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Abstract

Heavy metals perturbate water balance in plants and hence impact stomatal aperture. After longer 
exposure, stomatal development also is affected, and stomatal density and size can change. Two 
soybean (Glycine max) varieties were experimentally selected for contrasting tolerance to arsenic and 
cadmium. For these cultivars, natural variability in leaf epidermal cell parameters was detected. Pot 
plants at first assimilating leaf stage were exposed for 10 days to 5 mg kg-1 soil As3+ and 50 mg kg-1 
soil Cd2+ (respectively). Metals accumulated primarily in roots and exerted relatively low impact on 
biomass. Despite this, we observed diverse adjustments of stomata and pavement cells. In cv. Bólyi 44 
the stomatal size decreased upon stress treatment, possibly to avoid further water loss. In contrast, the 
other cultivar Cordoba uses larger stomata that might be advantageous in gaining further resources. 
The observed responses varied depending on leaf type. In addition, dorsoventral stomatal responses 
in width, yet undescribed under metal stress, were observed. Our data show that leaf epidermal cell 
adjustments are flexible components of plant defense even at low metal doses, and possibly help to 
compromise the structural and functional needs of plant (tissue) under metal stress. 
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Introduction

Heavy metal elements like cadmium (Cd) and 
metalloid arsenic (As) (for simplicity we mention them 
both as metal henceforth) are non-essential for plants, 
while both can seriously damage the plants even at 
low concentrations and affect growth and development  
[1, 2]. The mean value for As content in soils of Slovakia 
is 7.2 mg kg-1 of soil [3], and for Cd 1.24 mg kg-1 [4]. 
In some other European countries (e.g., Ireland, 
England, Germany and southern France) the soil 
pollution rate is even higher [5]. 

Regardless of the source (air or soil), metals enter 
the plants mainly through membrane channels [6]. 
The uptake of Cd2+ from soil occurs mainly via Ca2+, 
Fe2+, Mn2+, and Zn2+ transporters [7], and arsenic can 
be transported in most plants either as As5+ through the 
high-affinity Pi transport system or As3+ by aquaporin-
like water membrane channels [8, 9]. The metals 
(especially at higher doses) trigger the generation of 
molecules with active oxygen (directly or indirectly) 
that damage the membranes and lead to cell death when 
the antioxidative capacity of the cells was overcome [6, 
10]. Inhibition of enzymes interferes in the processes of 
photosynthesis, metabolism and growth [11]. Another 
consequence of metal toxicity is a perturbation of 
the plant-water relationship, discussed in detail in 
the review of Rucinńska-Sobkowiak [12]. Already, 
relatively low Cd doses (1-5 µmol L-1 up to 72 hr) can 
lower osmotic potential, increase turgor and actuate 
stomata to open. At moderate doses (5-50 µmol L-1 for 
3 weeks) the root tip cells degenerate, therefore water 
uptake and transport are impaired and stomata close; at 
high concentrations (above 50 µmol L-1 for more than 3 
weeks) the turgor drops, metabolism breaks down and 
stomatal control is lost [13]. It has been demonstrated 
that after entering cytosol, Cd ions perturbate the 
intracellular calcium level, interfere with calcium 
signalling and affect (osmo) regulation of guard cells 
[14] by initiating callose accumulation [15]. Closure 
of stomata is one of the common, relatively fast plant 
responses to metal presence, and its mechanism is well 
studied [13]. However, data on alterations of stomatal 
size and density under metal-stress are scarce. In 
Arabidopsis thaliana, stomata differentiate during organ 
development from protodermal cells through a series of 
cell division and fate acquisition events. This process 
ends up in formation of pavement cells or undergoes 
asymmetric division to initiate stomatal lineages 
[16]. The process is under genetic control, while 
patterning in the leaf epidermis is species-dependent 
and influenced by internal anatomy [17]. Under 
environmental change, the corresponding signal(s) have 
to be sensed by a mature organ first and subsequently 
they are transferred to the developing primordia to 
initiate a developmental stomatal response [16]. Signals 

invoked by metals can include various reactive oxygen 
molecules and/or the disrupted homeostasis of essential 
elements, plant hormones and growth regulators [10]. 
There are only a few factors known as having an effect 
on stomatal development (in contrast to many that 
affect the stomatal movement). These include increased 
concentration of atmospheric CO2, light intensity, UV-
B, drought, ozone or shade [18]. In addition, heavy 
metals have been reported to raise the abundancy of 
small-sized stomata to maximize the rate of carbon 
gain while minimizing water loss [12, 18, 19]. How 
and where the corresponding signals are perceived for 
such long-distance signaling in stomatal development 
remains unclear.

