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Antimony (SbIII) reduces growth, declines photosynthesis,
and modifies leaf tissue anatomy in sunflower
(Helianthus annuus L.)
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Abstract The role of antimony (Sb)—a non-essential trace
metalloid—in physiological processes running in crops is still
poorly understood. Present paper describes the effect of Sb
tartrate (SbIII) on growth, Sb uptake, photosynthesis, photo-
synthetic pigments, and leaf tissue organization in young sun-
flower plants grown in hydroponics. We found that growth of
below- and aboveground part was reduced with increasing
concentration of Sb in the medium. Although Sb was mostly
taken up by sunflower roots and only small part (1–2 %) was
translocated to the shoots, decline in photosynthesis, transpi-
ration, and decreased content of photosynthetic pigments were
observed. This indicates that despite relatively lowmobility of
Sb in root-shoot system, Sb in shoot noticeably modifies phys-
iological status and reduced plant growth. Additionally, leaf
anatomical changes indicated that Sb reduced the size of in-
tercellular spaces and made leaf tissue more compact.
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Introduction

Antimony (Sb) is a trace element released into the environ-
ment mainly by mining, smelting of Sb ores, burning of fossil
fuels, traffic, as well as industrial activity. Another important
source of Sb input into the soils might represent shooting as
Sb is used for hardening of bullets (Filella et al. 2002; Tschan
et al. 2009a). Although Sb behaves differently from heavy
metals, like cadmium, lead, zinc, or copper, this trace metal-
loid can be toxic for all living organisms, including human
(Feng et al. 2013).

Antimony is a non-essential element relatively hardly sol-
uble in the soil solution; however, it can be taken up by plants.
Normal average concentration of Sb in aboveground plant
parts was estimated to 0.05–0.1 mg kg−1 (Markert 1996;
Reimann et al. 2010); however, relatively high concentration
of Sb was found in the shoot of various plants growing in the
vicinity of old mining sites and industrial areas (Bech et al.
2012; Jana et al. 2012; Levresse et al. 2012; Vaculík et al.
2013; Cidu et al. 2014). Antimony is mostly present in two
oxidation states: antimonite (SbIII) and antimonate (SbV), and
latter is considered to be more toxic for plants (Filella et al.
2002). Recently, there is an increase in knowledge about the
uptake of Sb and its speciation in plants. SbIII is taken up by
plants by transporters belonging to the NIP1 subgroup
(Kamiya and Fujiwara 2009); however, the mechanisms of
SbVuptake are still unclear. It was shown that plants are more
efficient in taking up SbIII than SbV, although SbV was the
predominant form of Sb in various plants, probably due to
relative instability of trivalent Sb forms (Ren et al. 2014;
Tisarum et al. 2014). Within the plants, Sb is mostly accumu-
lated in roots (Feng et al. 2009; Shtangeeva et al. 2014;
Tisarum et al. 2014); however, opposite was also observed
(Pan et al. 2011). The sites of Sb accumulation within plant
tissues are still not clear or may vary between the species;
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Feng et al. (2011) found most of Sb accumulated in cytosol,
while Ren et al. (2014) found that in rice plants, most of Sb
was accumulated in cell walls and less in organelles and
cytosol.

It was found that Sb can increase the peroxidation of mem-
brane lipids and stimulate defense antioxidant system in plants
(Feng et al. 2009; Corrales et al. 2014; Vaculíková et al. 2014).
However, there is still lack of knowledge about the uptake of
Sb in agricultural important plants, and the role of Sb in phys-
iological processes running in crops, especially photosynthe-
sis, is still poorly understood. Therefore, the aim of this study
was to investigate how Sb affected growth and processes re-
lated to the photosynthesis and leaf tissue structure of sun-
flower plants (Helianthus annuus L.).

