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ABSTRACT

Potato plants were grown in open-top chambers under
three ozone concentrations during two complete cropping
seasons (93 and 77 d in 2004 and 2005, respectively). The
effects of chronic exposure to ozone on leaf anatomy, cell
ultrastructure and crop yield were studied. Severe cell
damage was found, even at ambient ozone levels, mainly
affecting the spongy parenchyma and areas near the
stomata. Damage to the cell wall caused loss of cell contact,
and loss of turgor pressure due to tonoplast disintegration,
contributed to cell collapse. Phloem sieve plates were
obstructed by callose accumulation, and damaged meso-
phyll cells increased their starch stores. Tuber yield fell
sharply (24–44%), due to the biggest tubers becoming
smaller, which affected commercial yield. These anatomical
findings show the mechanisms of ozone effect on assimilate
partitioning, and thus crop yield decrease, in potato.
Further implications of ozone causing reductions in below-
ground biomass are also discussed.

Key-words: assimilate partitioning; callose; crop yield; leaf
anatomy; open-top chambers; ozone; potato; starch.

INTRODUCTION

Tropospheric ozone is considered the most important phy-
totoxic air pollutant worldwide (Krupa et al.2001).Intercon-
tinental transport of ozone and its precursors has been
demonstrated (Derwent et al. 2004), which shows that ozone
pollution is a trans- boundary problem. Mean global ozone
concentration was 50 ppb in the year 2000 (Fiscus, Booker &
Burkey 2005), and is growing due to the increase of anthro-
pogenic precursors.The most pessimistic predictions suggest
future average ozone concentrations of up to 80 ppb in the
year 2100 (Prather et al. 2001;Vingarzan 2004).The southern
part of Europe is affected by high ozone concentrations,
especially the Mediterranean basin, which favours the
formation and accumulation of this pollutant because
of its particular conditions of high solar radiation and

temperatures, as well as the re-circulation dynamics of its air
masses (Millán et al. 2002). Ozone has a negative impact on
forests and crops; a number of studies within the framework
of the US National Crop Loss Assessment Network (Heagle
1989) and the more recent International Cooperative
Program on Effects of Air Pollutants on Natural Vegetation
and Crops (Kärenlampi & Skärby 1996) have shown that
ozone causes a significant decrease in crop yield.The extent
of crop loss depends on species or cultivar sensitivity,
drought stress and other growth conditions. Ozone damage
to crops has economic costs for society. In the United States,
a general figure of 2.8–5.8 billion dollars (at 1990 values) as
gains from reducing or eliminating ozone precursors from
motor-vehicle emissions is acknowledged by the Environ-
mental Protection Agency (U.S. EPA 2006). In Europe (spe-
cifically the Netherlands), reducing ozone to background
levels of 20 ppb would benefit agriculture by 310 million
euros, including a surprisingly large surplus in the cattle
farming sector through yield increases on grassland (Kuik
et al. 2000).The economic losses for four major grain crops in
East Asia ranged from 0.24 to 3.5 billion U.S. dollars in 1990
and are expected to be 0.4–6.4 billion dollars in 2020, the
highest losses affecting China (Wang & Mauzerall 2004).
Ambient ozone concentrations in the Mediterranean region
cause remarkable yield decreases in important crops such
as wheat (20–27%), tomato (17–24%) or watermelon
(19–39%) (Fumagalli et al. 2001). It should be noted that
plant development in many crops occurs during high ozone
periods (spring–summer).

Potato is a staple food, the fourth most important crop in
the world after wheat, rice and maize (FAO 2009), and the
second most important in Europe after wheat. It is of great
importance in the human diet because of its harvest index
(ratio of edible to non-edible components), which is much
higher than in cereals. As for many plant species, ozone-
sensitive and -tolerant cultivars have been reported for
potato (Clarke, Greenhalgh-Weidman & Brennan 1990).
Nevertheless, important yield reductions due to ambient
ozone (14–31%) have been found in cvs. Dark Red Norland
(Heagle, Miller & Pursley 2003) and Norchip (Clarke et al.
1990).

The causes of yield reduction by ozone seem to be
multiple and are related to two main phenomena: (1) inhi-
bition of photosynthesis, reflected in a decrease in carbon
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assimilation (Runeckles & Chevone 1992; Morgan,
Ainsworth & Long 2003), degradation of Rubisco (Pell,
Eckhardt & Eniyedi 1992) and photoinhibition (Carrasco-
Rodríguez & Del Valle-Tascón 2001); and (2) changes in
assimilate partitioning, which suggest an inhibition of
assimilate translocation (Miller, Heagle & Pursley 1998;
Grantz & Yang 2000; Guidi, Degl’Innocenti & Soldatini
2002). It is generally accepted that, at the biochemical level,
ozone damage is mediated by reactive oxygen species
(ROS). ROS, which are generated from ozone reactions in
the apoplast, disrupt membrane integrity and pigment
structure and oxidize proteins (Langebartels et al. 2002).