Heterogeneity has been observed for different 
stomatal characters, including size, density or behaviour 
within as well as between leaves, between plants and 
species [20]. The link (if any) between the stomatal 
responses to stresses on mature leaves and physiological 
and/or developmental pattern of stomata in developing 
leaves is obscure, and available data are contradictory 
[21]. A growing amount of molecular evidence indicates 
that the responses to environmental cues within a 
single plant exert a non-linear pattern and can depend 
on developmental stage and/or leaf position [22, 23]. 
Similarly, differentiation and responses of stomata 
are subject to different controls on upper and lower 
leaf surfaces, probably by ethylene [21]. While it is 
difficult to draw general conclusions on how different 
stresses impact the development of stomata and how 
these control the water loss/CO2 uptake balance under 
altered conditions, the spatio-temporal variability in 
stomatal behaviour likely may provide plants with some 
functional advantage or disadvantage (especially of 
crops) [20].

In this work we studied the effects of ecologically 
relevant heavy metal doses on leaf epidermis of two 
soybean (Glycine max) varieties. As responses of leaf 
epidermis are metal specific [19], we applied As and 
Cd (respectively) as examples of commonly considered 
and highly toxic anthropogenic pollutants. These two 
elements can bind different types of ligands (As3+ reacts 
with oxygen-containing ligands and Cd2+ with S- and 
N-containing ligands) [22]; consequently, different 
impacts and plant defence strategies are expected [23]. 
The aim of the work was to i) study the plasticity of 
responses of leaf epidermal cells in soybean plants 
under metal stress conditions; ii) reveal the possible 
interacting effects of different factors such as leaf type/
position, leaf side and cultivar on stomatal features; 
iii) compare and conclude on possible specificity of 
epidermal cell responses to a certain type of metal; 
and iv) compare the ongoing defence strategies in two 
soybean cultivars in the context of metal tolerance and 
accumulation.
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Experimental Procedures

Soybean Seeds and Selection of Cultivars 
with Contrasting Metal Tolerance

Seeds of 9 soybean (Glycine max L.) cultivars were 
used: Borostyán, Bóbita, Bólyi 44, Bristol, Crusader 
(provided by the Bóly Agricultural Production and 
Trade Ltd., Hungary); Cordoba, Kent (SAATBAU 
LINZ Slovakia Ltd., Slovakia) and Ustya and Vorskla 
(Institute of Agriculture of Ukrainian Agrarian 
Academy of Science, Ukraine). The seeds were surface-
sterilized with 0.5% (w/v) sodium hypochlorite for 
10 min, then rinsed three times in distilled water. 
Germination was performed in Petri dishes lined with 
two layers of water-moistened filter paper (Whatman 
No. 1) in the dark at 25ºC, until the radicle reached 
3-8 mm in length. Uniformly germinated seeds  
were collected and transferred to fresh filter paper 
moistened with distilled water (control), 5 mg L-1 Cd2+ 
or 5 mg L-1 As3+. Metal solutions were prepared from 
Cd(NO3)2 ∙4H2O (Centralchem) and As2O3 (Merck). 
Fresh- (FW) and dry weights (DW) of the roots of  
10-15 seedlings per cultivar and replicate were 
measured after 48 h of exposure; relative dry biomass 
of metal-treated roots with respect to controls was 
expressed as Tolerance index (TI) in %. Two cultivars 
with contrasting sensitivity to both metals were further 
analyzed in pot experiments.

