves of PMMoV-I infected plants as well as for

the changes in the Chl-FI parameters.

Acknowledgments We are grateful to Marı́a Teresa Serra
(CIB, CSIC, Madrid) for the generous gift of PMMoV-I coat
protein antiserum; to Greet Clerx, Jan Daenen and Natascha
Steffanie for skilful technical assistance (Limburgs Universitair
Centrum), as well as to Carlota Sajnani and Mónica Pineda
(EEZ, CSIC, Granada) for their encouraging discussions pro-
viding their most recent data in the N. benthamiana-PMMoV
system. This work was supported by the Spanish Ministry of
Science and Technology, Ministry of Science and Education
(Grants BIO2001-1937-C02 and BIO2004-04968-C02), Comuni-
dad Autónoma de Madrid (CAM) and the BOF Funds of the
Slimme Region of the Province of Limburg. MLPB was the
recipient from a MCyT fellowship.

References
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