In contrast to the vast amount of physiological, biochemi-
cal and molecular data on ozone effects on plants, few
studies have been made at the anatomical level using
microscopy methods. Anatomical studies provide a holistic
approach and permit differential location of particular
responses at the cell/tissue level, therefore facilitating data
integration that may lead to a better understanding of phe-
nomena. In the research into ozone effects on plants, tissue
anatomy has been mainly studied in forest species. New
knowledge has emerged, such as the significance of the
different displays of visible symptoms: bronzing or redden-
ing, which consists of groups of palisade parenchyma cells
accumulating proanthocyanidins or anthocyans, oxidized on
a gradient according to the intensity of oxidative stress,
especially in light-exposed areas of the leaves; and stippling,
which reflects mesophyll cells undergoing hypersensitive
response-like reactions (cell content disruption forming
apoptotic-like bodies) (Günthardt-Goerg & Vollenweider
2007). Size reduction of chloroplasts and swelling of the
thylakoids has been observed (Pääkkönen, Holopainen &
Kärenlampi 1995; Günthardt-Goerg et al. 2000; Gravano
et al. 2003, 2004; Oksanen et al. 2003), also in crop species
(Miyake et al. 1989; Violini et al. 1992); even loss of thyla-
koid organization in grana has been found (Faoro & Iriti
2009). These effects constitute an anatomical basis for
the inhibition of photosynthesis. Pectic protrusions and
polyphenolic incrustations in cell walls indicate reactions to
apoplastic ROS generated following ozone uptake
(Günthardt-Goerg et al. 2000). Furthermore, these ana-
tomical markers of the ozone effect have converted micros-
copy into a very useful and recommended complementary
tool for validation of visible symptoms observed in the field.

Along with the previously mentioned similarities
between species, there are also responses to ozone that are
particular to groups of species, suggesting relationships
with their physiological strategies. For example, damaged
palisade cells collapse in broadleaved trees, whereas
mesophyll cells in conifer needles apparently die without
cell wall collapse, probably because they are more
robust (Günthardt-Goerg & Vollenweider 2007). Another
example of particular ozone responses is the thickening of
the cuticle found in Pistacia lentiscus (Reig-Armiñana et al.
2004) and Arbutus unedo (Bussotti et al. 2003), both Medi-
terranean evergreen species. The cuticle response may be a
mechanism in these species that is related to their drought-
avoidance strategy. Though ozone effects have never been

studied in potato at the anatomical level, potato is a fast-
developing crop, which might display particular responses
to ozone. In the present study, potato cv. Agria was used.
This is a cultivar normally grown by farmers in the Valencia
area that develops ozone-induced visible injuries when
grown commercially in the field.The objectives of this study
are to characterize the effects of chronic exposure to ozone
on tuber yield and foliar anatomy of potato, in order to gain
insight into the anatomical basis for crop yield decrease.

MATERIALS AND METHODS

Experimental site

The experiment was conducted at the Centro de Capacit-
ación Agraria of the Generalitat Valenciana, located at
Carcaixent.The site is a rural area 40 km south of the city of
Valencia in eastern Spain (39°7′N, 0°27′W), 20 m above sea
level. No major air pollution sources were located in the
vicinity.

Plant material

Potato tubers (Solanum tuberosum L. var.Agria) were sown
manually in 20 L-pots (one tuber per pot) in standard
potting soil mix (Terraplant 1, BASF). Pots were placed
inside nine open-top chambers (OTC). Plants developed
inside the chambers until harvest (when the canopy had
senesced to about 90% of its maximum), under the three
treatments described below. There were three plants per
chamber and three chambers per treatment, making nine
plants per treatment. Plants were watered daily to field
capacity by drip irrigation. Soil water potential was moni-
tored with a tensiometer and maintained above -30 kPa (at
20 cm below the soil surface) to ensure that plants did not
suffer water stress. In 2004, the crop was sown on 20
January, emerged on 16 February and was harvested on 18
May; in 2005, the crop was sown on 3 February, emerged on
4 March and was harvested on 19 May.

Leaf samples for microscopy were collected on 6 May
2004 and on 2 May 2005, when crops were at an advanced
state of development (after 77–86% of their lifespan, about
1 week before the senescence of the oldest leaves), in order
to study the damage resulting from prolonged ozone expo-
sure. Samples taken in 2004 were used to study foliar
anatomy and cell ultrastructure, and samples taken in 2005
were used for callose location and the study of starch
content. One young leaflet and one mature leaflet (third
leaflet from the second fully expanded leaf and third leaflet
from the fifth fully expanded leaf, respectively, on a random
shoot of the plant) were collected in each of two plants per
chamber (six plants per treatment); leaflets of the same age
were of similar size. Sampling was carried out at 1300 h in
both years.

