
Original article

Over-expression of potato virus X TGBp1 movement protein in transgenic
tobacco plants causes developmental and metabolic alterations
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Abstract

Transgenic Nicotiana tabacum plants expressing the TGBp1 movement protein of potato virus X (PVX) were studied to investigate the
effects caused by this protein on plant physiology and development. TGBp1 caused consistent reductions of size and weight in different organs
of these plants; however shoot-to-root ratios were similar to those of control plants. Transgenic seedlings showed smaller root meristems and
calli derived from TGBp1 leaves grew at a slower rate through successive subcultures. Microscopic observations of TGBp1 plants revealed
flattened chloroplasts containing plastoglobuli-like bodies. Further analyses showed a considerable reduction in photosynthetic rate, lower
starch levels in leaves and roots, higher nitrate accumulation in leaves and induction of pathogenesis-related (PR) protein genes. Since these
changes were not observed when other PVX sequences were expressed in tobacco, we postulate that TGBp1 is an important symptom
contributor in PVX infections.
© 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Potato virus X (PVX) is the type member of the Potexvi-
rus genus. The viral genome encodes five proteins: the viral
replicase, three proteins involved in virus movement
(TGBp1, TGBp2 and TGBp3) and the viral coat protein [14].
The proteins associated with viral movement are encoded by
a block of three partially overlapped open reading frames
termed the “triple gene block”. Together with the coat pro-
tein, these proteins are required for viral movement. Studies
on PVX TGBp1 (strain UK3) and the corresponding proteins

of White clover mosaic potexvirus (WClMV) and Foxtail
mosaic potexvirus demonstrated that these proteins can bind
RNA, have ATPase and helicase activities, increase the plas-
modesmata size exclusion limit, and move from cell to cell
[1,15,20–23,31,35]. In addition, a suppression activity of
post-transcriptional gene silencing has been also assigned to
TGBp1 [37]. Both PVX TGBp2 and TGBp3 proteins are
required for virus movement, but their precise functions are
still unknown. It has been proposed that PVX moves from
cell to cell as a ribonucleic acid–protein complex including
the viral gRNA, the TGBp1 and the viral coat protein, and
that the TGBp2 and TGBp3 proteins would act as docking
proteins targeting this complex to the plasmodesmata
[1,23,25,27,32,33,39].

A current model for plant–virus infections proposes that
interference of symplastic transport by viral MPs could in-
duce alterations in biomass partitioning, down-regulation of
photosynthesis and, often, expression of defense-related
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genes [11,12]. It was recently reported that expression of
WClMV TGBp1 in transgenic Nicotiana benthamiana
plants induces altered growth and plant development. Also, it
was shown that constitutive expression of this viral MP in
meristematic tissues—which are normally protected against
virus invasion—induced abnormal leaf polarity and altered
plant development [9]. It was concluded that this peculiar
phenotype resulted from the interaction of the viral MP with
components of the surveillance system controlling the selec-
tive entry of informational macromolecules into meristems.
To our knowledge, there are very few, if any, systematic
studies on the effects caused by PVX TGBp1 expression in
host physiology. Although many advances have been made
on the specific functions of potexviral proteins, the identity
of those components inducing symptom development and
disease-associated metabolic alterations remains still un-
clear.

In this work, we investigated the effects caused by the
constitutive expression of the PVX TBGp1 sequence on the
development and metabolism of transgenic N. tabacum
plants. Several tobacco lines that were partially characterized
in a previous work [2] were studied in further detail, reveal-
ing that TGBp1 expression induces consistent physiological
changes. These changes include abnormal chloroplast func-
tioning and altered metabolite contents and a lower cell
division rate. Based on these results, we postulate that
TGBp1 plays an important role in viral symptom formation.