Plant Growth Condition and Exposure to Metals 
in Pot Experiments

Soybean (Glycine max) seeds of cv. Bólyi 44 and 
cv. Cordoba were surface-sterilized in 0.05% (v/v) 
sodium hypochlorite solution (SAVO) and germinated 
in Petri dish (Ø 12 cm) in darkness at 25ºC for 3 days. 
When the roots reached a length of 5-8 mm, they  
were transferred to plastic pots (Ø 25 cm, volume  
1500 mL, 15 seeds) into a mixture of peat soil BORA 
(pH 5 to 7, humidity 65%) and perlite (in ratio 4:1). 
They were flooded with distilled water, the amount of 
which corresponded to the maximum sorption capacity 
of the soil (~700 mL). A dose of Cd (50 mg kg-1 soil 
Cd2+) in the form of Cd(NO3)2 ∙4H2O solution, As 
(5 mg kg-1 soil As3+) in the form of As2O3 solution 
and distilled water as control were applied to soil in 
the plant stage of the first assimilation leaves (the 12th 
day of experiment), respectively. Pot experiments were 
conducted in a growth chamber with a controlled 
climate at 80% relative humidity, 12 h light photoperiod, 
light intensity of 550 µmol photons m–2 s–1 at 23ºC with 
a weekly supply of sterile distilled water. The leaves 
of plants at growth stage V2 [24] were assigned as 
follows: first assimilative leaf – unifoliate (UL), the 
second assimilative leaf – trifoliate (TL) (basipetal 
direction). After 10 days of plant growth in control and 
contaminated soil, the dry weight (DW) and length of 
shoots and roots was determined for each plant using a 

digital analysis balance (Explorer Pro EP 114 CM) and 
a ruler.

Measurement of the Parameters of Stomata

The number of stomatal and pavement cells (PC) 
was determined on the adaxial (top) and abaxial (lower) 
leaf surface by applying the fingernail polish method. 
Specimens were observed under a light microscope 
(Zeiss Axioplan 2) and documented with a Sony DXC-S 
500 camera. Stomatal and pavement cell densities (SD 
and PD, respectively) were calculated as their numbers 
per area unit (cell number mm-2) in 24 fields of view 
(870 × 650 μm) of each variant of the experiment. 
Length and width of stomata were measured using the 
AxioVision AC program in different fields of view. 
Stomatal index (SI) was calculated as a percentage of 
epidermal cells that were stomata. Each experiment was 
performed at least in triplicate. The scored leaf areas 
lacked trichomes and socket cells. 

Measurements of Metal Content in Plants

Dried plant material (0.5 g of entire shoot/
root) was digested in a mixture of 5 mL water,  
5 mL of concentrated HNO3 p.a. (Merck, Darmstadt, 
Germany) and 1.5 mL of H2O2 p.a. (Slavus, Bratislava, 
Slovakia) using a microwave oven (Anton Paar 
GmbH – Multiwave 3000, Praha, Czech Republic). 
Decomposition temperature was 140°C, ramp time  
15 min and hold time 13 min. After digestion the 
solution was diluted to 25 mL with deionized water 
and filtered through an acid-resistant cellulose filter 
(Whatman No. 42). 

The elements (As3+ and Cd2+) were determined by 
electrothermal atomic absorption spectroscopy (AAS 
Perkin Elmer 1100B, Norwalk, Connecticut, USA) 
equipped with deuterium background correction and 
HGA 700 graphite furnace with automated sampler  
AS-70. As content was measured at wavelength  
189 nm, slit 1.0 nm, and lamp current EDL 8W. 
Working conditions for Cd were: wavelength 228.8 nm; 
slit 0.5 nm and lamp current EDL 4.5W. Standard 
stock solutions of 1 000 mg L-1 of As3+/ Cd2+ (Merck, 
Darmstadt, Germany) were used for calibration. The 
accuracy of the analytical results for As3+/Cd2+ content 
in plant samples was checked by the analysis of the 
certified reference material BCR No. 60 (trace elements 
in an aquatic plant). Metal transfer factor was calculated 
as the ratio of metal amount in shoots to roots.

Histochemical Detection of Lignin

Since lignin deposition in cell walls is an important 
hallmark of the activation of plant adaptive response 
to phytotoxic metals [25], we observed lignification  
in experimental tissue to confirm metal stress.  
Soybean seedlings were thoroughly rinsed in the 
distilled water. Roots of similar size as well as leaf 
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stems were dissected and fixed for 24 h in Navashin’s 
fixative containing 15 mL of 1% (v/v) chromic 
acid, 1 mL of glacial acetic acid and 4 mL of 38% 
(v/v) formaldehyde solution with further paraplast 
embedding. Rotary microtome (MicroTec Cut 4055) 
was used for the precise cutting of 7 µm-thick sections 
that undergo “dry” mounting in glycerol-albumen 
solution (Serva, Germany) and dried overnight at 37ºC 
(Slide Warmer SW 85). Samples were put into xylene 
substitute AppiClear (AppliChem GMBH, Germany) 
(xylene 1, 2 and 3 for extra cleaning) for 3-7 min to 
remove paraplast with a further 3 min exposure to 
ethanol series for dehydration.