Ozone exposure

Three different ozone treatments were applied within the
OTC from plant emergence until harvest (from 16 February
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until 18 May 2004 and from 4 March until 19 May 2005):
charcoal-filtered air (CF), in which approximately 80%
ambient ozone was removed, ambient air passing a particle
filter only (NF), and NF air plus 80–120 ppb of ozone fol-
lowing a sinusoidal profile (NF+), for 5 h a day from
Monday to Friday (0830–1330 h UTC). There were three
chambers per treatment, distributed across the experimen-
tal site according to a fully-randomized design. The fumiga-
tion regime in the NF+ treatments and the OTC facility are
described in detail in Asensi-Fabado et al. (2008).

Ozone, sulphur dioxide and nitrogen oxides were moni-
tored continuously throughout the experiments. The air
sampling point was located at the centre of each chamber at
a height of 1 m. Ozone was determined by UV absorbance
(Dasibi mod. 1008 RS, Dasibi Environmental Corporation,
Glendale, CA, USA), SO2 by fluorescence (Dasibi mod.
4181) and nitrogen oxides by chemiluminescence (Dasibi
mod. 2108).

Microscopy methods

Foliar anatomy and starch and callose histochemical loca-
tion were studied in leaf sections by light/epifluorescence
microscopy. Cell ultrastructure was determined by trans-
mission electron microscopy.

Light and epifluorescence microscopy
Semi-thin cross-sections (1 mm thick) and 15-mm-thick sec-
tions were examined. The following protocol was used to
obtain semi-thin sections: samples were fixed in a mixture of
5% glutaraldehyde and 5% paraformaldehyde buffered
with 100 mM sodium phosphate, pH 7.2, for 10 h at 4 °C.
After three washings in sodium phosphate buffer, samples
were dehydrated in an increasing ethanol series. Then
samples were embedded in LR-White medium-grade
acrylic resin (London Resin Co., London, UK) in a mixture
series of absolute ethanol and resin, this latter in an increas-
ing proportion until pure resin. Semi-thin sections were
obtained with a Sorvall MT-5000 ultramicrotome (Girald-
Dupont,Wilmington, DE, USA) provided with a glass knife
(45°) obtained from a special glass (Glass Strips Leica
6.4 mm) in a knifemaker (Reichert-Jung, Wien, Austria).
Another set of leaf samples was washed in 100 mM sodium
phosphate buffer, pH 7.2, for 1 h at 4 °C, then dehydrated in
an ethanol series until 80% ethanol for fixation and preser-
vation; 15-mm-thick sections were obtained from these
samples with a freezing microtome (Leica CM1325). The
following stains were used:

• Toluidine blue (1%) on 1-mm-thick sections for anatomi-
cal observations.

• Aniline blue (1%) on 15-mm-thick sections for callose
location. Stained sections were observed immediately
under an epifluorescence microscope with epifluorescent
blue emission of 460–490 nm wavelength.

• Aqueous 1% iodine solution (Lugol) on semi-thin 1-mm-
thick sections for starch location.

Samples were observed with an Olympus Provis AX 70
microscope and photographed with an Olympus Camedia
C-2000 Z digital camera.

Transmission electron microscopy
Samples were fixed as described to obtain semi-thin sec-
tions. After three washings in sodium phosphate buffer,
samples were post-fixed in buffered 2% OsO4 for 2 h and
subsequently washed with 100 mM sodium phosphate
buffer, pH 7.2, for 15 min. Samples were then dehydrated in
an increasing ethanol series and embedded in LR-White
medium-grade acrylic resin (London Resin Co.), as detailed
for semi-thin sections. Ultra-thin sections (70 nm-thick)
were obtained with an Ultratome Nova LKB Bromma
ultramicrotome provided with a DIATOME Ultra 45°
diamond knife. Ultra-thin sections were stained with 2%
lead citrate and 2% uranyl acetate for 10 min each, then
observed with a JEOL JEM-1010 (100 kV) transmission
electron microscope (Jeol Ltd., Tokyo, Japan); they were
photographed with a MegaView III digital camera and
AnalySIS image acquisition software provided by the
Microscopy Service of Valencia University SCSIE.

Quantification of stomatal density

For each of three mature leaves per treatment, a 1 ¥ 1 cm
section was cut midway between the midrib and margin.
The leaf sections were cleared with 5% sodium hypochlo-
rite for 5 min, stained with safranin and fast green for
another 5 min and washed with 96% ethanol. Stomata were
counted under the light microscope at ¥200 magnification
on both upper and lower leaf surfaces, in five randomly
selected fields per leaf surface for each leaf section.

Crop yield

Tubers were classified into commercial (size � 40 mm) and
non-commercial (size < 40 mm) tubers,according to Spanish
legislation (Official State Gazette, BOE, no. 166, 13/7/1983).
Individual tuber weights from each category were measured.
To gather more information on the 2005 harvest, tuber
size categories were increased: <30 mm, 30 mm–<40 mm,
40 mm–<60 mm, �60 mm. Size categories were determined
using 30, 40 and 60 mm-side square meshes.

