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Abstract
The application of Se to plants growing under Cd contamination may become an alternative strategy to minimize Cd damage.
However, there is no specific information available regarding whether Se can affect the anatomical structure and photosynthetic
rates of plants under Cd stress. To address questions related to Se-protective responses under Cd stress, we evaluated the
structural and ultrastructural aspects, photosynthetic rates and growth of tomato cv. Micro-Tom plants. Plants were exposed to
0.5 mM CdCl2 and further supplemented with 1.0 μM of selenite or selenate. The overall results revealed different trends
according to the Se source and Cd application. Both Se sources improved growth, photosynthesis, leaf characteristics and middle
lamella thickness between mesophyll cells. In contrast, Cd caused decreases in photosynthesis and growth and damage to the
ultrastructure of the chloroplast. The number of mitochondria, peroxisomes, starch grains and plastogloboli and the disorgani-
zation of the thylakoids and the middle lamella in plants increased in the presence of Cd or Cd + Se. Se plays an important role in
plant cultivation under normal conditions. This finding was corroborated by the identification of specific structural changes in Se-
treated plants, which could benefit plant development. However, a reversal of Cd stress effects was not observed in the presence
of Se.
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Introduction

Selenium is considered to be a nonessential nutrient to plants
because it is not fundamental for plant structure or metabo-
lism. However, its foliar or soil solution application at low
concentrations provides numerous benefits to plants. Recent
studies indicate that Se application to plants improves plant
growth (Ashraf et al. 2018; Yin et al. 2019) and photosynthetic
attributes (Haghighi et al. 2016) and decreases Cd uptake in
tomato plants (Abd Allah et al. 2016) and Cd translocation

from the root to shoot in rice (Wan et al. 2016). Moreover, Se
seems to play an important role in plant tolerance during biotic
and abiotic stress (Hawrylak-Nowak et al. 2018). This is es-
pecially the case when plants are exposed to heavymetals, and
Se has been shown to alleviate the negative effects of Cd-
induced stress. For instance, Se application increased stress-
responsive protein production (Sun et al. 2016), regulated
ROS scavenger metabolism (Castillo-Godina et al. 2016)
and improved flowering (Shekari et al. 2019) and antioxidant
defense systems (Alyemeni et al. 2018).

Cadmium (Cd) is one of the most toxic heavy metals to
living organisms. Due to its increasing and widespread use in
industry, Cd is becoming hazardous on a worldwide scale
(Alves et al. 2016; Edelstein and Ben-Hur 2018). Plants can
easily absorb this heavy metal, which leads to uncontrolled
oxidation, disrupting cell balance and causing electrolyte leak-
age (Jarvis et al. 1976; Gratão et al. 2015). Even at low con-
centrations, Cd can increase the content of reactive oxygen
species (ROS), which affects cell and tissue structure (Alves
et al. 2017; Shanying et al. 2017; Zhu et al. 2018). Moreover,
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Cd causes structural damage to root cells, leading to a smaller
nucleus and a ruptured nuclear envelope (Ali et al. 2014). Cd-
induced damage to aerial plant parts includes a decrease in the
size of intercellular air spaces and modifications to chloroplast
structure (Djebali et al. 2005). Yue et al. (2018) demonstrated
disorders in the lamellar structure of the chloroplast grana and
the thylakoid membranes, with an increase in the size of the
interlamellar spaces. In addition, Cd significantly reduced the
quantity and size of starch grains in the chloroplasts of wheat,
inhibiting starch accumulation (Yue et al. 2018). These results
suggest that Cd can drastically affect the photosynthetic ca-
pacity of plants, thus affecting plant survival and productivity.
Additionally, Gratão et al. (2009) showed that tomato cv.
Micro-Tom, under Cd stress, exhibited stomatal closure, a
reduced root diameter and leaf epidermis disintegration, indi-
cating the impact of Cd on gas exchange and nutrient uptake
capacity.

The miniature tomato cultivar Micro-Tom (MT) exhibits a
short life cycle and limited growth, making this as a model
plant for agronomical studies (Meissner et al. 1997), especial-
ly regarding experimental approaches to understand the iso-
lated and combined effects of abiotic stress on plant survival
and productivity. Although several studies have indicated the
beneficial effects of Se in plants to minimize Cd stress effects,
there is no specific information available regarding how Se
can act in protecting the ultrastructural aspects of chloroplast
membranes, conserving photosynthetic capacity and plant
growth. Thus, to better understand the role of Se in structural
changes and photosynthetic attributes during Cd stress, we
analyzed the structural aspects of chloroplasts in MT tomato
plants, plant attributes related to root and leaf biomass and
photosynthetic rates. We expected to find plants under Cd
stress and without Se application to show damage to their
chloroplast structure, leading to a reduction in photosynthesis,
which would decrease the biomass production of the whole
plant.