The phloroglucinol-HCl (Wiesner) reaction was 
used for the lignin detection as described by [26]. After 
the staining cross-sections were rinsed, dehydrated 
in ethanol series, and mounted on slides with water-
glycerol (1:1), glycerol and/or xylene-alkylacrylate 
Entellan medium (Merck, Germany) for observation 
under transparent light of Axioplan 2 epifluorescence 
microscope (Carl Zeiss, Germany) (H/DICII, objectives 
Plan-Neofluar 5,10 and 20X). Representative images 
were obtained by a SONY DXC-S500 digital camera. 
Adobe Photoshop CS was used for data processing. For 
each metal, cultivar and tissue type at least 10 sections 
were characterized in a minimum of three independent 
replicates.    

Statistical Analyses

Each experiment was performed in three replicates. 
The data are expressed as the mean ± standard error 
of mean (SEM). For analyses of stress responses, 
multifactorial analyses of variance (ANOVA) 
were performed with planned comparisons of the 
means. A P-value below 0.05 was considered to be 
statistically significant. The relationship between the 
observed changes was examined using Spearman’s 
correlation coefficient. In addition to testing the overall 
heterogeneity among the means, post hoc planned 
comparisons were further performed between means for 
the effects of cultivar (Bólyi 44, Cordoba), individual 
metal (control, As, Cd), and leaf position (UL-adaxial, 
UL-abaxial, TL-adaxial, TL-abaxial). Statistical 
analyses were completed with the statistical package 
STATISTICA 8 (StatSoft Inc. 2007).

Results 

Impact of Metals on Soybean Cultivars

Root tolerance indexes (Fig. 1) identified cv. Cordoba 
as a relatively tolerant cultivar and cv. Bólyi 44 as 
relatively sensitive to both tested metals. When grown 
in pots, the corresponding experimental plants lacked 
obvious metal intoxication symptoms like wilting or 
chlorosis of leaves. Growth was only slightly affected 
by applied metal doses, while the roots (FW, DW, 

length) of cv. Cordoba appeared to be more affected by 
metals (Supplementary Fig. 1).

Metals accumulated mainly in the underground 
parts (P<0.05) (Fig. 2). Roots of the less tolerant cv. 
Bólyi 44 accumulated significantly more Cd2+ (P<0.05) 
but less As3+ (P>0.05) in comparison to the relatively 
tolerant cv. Cordoba (Fig. 2a, b). Slightly increased 
lignin deposition in the peripheral protoxylem and 
protophloem in As-exposed roots points on stress, but 
anatomical changes were not observed (Fig. 3). Higher 
amounts of As than Cd were transferred to shoots (in 
the case of cv. Bólyi 44 this was significant at P<0.05) 
(Fig. 2c). 

Basic Characteristics of the Epidermal Cells 
in the Two Cultivars

In control plants, the stomatal densities and SI 
values were lower on the adaxial side of the leaves (both 
cultivars, P<10-4) as a typical pattern for many plant 
species [27]. Conversely, numbers of PC were higher 
on the adaxial leaves sides, albeit this was significant 
on only the unifoliate leaf of the more tolerant cultivar 
(P<0.01). Stomata were longer on the lower leaves 
compared to the upper leaves in both cultivars (P<10-4). 

When comparing stomatal characteristics of the 
two cultivars, the SD on individual leaves (their two 
sides) was comparable, except for the abaxial side of 

Fig. 1. Relative biomass of metal-treated roots of 9 soybean 
cultivars with respect to controls; tolerance index was expressed 
in %; cultivars Cordoba and Bólyi 44 were selected as relatively 
tolerant and less tolerant cultivars for further analyses.



Plasticity of Soybean Stomatal Responses... 3573

a)

c)

b)

d)

Fig. 2. Content of metals detected in dried roots (left) and shoots (right) of two soybean cultivars after exposure to arsenic (As) (panel a), 
cadmium (Cd) (panel b), or water (C) for 10 days. Values for cv. Bólyi 44 are indicated with black boxes, those for cv. Cordoba with gray 
boxes. Metal transfer factor is indicated on panel c) with white boxes for arsenic and black boxes for cadmium. A multifactorial analysis 
of variance was used (panel d) to evaluate the effects of metal treatment (M), organ type (O), cultivar (Cv) and their interactions; the 
significance of the fixed effects P are given in the corresponding table. Bars indicate±standard error of mean values.