Material and methods

Growth conditions and experimental set-up

Seeds of sunflower (Helianthus annuus L., cv. Codicap) were
surface sterilized for 10 min in 3 % Savo (Sodium hypochlo-
rite solution, Biochemie, Czech Republic) and washed care-
fully several times with distilled water before the germination.
Thereafter, they were imbibed in water for 2 h at room tem-
perature and germinated in rolls of wet filter paper for 72 h at
24 °C in a dark. Seedlings were transferred to 8 L plastic
containers (14 plants per container) filled with modified
Hoagland solution (Hoagland and Arnon 1950) with or with-
out Sb. The solutions were changed two times per week.
Three different treatments were applied:

1. Control (C)—Hoagland solution without Sb
2. Antimony 2.5 (Sb 2.5)—Hoagland solution with

2.5 mg L−1 Sb
3. Antimony 5 (Sb 5)—Hoagland solution with 5 mg L−1 Sb

The pH of each cultivation solution was adjusted to 6.2
using HCl. Antimony was applied in the form of potassium
antimony tartrate hemihydrate (SbIII). In total, the plants in
each treatment were cultivated for 21 days in hydroponics in a
growth chamber with a 12-h photoperiod, a temperature 25/
23 °C (day/night), 60 % humidity, and 200 μmol m−2 s−1

PAR.

Evaluation of growth and biomass production

After 21 days, plants were divided into below- and above-
ground parts, and roots were carefully washed in distilled
water. Fresh weights of below- and aboveground parts of
plants were determined. Root and shoot material was dried
at 70 °C for 72 h, and the dry weights of below- and above-
ground parts were determined.

Determination of Sb concentration in roots and shoots

The concentration of Sb was determined in finely ground-
dried root and shoot tissues using atomic absorption spectrom-
etry (AAS) in the Geoanalytical Laboratories of the Institute
of Geomaterials, Faculty of Natural Sciences, Comenius Uni-
versity in Bratislava, Slovakia. Dried samples were double-
step digested in HNO3 and H2O2, and for quality control,
certified reference material was used. All measurements have
been done in duplicates.

Determination of changes in photosynthesis
and transpiration

Rates of net photosynthesis (AN), respiration (E), and stomatal
conductance (Gs) were measured simultaneously on the sec-
ond fully developed sunflower leaves with a CIRAS-2 (PP-
Systems, Hitchin, UK) infrared gas analyzer. The actinic light
of 50 μmol m−2 s−1 PAR was switched on for induction of
photosynthesis. Then the light intensity was increased step-
wise wi th i r rad ia t ion per iods of 3.5 min , unt i l
1600 μmol m−2 s−1 PAR was reached. Then the actinic light
was switched off, and after 10 min, the rate of respiration in
the dark (RD) was recorded. The light was provided by blue
(λ=455 nm) and red (λ=620 nm) LED diodes. AN was re-
corded at CO2 concentration 380 μmol mol−1, leaf tempera-
ture 25±1 °C, and relative air humidity 65–70 %.

Analyses of chlorophylls and carotenoids

Approximately 50 mg of fresh leaf tissue samples from the
midpart of the second fully developed sunflower leaves were
homogenized in a mortar with small addition of sand and
MgCO3, and photosynthetic pigments were extracted with
chilled 80 % acetone. The suspension was centrifuged at
4 °C for 5 min at 5000×g. The concentration of chlorophylls
(chla + chlb) and carotenoids (Car) in supernatant was deter-
mined using UV/Vis spectrophotometer (Jenway 6400, Lon-
don, UK) with a maximum absorption of 664 and 646 nm for
chla and chlb, respectively, and of 470 nm for Car, and the
total content of chlorophyll a, b and carotenoids was calculat-
ed according to Lichtenthaler and Wellburn (1983).

Determination of quantitative changes in the leaf anatomy

For the investigation of anatomical differences of leaf tissues,
tissue segments, approximately 2×2-mm large, were cut from
the midpart of the second fully developed vital parts of the
leaves and fixed in 2 % glutaraldehyde and 0.2 % osmium
tetroxide. After dehydration with ethanol and propylene ox-
ide, the samples were embedded in Spurr resin (Serva). Ap-
proximately 2-μm-thick semi-thin sections were prepared
using microtome Tesla BS 490 and stained with 0.5 %
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toluidine blue and 0.1 % basic fuchsine according to Lux
(1981). The sections were analyzed with Zeiss Axioskop 2
plus epifluorescence microscope (Zeiss, Germany), equipped
with Olympus DP72 camera. Quantitative anatomical analysis
of leaf tissues was performed with the image analysis software
Lucia G 4.80 (LIM, Czech Republic). Leaf thickness, the
thickness of adaxial and abaxial epidermal layers, the number
of epidermal and mesophyll cells, the area of mesophyll cells
and intercellular spaces, as well as the total area of selected
cell layers were detected from the exact area (500×200 μm) of
the cross section of embedded leaves.