Material and methods

Plant material and growth conditions

Seeds of tomato (Solanum lycopersicum L.) cultivar Micro-
Tom (MT) were sterilized with sodium hypochlorite solution
(5%), rinsed three times and sown in boxes filled with a mix-
ture of commercial pot mix (Plantmax HT Eucatex, Brazil)
and vermiculite (1:1 by volume) supplemented with 1 g L −1

10:10:10 nitrogen-phosphorus-potassium and 4 g L −1 lime
(MgCO3 + CaCO3). When two true leaves were completely
expanded, each seedling was transplanted to one Leonard pot
(0.35 L) (Vincent 1975), a hydroponic cultivation systemwith
sterilized sand and polystyrene (4:3), and a Hoagland’s nutri-
ent solution (250 ml). Thirty-day-old plants were grown in a

greenhouse with the same nutritive solution supplemented
with either Se form (0 or 1 μM of Na2SeO3—selenite or
Na2SeO4—selenate) combined with Cd (0 or 0.5 mM
CdCl2) (Alves et al. 2019). The nutritive solutionwas replaced
every 5 days. All of these procedures were performed in 2018
using installations from the Plant Physiology Laboratory and a
greenhouse of the Department of Applied Biology from the
Faculty of Agrarian and Veterinary Sciences, Jaboticabal, São
Paulo, Brazil.

Photosynthetic rates

Sixty days after germination, gas exchange parameters under
saturating light were assessed at the beginning of the rainy
season (October 2018). The measurements were taken using
a portable system to measure CO2 and H2O exchange (LcPro-
SD, ADC BioScientific Ltd., Hoddesdon, UK). The gas ex-
change measurements were made under a constant light inten-
sity of 1200 μmol m−2 s−1 emitted by a blue–red LED light
source. The measurements were made using the terminal leaf-
let of the fully expanded leaves from nodes 4 to 5. The leaf
temperature was mainta ined at 29.00 ± 0.46 °C.
Measurements were performed under ambient concentrations
of CO2 (between 413 and 427 ppm). The maximum area-
based rate of light-saturated CO2 assimilation (A), leaf tran-
spiration (E) and stomatal conductance (gs) were measured
after a stabilization period (3–5 min). Data collection was
performed during the morning, between 08:00 and 10:00.

Sample preparation for light microscopy (LM)
and transmission electron microscopy (TEM)

For histological characterization, samples of leaves were proc-
essed for light (LM) and transmission electron microscopy
(TEM). Small pieces of leaf blade were collected immediately
after the photosynthetic measurements were taken and fixed in
a modified Karnovsky solution (2% glutaraldehyde, 2% para-
formaldehyde and 5 mM CaCl2 in 0.05 M sodium cacodylate
buffer, pH 7.2) (Karnovsky 1965) for 48 h. The samples were
then rinsed in cacodylate buffer (0.1 M) and post fixed in 1%
osmium tetroxide in 0.1 M sodium cacodylate buffer, pH 7.2,
at room temperature for 1 h. The samples were dehydrated in a
graded acetone series and embedded in Spurr epoxy resin
(EMS, Electron Microscopy Sciences, Hatfield, PA, USA)
for 48 h. Semithin sections (120–200 nm) were placed onto
glass slides, stained with toluidine blue (2% in water) for
5 min, rinsed in distilled water and air dried.

The sections were permanently mounted in Entellan®, ob-
served and documented using an upright light microscope
(Axioskop 40 Carl Zeiss, Jena, Germany).

Ultrathin sections of leaves (60–90 nm) were obtained with
an ultramicrotome (Porter Blum MT2- DuPont-Sorvall)
equipped with a diamond knife, collected on copper grids
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(300 mesh) and stained with uranyl acetate (2.5%) followed
by lead citrate (0.1%) (Reynolds 1993). Sections were ob-
served at 80 kV under a transmission electron microscope
(JEM1400 JEOL, Tokyo, Japan), and the images were
digitalized.