2. Results

2.1. Morphological characterization of transgenic plants

Six tobacco lines showing a broad range of TGBp1 accu-
mulation were compared (Table 1). Lines expressing high
and intermediate TGBp1 levels displayed severe and moder-
ate stunted phenotypes, respectively. Low TGBp1 expressers
were indistinguishable from control plants. Highest TGBp1

expressers showed a distinctive phenotype consisting of
shorter internodes, decreased leaf number and a slightly
chlorotic appearance (Fig. 1A). Leaves, shoots and roots
from these transgenic plants exhibit smaller sizes and lower
fresh weights than those from control plants. These reduc-
tions seem to be correlated with TGBp1 levels (Table 1).
Interestingly, shoot-to-root ratios were similar in TGBp1 and
non-transgenic plants. On the other hand, tobacco plants
transformed with the PVX TGBp2, TGBp3, viral replicase
and coat protein genes showed a normal appearance as com-
pared with their respective non-transformed controls ( [17]
data not shown).

Table 1
Morphological parameters of 10 weeks old TGBp1 plants. Transgenic TGBp1 plants (A5, B16, C3, C6, D3, E2) and control (D8) tobacco plants. Internode
length was determined dividing by four the distance along five mature successive leaves. Values represent the mean of triplicate determinations from a single
representative assay. The assay was repeated two times with similar results. TGBp1 accumulation levels were determined by Western blot using polyclonal
antibodies to PVX TGBp1

Plant Height
(cm)

Number
of leaves

Internode a

length (cm)
Leaf size b

(cm)
Weight of shoots
(g FW)

Weight of roots
(g FW)

Shoot/root ratio c p24 expression
level d (%)

D8 64.0 (3.5) 16.0 (1) 6.7 (0.1) 19.5 (0.5) 90.5 (10.8) 4.7 (0.3) 19.4 (1.5) 0
A5 66.0 (3.2) 16.0 (1.5) 6.3 (0.3) 19.0 (0.9) 86.3 (9.0) 4.6 (1.0) 19.0 (2.6) 51
B16 52.3 * (1.5) 14.0 (1) 5.3 * (0.3) 18.8 (1.3) 75.7 9.0) 4.9 (0.5) 15.5 * (1.6) 70
E2 39.0 ** (3.8) 13.0 * (0.6) 5.0 ** (0.3) 16.3 ** (0.3) 56.3 * (2.7) 3.1 ** (0.3) 18.1 (2.3) 78
D3 35.3 *(5.8) 11.0 * (0.6) 5.2 (0.7) 17.2 * (0.8) 57.8 * (3.4) 2.7 * (0.2) 21.7 (0.6) 94
C6 33.0 * (4.2) 9.5 ** (0.7) 5.6 (0.6) 15.5 * (0.7) 36.3 * (3.5) 1.6 * (0.1) 23.1 * (1.7) 96
C3 22.0 ** (0.6) 11.0 ** (0.6) 2.9 ** (0.1) 13.2 ** (0.3) 29.5 ** (3.3) 1.5 ** (0.1) 19.7 (1.9) 100

( ): Indicates standard deviation. *: P < 0.05; **: P < 0.01 by Student’s t-test.
a Distance between two mature leaves.
b Longitudinal length of mature leaf positioned in the middle of shoot. All leaves were equivalent.
c Shoot/root fresh weight ratio.
d Relative p24 protein accumulation in leaves determined by Western blot.

Fig. 1. Phenotypic characteristics of TGBp1 plants. A, TGBp1 phenotype.
Upper panel: N. tabacum Xanthi D8 (left) and line C3 (right) plants at
8 weeks post-germination. Lower panel: leaves from the same plants.
TGBp1 leaves (left) show a mild chlorotic aspect. B, Line C3 (right) and
N. tabacum Xanthi D8 (left) plants at 5 d post-germination. C, Representa-
tive pictures of primary root meristems corresponding to N. tabacum Xanthi
D8 (upper panel) and C3 (lower panel) plants at 5 d post-germination.
Meristematic zones from control D8 and C3 plants exhibit mean volumes of
0.143 ± 0.017 and 0.091 ± 0.008 mm3, respectively. Results are the average
value from six individual root meristems. Root volumes were calculated as
cylinders. Bar = 200 µm. RAM: root apical meristem.
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Two representative lines, C3 and E2, showing high and
intermediate levels of TGBp1 accumulation (Fig. 2A, B)
were chosen for further studies. Both lines exhibited consis-
tently reduced sizes along all developmental stages, includ-
ing those in which carbon autotrophy is not yet fully estab-
lished (Fig. 1B). Smaller root meristems were observed in
lines C3 and E2 in seedlings examined at 5 d post-
germination (Fig. 1C and Fig. 3A–C). In both transgenic
lines the root apical meristem (RAM) diameter averaged six
to seven cells thick, whereas in the D8 control line this
diameter averaged nine cells thick. In addition, cell size in
control root meristem was slightly smaller than in transgenic
lines. Interestingly, cell size and shape in leaf parenchyma
were different in C3 line. In particular, cells from this line
were larger than those of control and they were not organized
in palisade and spongy parenchyma (Fig. 3D–F). In order to
measure the growth rate of TGBp1 cells, calli were obtained
from 11-week old fifth upper leaves from lines C3 and E2.
After 25 d of growth and subsequent sub-culturing for an-
other 20 d, transgenic callus exhibited significant reduced
growth as compared to control calli (Table 2).