Statistical analysis

Statistical significance was assessed using the Statgraphics
Centurion XV v. 15.2.05 (StatPoint Technologies, Inc.,
Warrenton, VA, USA) and Excel (Microsoft Office 2010)

programs, and a single-step multiple comparisons of means
was performed via LSD test. A P value<0.05 was defined as
significant. Biomass data are from three different replicates.
For determination of changes in photosynthesis, six different
leaves from six different plants of each treatment were evalu-
ated, and for pigment analysis, four different leaf samples
from four different plants of each treatment were evaluated.
For determination of changes in leaf anatomy, six different
replicates from six different plants of each treatment were
evaluated. For determination of Sb concentration, four differ-
ent replicates were analyzed.

Results

Growth and biomass production affected by Sb

Plants exposed to antimony in our study showed typical
symptoms of toxicity, including reduced growth of the
bellow- and aboveground plant parts, and enhanced leaf chlo-
rosis and necrosis (Fig. 1). The length of the primary root and
number and length of lateral roots decreased with increasing
concentration of Sb. Similarly, the length of the shoot de-
creased by about 42 % in Sb 5 when compared with control
treatment. The fresh and dry weight of shoot biomass de-
creased with increasing concentration of Sb in the medium;
shoot dry biomass of Sb 5 plants was reduced by about three
times when compared with the control (Fig. 2a). Similarly,
root biomass decreased with increasing concentration of Sb;
however, no significant differences in root fresh and dry bio-
mass were observed between control and lower Sb-treated
plants (Sb 2.5). On the contrary, both fresh and dry root bio-
mass of Sb 5 plants decreased by about 3.5 and 2 times, when
compared with control plants, respectively (Fig. 2b).

Concentration and uptake of Sb in roots and shoots

In general, the concentration of Sb was higher in roots than in
shoots by about two orders of the magnitude, reaching a max-
imum of approximately 7700 and 50 mg kg−1 in roots and

Fig. 1 Sunflower plants grown for 21 days in hydroponics and exposed
to 2.5 or 5 mg kg−1 SbIII. Abbreviations: C—control; Sb 2.5—
2.5 mg kg−1 Sb; Sb 5—5 mg kg−1 Sb. Scale bar 10 cm
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Fig. 2 Shoot (a) and root (b)
fresh and dry biomass of
sunflower plants exposed to SbIII.
Abbreviations: C—control; Sb
2.5—2.5 mg kg−1 Sb; Sb 5—
5 mg kg−1 Sb; FW—fresh weight;
DW—dry weight. Different
letters indicate significant
differences among the treatments
at P<0.05 (n=3). Data are shown
as means±SD
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shoots of higher Sb treatment (Sb 5), respectively. The con-
centration of Sb in roots as well as in shoots increased with
increasing concentration of Sb in the medium. Root Sb con-
centration was about 1.5 times higher in Sb 5 than in Sb 2.5
treatment, while shoot Sb concentration was more than three
times higher in Sb 5 than in Sb 2.5 treatment (Fig. 3). Simi-
larly, we found that most of the Sb taken up by plants is stored
in the roots, and only small part of Sb is translocated to the
shoots. However, total amount of Sb extracted by plants was
not significantly different between Sb 2.5 and Sb 5 plants
(Table 1).