Root samples were fixed as described above and
dehydrated in an ethanol series (35 to 100%) at 30-min inter-
vals. The infiltration was performed at 4 °C using
ethanol:infiltration medium (glycol methacrylate, Historesin
kit, Leica, Heidelberg, Germany) (3:1, 1:1 and 1:2, minimum
of 2 h each step), followed by infiltration in 100% infiltration
medium for 48 h. Polymerization was performed at room tem-
perature for 48 h. Serial histological sections (5 mm thick)
were obtained with a rotary microtome (Leica RM 2155,
Nussloch, Germany), stained with 1% acid fuchsin and
0.05% (w/v) toluidine blue in water, mounted in Entellan®
synthetic resin (Merck, Darmstadt, Germany), covered with
coverslips and observed under an optical microscope
(Axioskop 40 Carl Zeiss, Jena, Germany).

The effects of Se and Cd on the leaf blade thickness (μm)
and root diameter were determined with three samples of three
different roots and leaves. The tissues were measured using
the ImageJ 1.46r program (Rasband 2012).

Biomass

After a period of 60 days post germination, samples of roots
and leaves were collected to determine the total biomass pro-
duced. Samples were rinsed with distilled water and dried at
60 °C until a constant weight was reached, and the biomass
produced was determined with an analytical scale.

Statistical analysis

The experimental design was completely randomized, with
three replicates, two Se forms and the presence or absence of
Cd. The results from the three independent replicates of root
and leaf dry mass, maximum area-based rate of light-saturated
CO2 assimilation (A), leaf transpiration (E) and stomatal con-
ductance (gs), leaf mesophyll thickness and root diameter
were expressed as the mean and standard error of the mean
(±SEM). Multiple comparisons of means with Duncan’s test
followed the application of an individual ANOVA for each
characteristic at a 0.05 level of significance. The statistical
analyses were performed using AgroEstat® software
(Barbosa and Maldonado Júnior 2009).

Results and discussion

Although several studies have indicated the beneficial effects
of Se in plants, there is no specific information available re-
garding how Se can protect the ultrastructural aspects and

conserve photosynthetic capacity and plant growth. In our
study, the application of either selenite or selenate forms under
normal conditions at 1 μM improved root and shoot dry mass
in comparison with those of the control plants (Table 1).
However, Cd decreased plant growth. Although Se applica-
tion has been shown to restore plant growth under Cd stress
(Alyemeni et al. 2018), in our study, there were no differences
in the root or shoot dry mass of plants treated with Cd and Se
(Table 1). Similar results were reported for Brassica chinensis
(Yu et al. 2019). Therefore, Se is not always effective at
preventing losses in plant growth under Cd stress. This could
be due to the impairment of photosynthetic attributes as a
result of Cd stress that are not restored by Se application.

When photosynthetic attributes were analyzed, leaf transpi-
ration (E), stomatal conductance (gs) and maximum area-
based rate of light-saturated CO2 assimilation (A) increased
with Se application in comparison with the values observed in
the control plants (Table 1). Our data are in accordance with
those found by Djanaguiraman et al. (2010), who reported that
Se application increased photosynthetic attributes in sorghum
because Se tends to minimize damage to the chloroplasts,
enhancing the chlorophyll content. These positive responses
may be related to the fact that Se can reduce ROS production,
leading to the capacity to restore the structure of damaged
chloroplasts and stimulate the production of other vital metab-
olites (Feng et al. 2013a).

Plants exposed to Cd exhibited a decrease in photosynthet-
ic rate (Table 1). This response can be explained by an imbal-
ance in cell homeostasis caused by Cd, which can destroy
chloroplasts, leading to a decreased electron transport rate
(Gratão et al. 2015). The use of either form of Se during Cd
stress was not effective in preventing the damage caused by
Cd to the photosynthetic attributes. Thus, Se application may
not be effective in preventing the reduction in E, gs and A in
MT plants grown under Cd stress as a result of damage caused
by Cd in chloroplasts.

Histological analyses revealed that both Se forms led to an
increase in the size of the intercellular spaces in the mesophyll
(Fig. 1c, e), resulting in thicker leaves (Fig. 2) and increased
dry mass (Table 1) when compared with those in the control
plants (Fig. 1a). The increase in thickness observed in plants
treated with Se might be related to the increased photosynthet-
ic and transpiration rates also observed (Table 1). Otherwise,
Cd stress caused a serious reduction in leaf mesophyll thick-
ness (Figs. 1b and 2).When Se was applied to plants under Cd
stress, we observed a decrease in leaf thickness when com-
pared with those under only Cd application (Figs. 1d–f and 2).
A study conducted by Feng et al. (2013b) demonstrated that
Se application induced Cd uptake and reduced growth in rice
plants exposed to high Cd concentrations (89–178 μM). In
accordance with this information, in our study, neither Se form
was effective in reversing the negative effects caused by ex-
posure to 0.5 mM Cd on plant growth and development.
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In roots, Se application did not cause significant changes in
root diameter when compared with that in the control plants
(Figs. 3 and 4). On the other hand, Se increased the size of the
intercellular spaces (Fig. 3c, arrows). The presence of Cd
caused a reduction in root diameter, and Se application was
ineffective in restoring the root diameter in plants under Cd
stress (Figs. 3 and 4). Selenite is more effective than selenate
in activating the antioxidant system and decreasing Cd uptake
(Wan et al. 2016) and translocation to the aerial parts, which
causes a higher accumulation of Se in roots (Lin et al. 2012).