2.2. Chloroplasts morphology

C3 leaf cells have flattened-shaped chloroplasts exhibiting
very little content of starch granules as compared to control
cells (Fig. 3D, E). In addition, dense globular structures were
observed inside the chloroplasts of TGBp1 cells upon exami-
nation with the electron microscope (insert, Fig. 3E, F).
These elements resembled plastoglobuli, a type of osmo-
philic elements that are commonly present in chloroplasts of
senescent cells [16,36]. Analogous elements were observed
in E2 leaves, but in lesser degree (insert, Fig. 3F). In agree-
ment with a previous report on PVX-infected plants [7],
TGBp1 localizes in cytoplasmic inclusion bodies in trans-
genic plants (data not shown).

2.3. Reduced carbohydrate levels in TGBp1 plants

Total carbohydrate content was lower in TGBp1 leaves as
compared to controls (Fig. 4A). In particular, a pronounced
decrease of starch contents was found in these plants. Given
that total soluble sugars remain close to normal levels, this
decrease resulted in an almost a threefold increase in the
soluble-sugar-to-starch ratio. Roots of transgenic plants ex-
hibited decreased soluble sugar levels. Since starch content
was also lower in this organ, the soluble-sugar-to-starch ratio
varies from three to fivefolds (Fig. 4B). Plants expressing the
TGBp2 and TGBp3 genes did not show altered starch or
soluble carbohydrate levels in leaves as compared to non-
transgenic controls. However, minor reductions of total car-

Fig. 2. Characterization of TGBp1 plants. A, Northern blot analysis of lines
C3 and E2. Total leaf RNA from both lines and N. tabacum Xanthi D8
controls was obtained at 13 weeks post-germination. Five micrograms of
total RNA were loaded in each lane. Position corresponding to the ORF2
transcript is indicated. Ribosomal RNA (loading control) is shown in the
lower panel. B, Western blot analysis of C3 and E2 plants. Total protein
extracts (30 µg per lane) from transgenic and control plant leaves were
analyzed using polyclonal antibodies to PVX TGBp1 MP. The arrow indi-
cates the band corresponding to PVX TGBp1 MP.

Fig. 3. LM and transmission electron microscopy (TEM) observations of
control and transgenic plants RAM and leaves. A–C, RAM of C3 (B) and E2
(C) transgenic lines exhibit smaller RAM diameter as compared to N. taba-
cum Xanthi D8 (A). D–F, Chloroplasts of D8 cells show a normal morpho-
logy (D), while those of C3 (E) and E2 (F) cells exhibit a less spherical
shape. Representative chloroplast structures are shown in the respective
inserts. Starch grains (s) are clearly visible in D8 chloroplasts (insert D).
Starch deposits are very small or absent and plastoglobuli are frequently
observed (p) in C3 and E2 chloroplasts, respectively (E and F inserts). Bars:
LM photographs = 50 µm (A–F); TEM photographs (D–F inserts) = 1 µm.

Table 2
Growth rate of TGBp1 calli. Calli derived from C3, E2 and N. tabacum
Xanthi D8 control lines after 20 d growth. Average weights for calli corres-
ponding to the different lines were determined and indicated as the percen-
tage of D8 control callus weight (100%). The experiment was repeated three
times with similar results

Plant D8 E2 C3
Growth rate (%) 100 48.6 ** (6.3) 43.2 ** (9.6)

( ): Indicates standard deviation. ** P < 0.01 by Student’s t-test.
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bohydrate levels were observed in roots of TGB2 and TGB3
plants.