Statistics

Statistical analysis was performed with SPSS v12.0. Data
sets were assessed for normality by means of the
Kolmogorov-Smirnov test (a = 0.05). Normal data were
analysed with analysis of variance, followed by the least
squares difference post-hoc test (group variance homoge-
neity was checked with the Levene test).A t-test for related
samples compared stomatal density between the two leaf
surfaces. Because non-normal data could not be improved
adequately by transformation, mean comparison used the
Kruskal-Wallis multiple test, followed by post-hoc pair
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comparisons using the Mann-Whitney U-test. P < 0.05
were considered significant. Chamber-to-chamber variation
within each treatment was analysed, and no significant dif-
ferences were found.

RESULTS

Air quality, ozone exposure and visible injury

Daily, 12 h average concentrations of ozone between
sunrise and sunset (0800–2000 h) in the three OTC treat-
ments during the two growing seasons are shown in Fig. 1.
The trend for ozone concentrations in the NF treatments
was typically seasonal, with high values during solar radia-
tion and warm periods. In particular, the 2005 period was
characterized by fairly high background ozone concentra-
tion. Differences in ozone exposure between treatments
were evident in the AOT40 (accumulated exposure over a
threshold of 40 ppb between sunrise and sunset) values.The
AOT40 exposure index for ozone was calculated for the
period from plant emergence until harvest in the CF, NF

and NF+ treatments, resulting in 8, 2361 and 14 071 ppb h,
respectively, in the 2004 season; and in 33, 4186 and
16 488 ppb h in the 2005 season. In short, ambient ozone
levels were high during both seasons, while CF treatment
removed ambient ozone significantly.

The concentration of SO2 was very low (below 1 ppb) and
close to the detection limit of the analytic equipment. The
24 h mean concentration of NO and NO2 during the two
growing seasons never exceeded 5 ppb for either of the two
gases. Therefore, the levels of sulphur dioxide and nitrogen
oxides were too low to have a substantial effect on the
response to ozone in these experiments (Darrall 1989).

At the time of leaf sampling, mature leaves had typical
visible ozone injury in NF and, to a greater extent, NF+

chambers. The visible symptoms mainly consisted of inter-
veinal purple spots and necrosis; some bleaching and yel-
lowing were also visible in certain samples (Fig. 2). Young
leaves generally had visible symptoms in the top leaflet
in NF+ chambers, although the young samples collected
showed no visible injury.

Figure 1. Daily 12 h mean ozone
concentration between sunrise and sunset
(0800–2000 h) within charcoal-filtered
(circles, bottom), non-filtered (squares,
middle) and non-filtered plus extra ozone
(triangles, top) OTC at Carcaixent
(Spain) for the periods from plant
emergence to harvest in two crop seasons
(16 February–18 May 2004 and 4
March–19 May 2005).
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Foliar anatomy

Leaf cross-sections stained with toluidine blue are shown in
Fig. 3, which shows the effect of the different treatments on
foliar anatomy. In plants exposed to CF, no anomalies were
observed in tissue structure (Fig. 3a), which consists of an
adaxial epidermis with stomata, a single layer of palisade
parenchyma with relatively big cells, vascular bundles
devoid of sheath, spongy parenchyma constituting slightly
over 50% of the mesophyll volume (which connects directly
with the abaxial epidermis, without any specialized interme-
diary layer) and the abaxial epidermis with a significantly
higher stomatal density than the adaxial epidermis, as
shown in Table 1. Palisade parenchyma, as well as spongy
parenchyma cells, were turgid and attached by an intact
middle lamella, and chloroplasts were evenly distributed
around the central vacuole (Fig. 3b).

In the NF treatment, young leaves showed no anatomical
alterations (Fig. 3c), whereas some were observed in
mature leaves (Fig. 3d,e). A degeneration of the middle
lamella at specific points in the palisade parenchyma cell
walls caused the detachment between adjacent cells at
those points. Certain cells had their chloroplasts allocated
in the cell centre as a consequence of a decrease in vacuole
size. In addition, vacuolar content became denser. These
effects were more severe in the spongy parenchyma, where
an important proportion of cells acquired irregular shapes
as a consequence of the degeneration of their middle
lamella and primary cell wall and the loss of vacuole turgor.
Chloroplasts became smaller and were located in the cell
centre, probably due to tonoplast disintegration. Some cells
in the spongy parenchyma were more intensely damaged:

they had collapsed and their content was very dense. The
loss of cohesion between cells and the decrease in cell
volume led to a considerable increase in intercellular space.
It was significant that the damage was mainly seen in areas
close to the stomata.

In plants grown in ozone-enriched air (NF+ treatment),
the damage described earlier was more intense and
appeared earlier in leaf development, because some
damage occurred in young leaves (Fig. 3f). In young leaves,
cells started to lose cohesion and adopted diverse irregular
shapes. The pink-purplish colour acquired with toluidine
blue staining and the blurred look of cell walls, particularly
at the points of cell detachment, suggested degradation of
the primary cell wall and the middle lamella (Krishnamur-
thy 1988). The central vacuole started to lose turgor; in
some cells, chloroplasts were disorganized, a sign of central
vacuole disappearance.