Although selenite and selenate exhibited distinct trends in
their effects on plant metabolism, neither Se forms were able
to restore root diameter in plants concomitantly exposed to
Cd.

The ultrastructural analysis (TEM) of palisade parenchyma
cells shows differences among treatments (Fig. 5). Cells treat-
ed with Se exhibited an increased thickness of the middle
lamella (Fig. 5h, i, n, o). This increased thickness of the mid-
dle lamella in plants treated with Se is interesting because
priming with Se could be a strategy for improving plant

Table 1 Leaf and root dry mass
(g) and photosynthesis
attributes—leaf transpiration (E),
stomatal conductance (gs) and
maximum area-based rate of
light-saturated CO2 assimilation
(A) of MT plants grown for
60 days in the presence of 0 mM
or 0.5 mM CdCl2 and 1 μM of
Na2SeO3 or Na2SeO4. Different
letters indicate significant differ-
ence at P < 0.05 by Duncan test

Treatment Leaf (g) Root (g) E (mol m−2 s−1) gs (mol m−2 s−1) A (μmol m−2 s−1)

Control 1.57 ± 0.17b 0.35 ± 0.04bc 2.570 ± 0.386b 0.360 ± 0.104b 15.66 ± 1.73b

Cd 0.89 ± 0.18c 0.25 ± 0.07c 1.920 ± 0.453bc 0.193 ± 0.073bc 4.94 ± 0.99c

Selenate 2.24 ± 0.05a 0.55 ± 0.03a 3.784 ± 0.233a 0.651 ± 0.073a 19.90 ± 1.32ab

Selenate + Cd 0.59 ± 0.10c 0.19 ± 0.08c 1.250 ± 0.155c 0.087 ± 0.022c 4.41 ± 0.65c

Selenite 1.85 ± 0.10a 0.45 ± 0.03ab 4.216 ± 0.266a 0.689 ± 0.061a 22.79 ± 2.28a

Selenite + Cd 0.96 ± 0.09c 0.28 ± 0.03bc 2.061 ± 0.165bc 0.184 ± 0.037bc 7.15 ± 1.04c

Fig. 1 Tomato leaves from plants of cultivar Micro-Tom grown under
CdCl2 stress with selenate and selenite application, observed in cross-
section by light microscopy. a control; b–f supplemented with 0.5 mM

CdCl2 (b); 1 μM selenate (c); 0.5 mM CdCl2 + 1 μM of selenate (d);
1μMof selenite (e); 0.5 mMCdCl2 + 1μMselenite (f). ep = epidermis; is
intercellular space; pp. palisade parenchyma. Bars = 100 μm
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tolerance before heavymetal exposure. The exposure of plants
to Cd caused alterations to the ultrastructure of the chloroplast,

increased the number of mitochondria, peroxisomes, starch
grains and plastogloboli and caused disorganization of the

Fig. 2 Micro-Tom leaf blade
thickness of plants grown for
60 days in absence or presence of
0.5 mMCdCl2 and 1 μMof either
Na2SeO3 or Na2SeO4. Different
letters indicate significant
difference at P < 0.05 by Duncan
test

Fig. 3 Cross sections of Micro-
Tom roots grown under CdCl2
stress with selenate or selenite
application, observed by light
microscopy. a control; b–f sup-
plemented with 0.5 mM CdCl2
(b); 1 μM selenate (c); 0.5 mM
CdCl2 + 1 μM of selenate (d);
1 μM of selenite (e); 0.5 mM
CdCl2 + 1 μM selenite (f). cc
central cylinder; co cortical cell;
arrows: intercellular spaces.
Bars = 200 μm
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thylakoids and middle lamella and the presence of autophagic
bodies (Fig. 5d–f).

The increased number of mitochondria may be a conse-
quence of the cellular need for higher amounts of energy,
which is necessary for the Cd detoxification process (Zorov
et al. 2014). The chloroplast ultrastructure changes may be
caused by an increase in the production of ROS, which, at
high concentrations in the cellular environment, can cause
oxidative damage to cellular ultrastructure and function
(Alyemeni et al. 2018).