2.4. Photosynthetic rate in TGBp1 plants

In order to establish whether the reduced carbohydrate
level found in TGBp1 plants was associated with alterations
in their photosynthetic capacity, the CO2 assimilation rate
was measured. As shown in Table 3, photosynthetic rates
were significantly reduced in TGBp1 plants, but not in
TGBp2 and TGBp3 plants. However, respiration rates were
similar in both transgenic and control plants, thus yielding
higher respiration to photosynthesis (R/P) ratios in TGBp1
plants. Photosynthetic electron transport was also evaluated.
The variable-to-maximal chlorophyll fluorescence ratio
(Fv/Fmax) in TGBp1 plants was close to the value obtained
for control plants, suggesting that photosystem II (PS2) is not
altered in these plants. However, the estimated electron trans-
fer efficiency was slightly—but significantly—decreased in
both lines (data not shown).

Reduction of photosynthetic capacity could also be con-
sequence of down-regulation of photosynthetic genes

[18,19], a fact that is usually observed during normal leaf
senescence or as a result of sugar accumulation [12,30]. To
test this possibility, a Northern blot analysis was conducted
to evaluate transcription of the Rubisco small subunit gene.
As shown in Fig. 5A, Rubisco mRNA accumulation was
reduced in both TGBp1 lines.

2.5. Nitrate accumulation in TGBp1 plants

To explore whether the lower carbon assimilation induced
by the decrease in the photosynthetic rate could be affecting
assimilation of other metabolites in TGBp1 plants, nitrate
content was measured in their leaves. As shown in Fig. 6,
higher levels of nitrate accumulation were found in both
transgenic lines. In particular, C3 third leaf samples showed a
10-fold increase in nitrate level.

2.6. Expression of pathogenesis-related (PR) protein genes
in TGBp1 plants

PR proteins are typically induced during plant defense
responses. In addition, different PR proteins were shown to

Fig. 4. Carbohydrate accumulation after a 7-h light period in leaves (A) and
roots (B) of transgenic and control tobacco plants. Measurements were
carried out in the fifth leaf of each plant at 13 weeks post-germination.
Empty bars: N. tabacum Xanthi D8 control plants; right-stripped bars: E2
line plants; filled bars: C3 line plants. Standard deviations are indicated in
each bar. Statistical significance: <0.05 (*) and <0.01(**) by Student’s t
analyses.

Table 3
Photosynthesis and respiration rates in TGBp1 and control plants. CO2 flux was measured as described in Section 4. Values represent the average of
quadruplicate measurements from a single representative experiment. Results are expressed as the mean value obtained from four individual of each plant line.
The experiment was repeated three times with similar results. P8: tobacco line expressing the TGBp3 sequence. P12: tobacco line expressing the TGBp2
sequence

Plant Photosynthesis (µl h–1 cm–2) Respiration (µl h–1 cm–2) R/P ratio over a 24 h period
D8 31.0 (2.0) 12.0 (1.5) 0.28
E2 16.5 * (1.5) 12.0 (1.5) 0.52
C3 14.5 * (1.5) 11.0 (1.0) 0.54
P8 33.0 (3.0) 11.0 (1.5) 0.24
P12 23.0 (4.0) 11.0 (2.0) 0.34

( ): Indicates standard deviation. * P < 0.05 by Student’s t-test.

Fig. 5. Rubisco small subunit and PR gene expression in transgenic plants.
Total RNA from transgenic (C3 and E2) and N. tabacum Xanthi D8 (D8)
plants were extracted at 13 weeks post-germination and probed with P32-
labeled cDNA fragments containing Rubisco small subunit (BSU) or PR1a
and PR3 sequences (A and B, respectively). Northern blot analyses were
carried out on the same blot. RNA loading control stained with ethidium
bromide (C). Five micrograms of total RNA from the third leaves of each
plant were loaded in each lane.
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be induced in plants engineered to accumulate sugars in their
leaves [11,12], as well as in mutant and transgenic plants
exhibiting different metabolic perturbations [3,10,26,35]. A
Northern analysis of PR mRNAs showed that both PR1a and
PR3 mRNAs were highly expressed in TGBp1 plants leaves
(Fig. 5B). Expression of PR genes was not detected in other
transgenic or non-transgenic plants (i.e. transgenic TGBp2,
TGBp3, replicase and coat protein plants, non-transgenic
plants and PVX-infected non-transgenic plants) ( [17] data
not shown).