In mature leaves from the NF+ treatment, severe cell
damage spread throughout all tissues (Fig 3g–j). Cell col-
lapse reached high proportions in the spongy parenchyma,
where most of the cells became star-shaped, and so cell
contact was almost completely lost. In certain areas, cells
collapsed completely or nearly disappeared. This degrada-
tion extended to the palisade parenchyma, where cells were
also star-shaped or had collapsed. Densification of the cyto-
plasm was observed in the damaged cells, possibly as a
result of accumulation of phenolic compounds. Even epi-
dermal cells, in the adaxial surface and to a greater extent in
the abaxial surface, collapsed, to the point that the epider-
mis in the most damaged areas became a very thin layer. In
addition, there was an interesting finding of deposits that
seemed to block the phloem (Fig. 3j).

Figure 2. Photographs of mature leaves
representative of each treatment (from
left to right: charcoal-filtered air, CF;
non-filtered air, NF; non-filtered air plus
extra ozone, NF+). Interveinal purple
spots are spread throughout the leaf
surface in the NF and NF+ treatments.
Arrows indicate necrosis, circles surround
bleached spots and asterisks indicate
yellowing areas. Yellowing is seen in
detail in the amplified area of an NF+

leaf.

*

*

*

*

*

*

Table 1. Stomatal density (number of
stomata per mm2) of adaxial and abaxial
leaf surfaces measured in the three OTC
treatments

No. of stomata per mm2 CF NF NF+

Adaxial (upper leaf surface) 24.5 � 1.4 23.0 � 1.8 22.1 � 2.3
Abaxial (lower leaf surface) 99.3 � 6.9** 94.9 � 7.4** 102.1 � 6.7**

Asterisks indicate significant differences (p < 0.01) between the two leaf surfaces within each
treatment. No significant differences were found between treatments.
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Electron microscopy allowed more detailed observation
of the effects described previously in mature samples. The
most outstanding ozone effects were found in chloroplasts,
which became denser and were completely agglomerated in

damaged cells without a central vacuole (Fig. 4b); chloro-
plasts stored numerous starch grains in comparison with CF
samples (Fig. 4a). In highly degenerated chloroplasts, the
starch grains had disappeared, leaving an empty lumen and

(f)

20 µm

E

SP

(a) (b)

(c)

(e)

(g) (h)

(i) (j)

(d)

Figure 3. Leaf semi-thin cross sections
(1 mm thick) stained with toluidine blue
for anatomical observations. (a) General
structure of a mature leaf from CF
treatment. Arrows indicate the stomata;
note the presence of stomata in the
adaxial epidermis. Red asterisks show the
substomatal cavities. The vascular bundle
(VB) is not surrounded by a sheath
(see below for other abbreviations);
(b) Palisade parenchyma of a mature leaf
from CF treatment. Cells are turgid and
chloroplasts have a perivacuolar position;
(c) Young leaf from NF treatment;
(d) Mature leaf from NF treatment.
Densification of the vacuolar content is
observed (stars). Arrowheads indicate
damaged areas of the cell walls, where
contact loss between mesophyll cells is
possibly initiated; this initial stage of cell
damage is more visible in the palisade
parenchyma. Damaged cells finally
collapse (black arrows) and release their
content to the apoplasm (red arrow);
these advanced stages of cell damage are
observed in the spongy parenchyma;
(e) Spongy parenchyma of a mature leaf
from NF treatment. Note the irregular
cell shape (arrowheads); chloroplasts
have become smaller and are dispersed
possibly as a consequence of tonoplast
disintegration (star); (f) Young leaf from
NF+ treatment. Arrowheads point to
damaged cell walls. The vacuole starts to
lose turgor (broken arrows) and
chloroplasts are disorganized (star);
(g) Mature leaf from NF+ treatment.
Cell damage extends throughout the
mesophyll and epidermis; (h) Mature leaf
from NF+ treatment. Detail of damaged
cells from the palisade parenchyma close
to a substomatal cavity; (i) Mature leaf
from NF+ treatment. The process of
contact loss between cells and their
subsequent size reduction by collapse is
shown in detail (arrows). Stars indicate
a dense and refringent cytoplasmic
content; and (j) Mature leaf from NF+

treatment. Note the accumulations within
the sieve plates (arrows) of a substance,
probably callose, obstructing the phloem
in the amplified area. Abbreviations: E,
Epidermis; Phl, Phloem; PP, Palisade
parenchyma; SP, Spongy parenchyma; St,
Stomata; VB, Vascular bundle; X, Xylem.
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disrupted thylakoids (Fig. 4c). Cell wall damage was also
apparent,as seen in Fig. 4b.The deposits found in the phloem
by toluidine blue staining looked electron-translucent under
the electron microscope, suggesting that the accumulated
substance was callose. Phloem internal width fell consider-
ably because of this accumulation (Fig. 4d).