Fig. 3. Lignin deposition revealed by Wiesner reagent in cross-sections of paraffin-embedded soybean cv. Cordoba roots: (A) – water-
treated plants; (B) –  Cd2+-exposed plants; (C)  – As3+-exposed plants; specific cell types: px – primary xylem; pf – primary phloem; ed 
– endodermis; scale bar – 100 µm.
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the trifoliate leaf (was higher in cv. Bólyi 44 at P<10-4) 
(Fig. 4a). The two cultivars did not differ in the 
number of pavement cells (PC), except for a higher 
value in variety Bólyi 44 on both sides of the trifoliate 
leaves (at P<0.05) (Fig. 4b). Stomatal index values 
only differed (were higher) on the trifoliate leaf of cv. 
Bólyi 44 compared to the tolerant genotype (P<10-4) 
(Fig. 4c). The size (area) of stomata was larger in cv. 
Bólyi (P<0.001), except for the abaxial side of the 
trifoliate leaf (Fig. 4d). As to the shape, the stomata 
of cv. Bólyi 44 were shorter (P<0.001) and wider  
(P<10-4) compared to the other cultivar (Fig. 4e, f). At 
the whole plant level the width of stomata was gradually 
decreasing toward the top of the plants in cv. Bólyi 44 
but not of cv. Cordoba. In the latter case, wider stomata 
were on the abaxial leaf sides (UL>TL), followed by 
values on abaxial sides (TL>UL) (Fig. 4).

Effects of As and Cd on the Leaf Epidermal Cells
 
In general, the applied metal doses alone did not 

cause significant alterations in stomatal parameters 
studied (Fig. 4, Table 1). Metal-related changes in SDs 
were observed on the abaxial leaf surfaces (Fig. 4a). 
Arsenic decreased SD in the cv. Bólyi 44 (trifoliate 
leaf, P<0.05) but not in the tolerant variety (Fig. 4a). In 
contrast, Cd elevated SD in cv. Bólyi 44 (trifoliate leaf, 
P<0.01), but suppressed in the other cultivar (unifoliate 
leaf, P<0.01) (Fig. 4a). Regarding the pavement cells, 
only those in cv. Bólyi 44 were affected: elevated 
abundance was scored on the adaxial side of trifoliate 
(P<0.01) as well as unifoliate leaf (P<0.01) (Fig. 4b). On 
the other hand, Cd affected PCs in both cv. Bólyi 44 
(increase on adaxial side of TL leaf) and cv. Cordoba 
(decrease on abaxial side of TL) (Fig. 4b). The metal-
caused variations in SD and/or PC numbers were not 
reflected in significant alteration of the corresponding 
SI values (for both metal types, leaf types/sides as well 
as cultivars) (Fig. 4c).

Metal stress generally caused enlargement of 
stomatal area in the cv. Cordoba (Fig. 4d). This was 
significant on the adaxial side of the unifoliate leaf 

upon both As3+ and Cd2+ treatments, and on the abaxial 
side of the trifoliate leaf upon Cd2+ treatment (P<10-4). 
In contrast, the stomatal area was significantly reduced 
in cv. Bólyi 44 on the adaxial side of unifoliate leaves 
stressed with both As3+ (P<10-4) and Cd2+ treatments 
(P<0.001). Noteworthy is the fact that the effects on 
stomatal area observed on the abaxial side of the TL in 
cv. Bólyi 44 were individually not significant. However, 
As3+promoted while Cd2+restricted leaf enlargement, 
and the two effects differed significantly (P<0.001) 
(Fig. 4d).

The changes of stomatal area agreed with the 
corresponding length and width (or both) amendments 
(Fig. 4e, f). In contrast, however, not all variations in 
stomatal features resulted in significant adaptation of 
stomatal area. For example, As caused an increase of 
stomatal width on the adaxial side of upper leaves in cv. 
Bólyi, while the corresponding change of the stomatal 
area was not significant. Furthermore, Cd reduced 
width but increased length of stomata with no effect on 
stomatal area on the abaxial side of the unifoliate leaf 
in cv. Cordoba. This is not surprising, since SI relates 
to highly controlled processes such as cell division and 
differentiation, therefore showing much less variation to 
ensure a functional epidermis than SD [28]. 

Discussion 

Doses of metal(loid), that are similar or higher than 
those found in polluted European areas exerted variable 
toxicity on the surveyed soybean cultivars similarly as 
described for soybean [29, 30] and other plant species 
[31] as well as lichens and mosses [32]. The cultivars 
Bólyi 44 and Cordoba were selected for further analyses 
as contrasting in metal tolerance (to both As3+ and Cd2+) 
(Fig. 1). 