3. Discussion

This is the first report describing the pleiotropic effects
caused by transgenic expression of PVX TGBp1 in tobacco
plants. Plants showing high and intermediate levels of trans-
genic protein exhibited consistent smaller sizes, shorter inter-
nodes, reduced leaf number and chlorotic phenotype. Devel-
opment of this phenotype was correlated with TGBp1
accumulation in most transgenic lines (Table 1). It is worth
noticing that TGBp1 plants showed a normal life cycle (i.e.
germination, growth, and flowering times similar to that of
non-transgenic controls). In addition, the shoot-to-root ratio
was similar to that of non-transformed plants. This suggests
that biomass partition in TGBp1 plants are not altered, as it
seems to be the case of transgenic tobacco plants expressing
the Tobacco mosaic virus p30 MP [24,28].

Biochemical studies performed in two representative
TGBp1 lines showed consistent alterations in carbohydrate
accumulation. Decreased starch contents in leaves and roots
and significant reductions of soluble sugars in roots were
found in both lines (Fig. 4). Although it is clear that TGBp1
accumulation influences host carbohydrate metabolism, no
obvious explanation was found regarding the mechanisms
involved in this effect. The decays observed in the photosyn-
thetic rate seem to be associated with morphological alter-
ations of chloroplasts within TGBp1 expressing lines, which

showed diminished starch deposits and contained electron-
dense bodies—presumably plastoglobuli—in their stroma.
An increase in the number of plastoglobuli has been associ-
ated to chloroplast senescence [16,30,38] and progress of this
process leads to loss of photosynthetic capacity and/or mem-
brane integrity [4]. Interestingly, no co-localization of
TGBp1 in chloroplast structures was found ( [7] results not
shown). Hence, the alterations observed in TGBp1 chloro-
plasts should be endorsed to an indirect effect of TGBp1
accumulation. Based on these findings, we conclude that the
mechanisms operating in TGBp1 plants are different from
those acting in plants transformed with other viral MPs, such
as Potato leaf roll virus p17, in which the decrease of the
photosynthetic rate is apparently mediated by high sugar
concentrations and down-regulation of photosynthetic genes
[12,13].

It has been previously demonstrated that induction of PR
genes can result from high carbohydrate accumulation in leaf
cells [34]. However, despite the lack of carbohydrate accu-
mulation in TGBp1 leaves, PR genes were over-expressed in
TGBp1 plants. Since PR genes expression is not observed
during normal PVX infection of tobacco plants ( [17] data
not shown), this could be conceivably derived from TGBp1
over-expression in transgenic plants. As proposed by Di-
etrich et al. [8], this effect could be a consequence of an
altered biochemical state resulting from abnormal chloro-
plast functioning. Accumulation of TGBp1 since very early
developmental stages could enhance this process.

The reduced size of root meristems observed in TGBp1
seedling suggests that the decreased plant growth is associ-
ated to reduced meristem development. Supporting this, calli
derived from transgenic plants exhibit reduced growth rates,
indicating that cell proliferation is also lower in non-
differentiated tissue. Since plasmodesmata are not fully es-
tablished at this stage, this could imply a specific TGBp1
activity at the cell division level.