Influence of Sb on photosynthesis, transpiration,
and stomatal conductance

The rate of net photosynthesis (PN) in the young sunflower
plants decreased with increasing Sb concentration in leaf tis-
sues. In general, the differences between treatments weremore
obvious with increasing irradiance (Fig. 4a). At the highest
level of irradiance (1600 μmol m−2 s−1), the PN of Sb 2.5
plants was about 60 % lower, and the PN of Sb 5 plants was
even more lower (80 %) when compared with control plants
(Fig. 4a). Similar results were observed when comparing the
rate of the transpiration (E) between the treatments. Increasing
concentration of Sb decreased E by about 50 % in Sb 2.5 and
about 70 % in Sb 5 treatment when compared with the control
(Fig. 4b). Stomatal conductance (Gs) of sunflower leaves was
also negatively influenced by Sb application, a decrease of Gs

by about 50 % in Sb 2.5 and about 70 % in Sb 5 plants was
observed when compared with control plants, respectively
(Fig. 4c).

Influence of Sb on the content of chlorophylls
and carotenoids

Antimony at both applied concentrations negatively influ-
enced the content of chlorophyll a (chla) and chlorophyll b
(chlb), which resulted in the decrease of total chlorophylls
content in sunflower leaves by about 14 and 64 % in Sb 2.5
and Sb 5 treatment, respectively, when compared with control

plants. However, results were significantly different from the
control only when a higher dose of Sb (Sb 5) was applied.
Similar pattern of carotenoid concentration was observed be-
tween control and Sb-treated plants with a decrease by about
50 % in Sb 5 plants when compared to control (Table 2).

Effect of Sb on leaf anatomy of sunflower

Increasing concentration of Sb did not greatly modify the leaf
tissue structure, although proportions of individual tissue
layers in sunflower leaves were different between the treat-
ments (Fig. 5). The leaf thickness decreased with increasing
concentration of Sb in the medium; however, at lower applied
Sb (Sb 2.5), the decrease was not significantly different when
compared with the control (Table 3). When comparing the
thickness of epidermal cells, we did not observe any differ-
ences between the treatments. Similarly, we did not observe
any difference in the number of adaxial and abaxial epidermal
cells between the treatments. On the other hand, we found that
the number of mesophyll cells increased with increasing con-
centration of Sb in the medium, although the significant dif-
ference was observed only at Sb 5 treatment when compared
with the control (Table 3).

When comparing the proportions of individual tissues on
the cross sections of sunflower leaves, we found that the area
of intercellular spaces, the area of mesophyll tissue (meso-
phyll cells including intercellular spaces), and the area of ab-
axial epidermal layer decreased with increasing concentration
of Sb in the medium, although the area of adaxial epidermal
layer was not influenced. On the other hand, we also
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Fig. 3 Concentration of Sb
(mg kg−1) in root (a) and shoot (b)
of sunflower plants exposed to
SbIII. Abbreviations: C—control;
Sb 2.5—2.5 mg kg−1 Sb; Sb 5—
5 mg kg−1 Sb. Different letters
indicate significant differences
among the treatments at P<0.05
(n=4). Data are shown as means±
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Table 1 The total amount of Sb (mg) in individual plant parts and in the
whole plant

Control Sb 2.5 Sb 5

Shoot 0.0000 a 0.0070 b 0.0106 c

Root 0.0008 a 0.4851 b 0.4950 b

Whole plant 0.0008 a 0.4921 b 0.5056 b

Different letters indicate significant differences among the treatments at
P<0.05 (n=3)
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compared the area of net mesophyll cells (mesophyll tissue
without intercellular spaces) and found no differences be-
tween the treatments (Table 3).

Discussion

Antimony was reported as one of the hazardous substances
and dangerous pollutants of the environment. Until now, sev-
eral studies have shown that this element can be taken up from

soil substrate into plants; however, available knowledge about
the fate of Sb in plant bodies, and how it influences
anatomical-morphological characteristics as well as physio-
logical processes, is still limited. Our recent experiments clear-
ly demonstrated the negative effect of Sb on sunflower plants
that was mainly manifested by reduced growth of roots and
shoots, decreased root and shoot biomass, and increased leaf
chlorosis with relative pigment loss. Decreased growth and
biomass production as a consequence of Sb have been already
observed in sunflower (Tschan et al. 2009b), and also in some