Callose location

Toluidine blue staining and electron microscopy pointed to
the presence of callose in the phloem as a consequence of
ozone treatment. To confirm this effect, specific staining
with aniline blue was undertaken. Callose was not generally
detected in CF samples (Fig. 5a), although small callose
deposits in the phloem were found in a very low proportion
of the examined sections (data not shown). Callose was
detected frequently in the phloem of NF samples (Fig. 5b),
and the deposits appeared as blockages. In NF+ samples
(Fig 5c,d), callose was abundant and formed very close
deposits, which significantly obstructed the phloem. These

observations showed that callose in the phloem increased in
a direct relationship with ozone concentration. In NF+

samples, callose was also found in some cell walls in the
palisade parenchyma, specifically in brown-looking cells,
which made up the visible symptoms that could be seen on
the leaf surface. Occasionally, callose was found in the cell
walls of the epidermis adjacent to these parenchymatic cells
(Fig. 5d).

Phloem obstruction by callose as a consequence of ozone
exposure gave rise to a working hypothesis that ozone had
a negative effect on assimilate transport from leaves to sink
organs and therefore on tuber yield.

Starch content

Ozone treatment seemed to cause starch accumulation in
the leaves, as observed by electron microscopy. To confirm
this effect and to determine the precise location of starch,
the sections were stained with Lugol. In plants grown under
CF air, starch inside the chloroplasts of the palisade and

(a) (b)

(c) (d)

500 nm

500 nm 2 mm

1 mm

Figure 4. Ultra-thin sections of mature leaves observed by transmission electron microscopy. (a) Cell wall (cw) and chloroplast of a CF
sample. Arrows indicate starch grains; (b) Cell wall (cw) and chloroplasts of an NF+ sample. Arrows indicate some starch grains as an
example. Note the detached cell wall fragment (arrowhead); (c) Chloroplast of an NF+ sample in an advanced state of degeneration.
Asterisks indicate the voids left by starch after disappearing; and (d) Phloem (Phl) and companion cell (CC) of a NF+ sample. Note the
significant callose accumulation within the phloem (asterisks).
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spongy parenchymas was barely perceptible (Fig. 6a).When
plants were exposed to ambient ozone concentrations (NF
treatment), starch content increased, especially in damaged
cells, that is, irregularly shaped cells in which the central
vacuole had disappeared and chloroplasts were allocated to
the cell centre (Fig. 6b). In plants in the NF+ treatment,
starch was abundant and, as in NF samples, was found in
damaged cells in the parenchyma (Fig. 6c,d). In contrast,
ozone did not affect starch content in the stomata, which
were full of starch in the three treatments (Fig. 6a, annexed
photograph).

Therefore, Lugol staining demonstrated that ozone
caused starch accumulation in parenchymatic damaged
cells.

Crop yield

Accumulation of both callose in the phloem and starch in
the leaf parenchyma suggested that phloem function was
altered and that sugar mobilization from photosynthetic

tissues to tubers was affected by ozone. To test this working
hypothesis, crop yield inside the OTCs was measured. Crop
yield results are summarized in Fig. 7a. Total tuber weight
per plant decreased according to ozone concentration.
Yield reduction was significant in NF+ treatment in both
years: 42% reduction in 2004 and 29% reduction in 2005, for
total tuber production; commercial tuber yield decreased
by a similar extent each year (44% and 25% in 2004 and
2005, respectively). Furthermore, NF treatment decreased
significantly commercial tuber yield in 2005 (24% yield
reduction); in 2004, crop yield in the NF treatment was also
lower than CF treatment, although not significantly. Ozone
treatments did not affect tuber number per plant (data not
shown). In contrast, the effect of ozone was readily appar-
ent in the decrease in average potato weight when only
commercial tubers were taken into account. These results
showed that ozone affected yield production by decreasing
the size of the big tubers.When tuber size was classified into
more categories in 2005 (Fig. 7b), the main effect of ozone
was effectively found in the biggest tubers (size � 60 mm),

(d)

60 mm 60 mm

40 mm 120 mm

(a) (b)

(c)

Figure 5. Cross-sections of mature leaves (15 mm thick) stained with aniline blue for callose detection by fluorescence. (a) CF treatment;
(b) NF treatment. Arrows indicate callose accumulation within the phloem sieve plates; (c) NF+ treatment. Arrows indicate callose
accumulation as in (b); and (d) NF+ treatment. Arrows indicate callose location in the walls of palisade parenchyma cells and adjacent
epidermis, as well as callose accumulation within the phloem (E: Epidermis, PP: Palisade parenchyma, X: xylem).
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which fell in number, meaning that their contribution to
weight per plant went down. In conclusion, ozone decreased
tuber weight, which supported the hypothesis that phloem
function was impaired.

DISCUSSION

In the present study, the AOT40 critical level of 3000 ppb h
for crops (Fuhrer, Skärby & Ashmore 1997) was exceeded
in the ambient air chamber in 2005. In 2004, ambient ozone
was close to this value. Significant damage was caused by
ozone in both years.