Based on these results, we presume that the stunted phe-
notype and the metabolic alterations observed in TGBp1
plants are derived from two independent effects of TGBp1:
(a) an effect on proliferating tissues, such as root meristems,
resulting in diminished cell division and plant size reduc-
tions; (b) a perturbation of normal chloroplast functioning
leading to decreased photosynthesis and reduced carbohy-
drate accumulation. Since dwarfism in TGBp1 plants is es-
tablished before the onset of photosynthetic activity, reduced
photosynthesis could not explain the smaller size observed in
young seedlings and their root meristems (Fig. 1B, C). Sup-
porting this, transgenic Arabidopsis thaliana plants constitu-
tively expressing TGBp1 also showed consistent growth re-
ductions that correlate with TGBp1 accumulation, but do not
reveal metabolic alterations or constitutive PR gene expres-
sion (data not shown; manuscript in preparation). Till
present, the PVX TGBp1 has been shown to fulfill at least
two major functions in viral infection: the promotion of
cell-to-cell viral movement [1,22] and the suppression of
post-transcriptional gene silencing [37]. Since both activities

Fig. 6. Steady-state level of nitrate in transgenic and control plants. Samples
corresponding to the third and fifth leaves were taken for nitrate measure-
ments. Empty bars: N. tabacum Xanthi D8 control plants; right-stripped
bars: E2 line plants; filled bars: C3 line plants. Standard deviations are
indicated in each bar. Statistical significance <0.05 (*) by Student’s t analy-
sis.
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could affect normal macromolecular traffic—and, conse-
quently, developmental and metabolic signalization—, fur-
ther studies will be needed to explore whether development
of the TGBp1 phenotype is dependent on them or whether a
novel function, also associated to this protein, is involved in
this process.

Plant stunting and metabolic changes are commonly asso-
ciated to plant virus diseases. Considering the fact that no
other PVX protein induces abnormal phenotypes in trans-
genic plants, we propose that TGBp1, either by itself or in
combination with other viral proteins, is an important symp-
tom contributor in infections caused by this virus. Additional
studies on cell division rates in TGBp1 tissues, co-expression
of TGBp1 with other PVX proteins, and expression of
TGBp1 in other species will help to further clarify these
particular effects.

4. Methods

4.1. Virus isolates

Potato virus X strain CP2 (PVX-CP2) was obtained from
the International Potato Center (Lima, Perú). Cloning and
sequencing of the respective genomic sequence was previ-
ously reported ([29] GeneBank accession no. X55802).

4.2. Plant material and growth conditions

Nicotiana tabacum cv. Xanthi D8 NN used to generate
transgenic plants was obtained from Y. Chupeau (INRA,
Versailles, France). With the exception of those involved in
gas exchange and chlorophyll fluorescence measurements
(see below), all experiments were carried out on 10–11-
week-old plants. A5, B16, C3, C6, D3 and E2 are tobacco
transgenic lines constitutively expressing PVX TGBp1 [2].
C3 and E2 contain a single copy of the transgene and were
self-pollinated to attain homozygocity. Transgenic p12-3 line
was previously described [17]. Transgenic TGBp3 plants
were obtained by transformation via Agrobacterium tumefa-
ciens with a pBI121 binary expression vector (Clontech,
USA) carrying the PVX TGBp3 sequence downstream of the
35S cauliflower mosaic virus promoter. Except where explic-
itly stated, only homozygous T2 plants were used in all
experiments. All plants were individually grown on vermicu-
lite in a growth chamber under a 14 h light/10 h dark regime
(25 °C light/21 °C dark) at a light intensity of 300 µmol m–

2 s–1 and automatically immersed in a Coic–Lesaint [6]
mineral medium during 20 min everyday. Tobacco calli from
transgenic and control plants were obtained from fifth leaf
explants of about 1 cm2 area and 0.2 g average weight.
Twenty-five leaf explants of E2 and C3 transgenic lines and
control D8 plants were excised and surface-sterilized follow-
ing a standard procedure, and in vitro cultured in medium
containing Murashige and Skoog salts and organics (Invitro-
gen, USA) supplemented with 3% sucrose, 1.5 mg l–1 2,4-

dichlorophenoxyacetic acid and 0.7% agar to induce calli
formation. After 25 d, equivalent weights (0.6 g) of calli
corresponding to the different plant lines were subcultured
for 20 more days. Finally, fresh calli weights were measured
and compared.

4.3. Northern and Southern blot analyses

Northern and Southern blot analyses were conducted as
previously described in [17]. Tobacco cDNA sequences used
for the study of PR1a, PR2 and PR3 mRNA expression were
kindly provided by E. Lamb (Rutgers University, USA). The
cDNA sequence corresponding to the N. sylvestris small
Rubisco subunit (407 bp; GeneBank accession no. X53426)
was amplified by PCR using oligonucleotides 5′-TCCC
TGTTTCCAGGAAACAAA-3′ and 5′-CTTGTAGGCGA
TGAAACTAAT-3′ as primers.