Fig. 4 Rate of net photosynthesis
(PN), transpiration (E), and
stomatal conductance (Gs) in
sunflower plants exposed to SbIII.
Abbreviations: C—control; Sb
2.5—2.5 mg kg−1 Sb; Sb 5—
5 mg kg−1 Sb. Data are shown as
means±SD (n=6)
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other important agricultural plants, like rice, wheat, or maize
(He and Yang 1999; Pan et al. 2011; Shtangeeva et al. 2014;
Vaculíková et al. 2014). The present study showed that rela-
tively low Sb concentration in the medium (5 mg kg−1 Sb)
greatly influenced root and shoot biomass. Partially, this might
be the effect of the cultivar used in our experiments, and also

form of Sb (Sb tartrate, SbIII), as it is known that the trivalent
form of Sb is more toxic than the pentavalent Sb form (Filella
et al. 2002). On the other hand, we did not investigate the
speciation forms of Sb within plant tissues. It is possible that
considerable amount of SbIII has been transformed to SbV in
plants, as observed for example Ren et al. (2014) in rice. On
the other hand, Okkenhaug et al. (2011) reported higher
amount of SbIII in plants than in soil extracts and suggested
that reduction of pentavalent to trivalent Sb form occurred
after plant uptake.

Our recent experiments indicated that Sb was predominate-
ly accumulated in the roots of sunflower, which is in agree-
ment with other studies describing the root as a main storage
plant compartment for Sb (Vaculík et al. 2013; Ren et al. 2014;
Tisarum et al. 2014; Corrales et al. 2014). Although only a
small part of Sb (1–2 %) was translocated to the shoots, plants
exposed to Sb exhibited decreased photosynthesis and tran-
spiration. Photosynthesis has been shown as one of the

Table 2 Content of photosynthetic pigments in leaves of sunflower
plants exposed to Sb (mg kg−1 FW)

Control Sb 2.5 Sb 5

Chlorophyll a (chla) 1.49±0.17 a 1.28±0.15 a 0.51±0.18 b

Chlorophyll b (chlb) 0.68±0.08 a 0.59±0.08 ab 0.27±0.19 b

Total chlorophylls
(chla+b)

2.17±0.25 a 1.87±0.23 a 0.78±0.37 b

Carotenoids 0.039±0.007 a 0.032±0.006 a 0.020±0.003 b

Different letters indicate significant differences among the treatments at
P<0.05 (n=4). Data are shown as means±SD

Fig. 5 Cross sections of
sunflower leaves from control (a),
Sb 2.5 (b), and Sb 5 (c)
treatments. Abbreviations: C—
control; Sb 2.5—2.5 mg kg−1 Sb;
Sb 5—5 mg kg−1 Sb; ADE—
adaxial epidermis; ABE—abaxial
epidermis; PP—palisade
parenchyma; SP—spongy
parenchyma; IS—intercellular
space; S—stomata; T—trichome.
Scale bar 100 μm
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processes that are sensitive to various kinds of stress and are
being early influenced by element deficiency or toxicity (e.g.,
Ashraf and Harris 2013). Until know, knowledge about the
influence of Sb on the photosynthesis and photosynthetic-
related processes are very limited. It was only reported that
Sb decreased chlorophyll concentration and reduced maxi-
mum photochemical efficiency in maize plants, although the
tissue Sb concentration that was responsible for such changes
was not provided (Pan et al. 2011). Our present study demon-
strated that the net photosynthetic rate, photosynthetic pig-
ment concentration, transpiration rate, as well as stomatal con-
ductance were reduced correspondingly to the increasing con-
centration of Sb in the medium. We expected that reduced
photosynthesis and corresponding lower shoot biomass pro-
duction of sunflower is the consequence of Sb accumulated in
leaf tissues. Although there is a big difference between Sb
accumulation and translocation from roots to shoots, the roots
seem to better cope with Sb toxicity than the shoots. It is
evident that leaf tissue concentration of Sb over 10 mg kg−1

can significantly retard shoot growth, and leaf concentration
over 50 mg kg−1 is for growth of sunflower plants highly
toxic. Therefore, we assume that available Sb in agricultural
soils that can be taken up by plants might negatively influence
crop production and decrease yields.