Ozone caused the degeneration of the middle lamella
and the cell wall, which led to a loss of cell cohesion and
contact at particular points. As a result, the most damaged
cells adopted a highly characteristic star-shaped appear-
ance. One consequence of the loss of contact between adja-
cent cells is the disruption of cell communication through

pits and plasmodesmata. Cells finally collapsed and inter-
cellular spaces increased considerably, as observed in a
range of species (Günthardt-Goerg et al. 1993; Holopainen
et al. 1996; Reig-Armiñana et al. 2004; Bussotti et al. 2005;
Paoletti et al. 2009). A characteristic trait of the action of
this pollutant in potato was that damage mainly affected the
spongy parenchyma. Because ozone enters the leaf through
the stomata (Runeckles 1992), the relationship of fourfold
stomatal density on the abaxial surface to that on the
adaxial surface probably accounted for higher ozone
uptake by the lower leaf surface. An accurate calculation of
ozone flux into the leaf would require measurements of
stomatal conductance (Pleijel et al. 2007). Nevertheless, this
goes beyond the scope of our study, which provides an
anatomical basis for the differing damage intensities in the
two mesophyll layers. This is supported by the observation
that the most damaged cells were close to the stomata and
probably located on the pathway along which ozone or its

(a) (b)

(c) (d)

20 mm

20 mm 20 mm

20 mm

Figure 6. Cross-sections of mature leaves (1 mm thick) stained with Lugol for starch detection. (a) CF treatment. Starch is not
appreciable inside the chloroplasts in the parenchyma. The small annexed photograph shows the guard cells of stomata full of starch,
which is stained dark blue (arrows); (b) NF treatment. Arrows indicate, as examples, starch grains inside the chloroplasts of
parenchymatic damaged cells; (c) NF+ treatment. Arrows indicate starch grains in damaged cells of the palisade parenchyma; and (d) NF+

treatment. Arrows indicate starch grains in damaged cells of the spongy parenchyma (E: Epidermis, PP: Palisade parenchyma, SP: Spongy
parenchyma).
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Figure 7. (a) Yield of the two potato crops grown in OTCs (2004, left column; 2005, right column). White bars represent all the tubers,
and grey bars represent commercial (marketable) tubers (size � 40 mm). Asterisks indicate significant differences from CF treatment of
the corresponding year within each group (total or marketable): *P < 0.05, ** P < 0.01 (post hoc mean comparison performed with LSD
test for the variable ‘weight per plant’ and with Mann-Whitney U-test for the variable ‘weight per potato’); and (b) Crop yield in 2005
classified according to tuber size (the first two groups are non-commercial size; the following two groups are commercial size). Asterisks
indicate significant differences from CF treatment within each size category (P < 0.05, post-hoc mean comparison performed with LSD
test for the variable ‘number of potatoes per plant’ and with Mann-Whitney U-test for the variable ‘weight per plant’).
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derived reactive species spread. In addition, Faoro & Iriti
(2009) found that dead cells after ozone fumigation were
mainly located around the stomata.

At the subcellular level, the vacuolar content densified,
probably due to phenolic compounds. In particular, the
accumulation of condensed tannins in the vacuole has been
reported (Günthardt-Goerg et al. 2000; Kivimäenpää et al.
2001; Matyssek et al. 2002), which is considered a protective
response against harmful reactive species derived from
ozone (Pääkkönen, Gunthardt-Goerg & Holopainen 1998;
Saleem et al. 2001; Yamaji et al. 2003). Subsequently, the
tonoplast disintegrated and the perivacuolar arrangement
of chloroplasts was lost (Reig-Armiñana et al. 2004;
Günthardt-Goerg & Vollenweider 2007; Faoro & Iriti 2009;
Paoletti et al. 2009). Tonoplast damage is attributed to
lipid peroxidation by ozone-derived ROS (Rossetti &
Medeghini-Bonatti 2001; Biswas et al. 2008; Lu et al. 2009;
Vickers et al. 2009). The vacuole disappearance caused a
sharp decrease in cell turgor, which probably contributed to
the loss of cell contact and finally to cell collapse.

Ozone caused callose deposition in different leaf areas.
The deposition of callose in the cell walls of the palisade
parenchyma and adaxial epidermis has been described
(Gravano et al. 2003, 2004; Günthardt-Goerg & Vollen-
weider 2007). This kind of deposition normally occurs after
plant exposure to different abiotic stresses or pathogen
attack, in which case callose constitutes a physical barrier
that helps to prevent pathogen invasion (Schmelzer 2002;
Flors et al. 2005; Hardham, Jones & Takemoto 2007). In
addition, a remarkable finding of this study was the accu-
mulation of callose inside the phloem. The small and infre-
quent callose deposits in CF samples are typical of a normal
process of senescence. Callose deposits in the phloem
increased in plants exposed to ozone in a concentration-
dependent manner. Deposition of callose in the phloem
after ozone exposure has only been found in birch stems
(Matyssek et al. 2002), severely limiting assimilate supply
and decreasing the root/shoot ratio.