4.4. Western blot analysis

Western blot analysis was performed as described in [2].
TGBp1 was detected with rabbit antibodies raised against
purified recombinant TGB1 protein [2]. Specifically bound
antibodies were visualized by incubation with alkaline
phosphatase-linked goat anti-rabbit antibodies followed by a
chromogenic reaction using nitroblue tetrazolium and
5-bromo-4 chloro-3 indolyl phosphate (Promega, USA) as
substrates.

4.5. Microscopical observations

Tobacco root and leaf samples of about 1 mm × 1 mm
were fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 6.8), for 2 h at room temperature. Light micros-
copy (LM) was performed as previously described [17]. For
electron microscopy, the tissue was post-fixed with 1% OsO4

in distilled water for 1–2 h at 4 °C, dehydrated in a graded
ethanol-propylene oxide series and embedded in Spurr’s
resin (Polyscience, USA). Thin sections were prepared using
an Ultracut E microtome (Reichert-Jung, Germany). Tissue
sections were mounted on grids coated with Formward
(Polyscience, USA) and carbon, and then stained in uranyl
acetate followed by lead citrate. Sections were observed
under a Zeiss EM 10C (Carl Zeiss, Germany) transmission
electron microscope.

4.6. Gas exchange measurements

Six- to 7-week-old tobacco plants were used for the ex-
periments. The photosynthetic rate was calculated during the
light period as the quantity of CO2 fixed per unit of leaf area.
CO2 exchange measurements were performed in twin air-
tight environmental chambers with light intensity adjusted at
300 µmol m–2 s–1. CO2 concentration was measured with a
Miahak Finor IRGA (Hamburg, Germany) CO2 analyzer.
The CO2 molar ratio was maintained at 350 ± 2 µmol CO2
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mol–1 air using pulsed injections of CO2 controlled by a
computer. During the dark period, CO2 level was regulated
by passing air through a soda lime trap. Whole-plant respira-
tion was calculated from the time of passage through the trap.
Respiration rate was normalized to total leaf area.

4.7. Metabolite analysis

For sugars and starch analysis, samples (1 g of leaf tissue)
from fifth upper leaves was extracted in liquid nitrogen with
2 ml of 10 mM Tris–HCl buffer (pH 7.4). After a brief
centrifugation at 11,900 × g, soluble sugars were measured
on the supernatant using a commercial kit (Boehringer-
Mannheim, Germany). For starch measurements, the pellet
was resuspended in 1 ml of 0.5 M NaOH for 1 h at 60 °C,
followed by addition of 20 µl of 3 M sodium acetate/acetic
acid (pH 4.5) and 80 µl of 5 N HCl. Starch was determined
using a commercial kit (Boehringer-Mannheim) and ex-
pressed as glucose equivalents. A similar procedure was
followed for nitrate analysis; in this case, 2 ml of distilled
water were used to resuspend the pellet. After a brief cen-
trifugation at 11,900 × g, nitrate was measured on the super-
natant using the procedure described by Castaldo et al. [5].

4.8. Chlorophyll fluorescence measurements

Chlorophyll fluorescence measurements were conducted
with a PAM-2000 fluorometer (Walz, Germany) on complete
fifth upper leaves taken from 6- to 7-week-old plants. Maxi-
mum quantum yield of photosystem II was measured by
estimating the Fv to Fmax ratio in leaves adapted for 30 min to
the dark. Fv = Fmax – F0, in which Fv is the variable chloro-
phyll fluorescence, Fmax is the maximal level of chlorophyll
fluorescence induced by pulse of white light (photon flux
density > 4000 µmol m–2 s–1) of 800 ms and F0 is the initial
level of fluorescence under red light (655 nm) modulated at
600 Hz. The effective quantum yield was calculated from
chlorophyll fluorescence measured on leaves continuously
illuminated at 255 and 600 µmol m–2 s–1 treated with regular
pulses of saturating light to estimate the electron transfer
efficiency. Results are shown as average values from three
individual plants per line.
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