It is known that heavy metals can affect root and leaf anat-
omy. For example, elevated concentration of Zn was shown to
modify the leaf thickness and increase intercellular space area
in poplar exposed to Zn excess (Todeschini et al. 2011;
Stoláriková-Vaculíková et al. 2015). Similarly, Luković et al.
(2012) observed reduction of stomatal size, adaxial and
abaxial epidermis, and percentage of spongy tissue thickness
in poplars and willows treated by Cd; and Zarinkamar et al.
(2013) and Queiroz Alves et al. (2014) observed anatomical
differences in leaves exposed to Pb. Therefore, to better un-
derstand the influence and role of Sb in plant tissues, we
investigated leaf anatomy and compare tissue proportions

between control and Sb-treated plants. We found that the
thickness of sunflower leaves decreased with increasing con-
centration of Sb. The number of both abaxial and adaxial
epidermal cells, as well as their thickness, was not influenced
by Sb. However, the number of leaf mesophyll cells increased
with increasing concentration of Sb. On the other hand, the
area of intercellular spaces was the highest in control leaves,
and decreased with increasing concentration of Sb. The de-
crease in intercellular space area negatively correlated with
increase in number of mesophyll cells in Sb-treated plants.
This means that due to the presence of Sb, the leaf thickness
decreased, the area of intercellular spaces also decreased, but
oppositely, the number of mesophyll cells increased. We ob-
served no difference in the area of net mesophyll cells (meso-
phyll tissue without intercellular spaces) between control and
Sb-treated plants. This further indicates that the net mesophyll
cells cover the same area of the leaf cross section in control
and Sb-treated leaves, although the number of cells is higher
in Sb-treated plants. To summarize this, the Sb-treated leaves
are thinner, their mesophyll tissue is more compact and dense,
and intercellular spaces in the mesophyll tissue cover smaller
area than in control plants. Therefore, these findings indicated
that Sb reduced the size of intercellular spaces and have inhib-
itory effect on aerenchyma formation in sunflower leaves. We
expected that reduced leaf aerenchyma is partially responsible
for modified gas exchange parameters in Sb-treated plants.
Although recent findings about aerenchyma reduction in
leaves exposed to Sb are novel, additional investigation of
exact role of Sb in these processes would be important.

We conclude that antimony is taken up by sunflower roots
and only small part (1–2 %) is translocated to the shoots. Both
roots and shoots exposed to Sb showed retarded growth and
reduced biomass, although roots seem to better cope with the
same level of Sb tissue concentration than shoots. Plants ex-
posed to Sb exhibited decline in photosynthesis, transpiration,
and decreased photosynthetic pigments. This might be

Table 3 Anatomical parameters
of specific tissues or individual
cell layers determined from cross
sections of sunflower leaves
exposed to control or Sb
treatments

Control Sb 2.5 Sb 5

Leaf thickness (μm) 208.90±9.44 a 200.14±20.55 a 184.31±19.45 b

Adaxial epidermis thickness (μm) 18.67±2.99 a 17.34±3.00 a 16.85±3.10 a

Abaxial epidermis thickness (μm) 17.76±3.15 a 17.20±3.94 a 16.23±4.82 a

Adaxial epidermis cells count (n) 21.50±2.64 19.5±3.11 19±5.35

Abaxial epidermis cells count (n) 20.25±4.50 19.75±1.71 18.75±2.22

Mesophyll cells count (n) 56.25±8.96 80.5±4.65 109.33±23.71

Area of intercellular spaces (μm2) 12 939±3180 a 11 329±1067 a 6230.8±1919 b

Area of adaxial epidermis (μm2) 7355.8±1839 a 6929.5±478 a 5467.3±453.5 a

Area of abaxial epidermis (μm2) 6731.6±679.3 a 5024.0±2212.1 a 4352.0±1975.5 b

Area of mesophyll tissue (μm2) 78 517±6567 a 74 840±7640 ab 68 094±4265 b

Area of net mesophyll cells (μm2) 62 119±3886 a 63 511±7796 a 60 482±6089 a

Different letters indicate significant differences among the treatments at P<0.05 (n=6). Data are shown as
means±SD
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partially also due to lower leaf aerenchyma formation, where-
as Sb reduced the size of intercellular spaces and made leaf
tissue more compact.
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