Phloem obstruction by callose hinders the correct loading
and circulation of photosynthetic products from leaves for
export to sink organs. In potato, developing tubers are an
important photoassimilate sink. There is a strong depen-
dence of tuber metabolism on the momentary sucrose
supply (Geigenberger & Stitt 2000). In the present study, a
significant decrease in crop yield as a result of chronic ozone
exposure (14–24% in NF treatment, 29–42% in NF+ treat-
ment) was found. Total tuber number per plant, which is
established at a very early stage of plant development, was
not affected by ozone, confirming previous reports (Köllner
& Krause 2000; Craigon et al. 2002). Yield decrease mainly
affected commercial tubers, especially the tubers within the
highest size category (�60 mm). Interestingly, the fact that
yield decrease affects the biggest tubers (>50 or >60 mm) has
been reported in several other studies (Pell, Pearson &
Vinten-Johansen 1988; Craigon et al. 2002; Heagle et al.
2003).Our results suggest that the progressive obstruction of
the phloem by callose affects developing tubers and prevents
them from reaching their maximum yield.

The starch accumulation observed in damaged cells, both
in NF and NF+ chambers, seems to indicate impaired assimi-
late translocation from photosynthetic cells. Starch accumu-
lation in the leaf reaches its maximum at the end of the light
period (Geigenberger & Stitt 2000). This might be the
reason why CF leaves, collected at midday, had no impor-
tant starch stores, as observed by Kivimäenpää et al. (2001).
It has not been possible to determine the mechanisms that
lead to sugar immobilization in the form of starch as a
response to ozone, although a relationship with the reduced
transport capacity of the phloem is not ruled out. Starch
accumulation in leaves has been observed under environ-
mental circumstances that cause phloem occlusion, such as
phloem bacterial infection (Kim et al. 2009), sap-feeding
insects (Pirone, Alexander & Lamp 2005), Mg deficiency
combined with ozone pollution (Boxler-Baldoma et al.
2006) or disease caused by combination of air pollution and
mineral deficiencies (Forschner, Schmitt & Wild 1989). In
all these studies, authors hypothesized that phloem block-
age was responsible for starch accumulation. Furthermore,
the study of Kim et al. (2009) reported an up-regulation of
three key starch biosynthetic genes, which probably led to
starch formation from accumulated sucrose. This corrobo-
rates the observations of Komor (2000) that, when carbon
assimilation exceeds carbon export, the synthesis of starch
is up-regulated. Whether such a mechanism is responsible
for starch accumulation upon ozone exposure deserves
further research, given that ozone impact on carbon assimi-
lation may be dominated by the effects of ozone on carbon
transport (Grantz & Farrar 1999).

That ozone-induced phloem obstruction by callose leads
to a reduction in below-ground biomass is an important
finding. It adds to the already-known negative effects of this
pollutant on photosynthesis, resulting in crop yield
decrease. This might explain the changes in assimilate par-
titioning towards above-ground biomass to the detriment of
root allocation observed in a number of studies (Miller et al.
1998; Grantz & Yang 2000; Wittig et al. 2009). Further con-
sequences of a decreased root allocation, such as impair-
ment in the plant’s capacity for soil resource acquisition, are
a matter of concern (Gerant et al. 1996; Fuhrer & Booker
2003; Yamaji et al. 2003), and are thus highlighted here.
Based on this potential vulnerability, and on the fact that
root reduction was found to affect angiosperm trees more
dramatically than gymnosperms, Wittig et al. (2009) warned
that ozone could alter community composition in forests.
However, the role of root allocation is barely analysed in
the literature about the relationship between ozone and
nutrient or water supply. The results of Matyssek et al.
(2002) on birch demonstrated that the increase in root-to-
shoot ratio caused by low fertilization over a high-
fertilization regime was almost suppressed by ozone. A
similar result was found for two Plantago major ozone-
resistant lines (Whitfield, Davison & Ashenden 1998).
Nutrient availability could also be limited through a
decrease in mycorrhizal colonization (Andersen 2003).
Effects of ozone-impaired root growth in the capacity of the
plant to withstand drought is an almost unexplored field
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(Gerant et al. 1996), which might help to unravel the
complex interaction between the two stressors (Matyssek
et al. 2006). This is also important for crop management,
where nutrient and sometimes water levels can be
regulated.

In conclusion, the study of the effects of ozone at the
anatomical level in potato have resulted in novel findings. In
particular, phloem obstruction by callose and starch accu-
mulation in mesophyll cells of the leaves explained the
decreases in tuber yield found even at ambient concentra-
tions of this pollutant. This mechanism might underlie the
reductions in below-ground biomass or root-to-shoot ratio
found in many other species upon ozone exposure. Further
research aimed at confirming this will be relevant.
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