Stressful conditions have direct effects on chloroplast ul-
trastructure and the biosynthesis of sugars and starch (Verma
and Dubey 2001). In this study, the effect of Cd on the ultra-
structure of chloroplasts involved thylakoid disorganization,
with dilated thylakoid membranes, and an increased size and
number of plastogloboli and starch grains (Fig. 5d–f). The
changes in chloroplast ultrastructure could indicate metabolic
dysfunction, leading to a reduction in the photosynthetic rate
(Table 1). The decrease in photosynthetic attributes can, in
turn, be related to reduced carbon fixation (Devi et al. 2007)
and consequently a lower number of starch grains (Yue et al.
2018). However, our data reveal an increase in the number of
starch grains (Fig. 5d–f) in the presence of Cd. Starch is a
major metabolite and product of photosynthesis and is in-
volved in several essential biological activities in the plant
response against Cd stress, including osmoregulation and de-
toxification (He et al. 2011). Thus, the increase in starch grains
may play a role in increasing responses against Cd toxicity in
MT leaf cells.

Cd stress also increases the number and size of
plastoglobuli and peripheral vesicles (Hakmaoui et al. 2007),
as also observed in this study (Fig. 5d–f, j–l, p–r). The in-
creased numbers and size of plastoglobuli in chloroplasts is
a consequence of stress exposure (Olmos et al. 2006). For
instance, plastoglobuli may function in the synthesis and
recycling of lipophilic products formed by oxidative metabo-
lism during stress (Olmos et al. 2006). These chloroplast

changes are visible effects of Cd stress, as previously reported
in tomato (Gratão et al. 2009), and wheat (Yue et al. 2018).
Disintegration of chloroplasts caused by Cd stress compro-
mises the photosynthetic rate; thus, maintenance of ultrastruc-
tural integrity is fundamental for plant growth and develop-
ment (Yue et al. 2018). At low concentrations, selenium af-
fects positive activities of enzymes related to sucrose and
starch metabolism (Kaur et al. 2018). However, plants treated
with both forms of Se under Cd stress exhibited similar chang-
es to those observed in plants exposed to Cd only. Thus, the
disintegration of chloroplasts and quantity of starch grains
under Cd stress was not altered by Se application, and the
potential benefits caused by Se possibly do not reverse the
structural damage to palisade parenchyma cells caused by Cd.

Conclusions

Recently, several studies reported the use of Se as an effective
strategy to prevent damage caused by abiotic stresses, includ-
ing Cd exposure. Although biochemical responses have been
widely reported, the structural changes underlying this inter-
play have not been elucidated until now. We found that plants
treated with both Se forms exhibited improvements in photo-
synthetic attributes and growth, which are related to structural
modifications to leaves. In contrast, Cd stress caused severe
damage to chloroplasts and other cell structures, which result-
ed in decreased photosynthetic rates and affected growth. The

Fig. 4 Diameter of roots of
Micro-Tom plants grown for
60 days in absence or presence of
0.5 mMCdCl2 and 1 μMof either
Na2SeO3 or Na2SeO4. Different
letters indicate significant differ-
ence at P < 0.05 by Duncan test

�Fig. 5 Ultrastructure of palisade parenchyma cells from plants grown
under CdCl2 stress with selenate and selenite application, observed by
transmission electron microscopy. a–c control; supplemented with
0.5 mM CdCl2 (d–f); 1 μM selenate (g–i); 0.5 mM CdCl2 + 1 μM
selenate (j–l); 1 μM selenite (m–o); 0.5 mM CdCl2 + 1 μM selenite (p–
r); ch chloroplast; mi mitochondria; ml middle lamella; pe peroxisome; pl
plastoglobuli; sg starch grain; th thylakoids; small arrows
autophagosomes. Bars: a, d, g, j, m, p = 5 μm; b, e, h, k, n, q = 1 μm; c,
f, i, l, o, r = 0.5 μm
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application of Se to plants under stress did not reverse the cell
damage caused by Cd. Although our results did not find that
Se may induce ultrastructural and physiological changes (i.e.,
alleviation) during Cd stress, Se plays an important role under
nonstress conditions due to the identification of specific Se-
induced structural changes that could provide benefits to plant
development. We conclude that the novel information provid-
ed by this study had not yet been described in plant anatomical
studies and represent a fundamental step towards obtaining a
better understanding of the structural changes caused by Se
and the elucidation of its role in plant metabolism.
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