The two metals entailed no obvious stress symptoms 
on aboveground parts of stressed pot plants (e.g., 
wilting or chlorosis); the anatomy of the shoots, leaves 
and even roots remained unaffected (for shoots and 
leaves data not shown, for roots) (Fig. 3). Despite this, 

M* Cv** L*** M x Cv Cv x L M x L M x Cv x L

Stomatal density 0.94 ˂0.001 ˂0.001 ˂0.05 ˂0.001 0.051 0.09

Stomatal width 0.07 ˂0.001 ˂0.001 ˂0.001 ˂0.001 0.07 ˂0.001

Stomatal length 0.43 ˂0.001 ˂0.001 ˂0.01 ˂0.001 ˂0.001 ˂0.001

Stomatal area 0.56 ˂0.001 ˂0.001 ˂0.001 ˂0.001 0.18 ˂0.001

Stomatal index 0.76 ˂0.001 ˂0.001 0.77 0.08 ˂0.001 0.66

Number of Pavement cells 0.10 ˂0.001 ˂0.001 ˂0.02 ˂0.001 0.19 ˂0.001

* metal treatment (control, arsenic and cadmium) (throughout the table)
** cultivar (Bólyi 44 and Cordoba) (throughout the table)
*** leaf type/side (unifoliate-abaxial, unifoliate-adaxial, trifoliate-abaxial, trifoliate-adaxial) (throughout the table)

Table 1. Overview of results of multifactorial analysis of variance; given are the values of significance P for effects of fixed factors and 
their combinations.



Plasticity of Soybean Stomatal Responses... 3575

growth was impaired, more markedly of sensitive cv. 
Bólyi 44. Previously, similar doses have evoked mild 
but significant responses in soybean plants [29, 33]. 
In contrast, irregularly lignified conducting elements 
have been observed in vascular tissue of pea seedlings 

exposed to lead and arsenate [34]. Both soybean cultivars 
prevented metal(oid)s to amass in the aboveground plant 
parts as reported by others [31]. Since soot-to-shoot 
metal translocation depends on the transpiration flow 
[13] regulated by stomata and their parameters/activity, 

Fig. 4. Parameters of leaf epidermal cells after exposure of plants of two soybean cultivars to arsenic (As), cadmium (Cd) or water (C) 
for 10 days. We examined the unifoliate (triangles) and trifoliate (squares) leaves on adaxial- (filled labels) as well as abaxial sides 
(empty labels). Bars indicate±standard error of mean values. To enhance the transparency of data, values for the two cultivars are shown 
separately. Furthermore, data on the adaxial leaf side are connected with full lines and those on abaxial side with dashed lines (referring 
to similar type of leaves, respectively). Significant effects of the metal treatment are indicated with asterisk * at P<0.05, ** P<0.01, 
***P<0.001, directly above- or below the corresponding label (bar). An overview of the results of multifactorial ANOVA analysis is 
given in Table 1.

a)

c)

e)

b)

d)

f)
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natural differences between the leaf epidermal cells 
might contribute to the metal allocation pattern. For 
studied cultivars, the stomata in the cv. Bólyi were in 
general larger (shorter and wider) (P<0.001) compared 
to cv. Cordoba (P<0.001), at both abaxial- and adaxial 
leaf sides (respectively). Nevertheless, the two cultivars 
have exerted no differences in chlorophyll fluorescence 
at shoot level [29].

Natural selection under diverse conditions might 
have resulted in natural variants that ensure higher use 
of carbon resources [20] and/or incorporate adaptive 
responses of stomata to environmental cues [19, 
21]. The response of leaf epidermis is metal-specific 
and non-concentration dependent [19], but opposing 
observations were reported as well [13]. Adaxial 
culticular features are key in assisting high metal 
absorption from air via adaxial surfaces [6], while 
abaxial parameters are more affected under growth 
in metal-polluted soil. The observed effects of As and 
Cd on stomata suggests higher metal-sensitivity of the 
abaxial stomata (especially in less tolerant cv. Bólyi 44), 

in agreement with previous studies with sunflower and 
several other plant species [35 and herein]. The plants 
of cv. Bólyi 44 adjust several stomatal features to cope 
with As toxicity in contrast to cv. Cordoba, for which 
enlargement of stomata was the only change detected 
(Fig. 5). The many more stomatal responses observed 
upon treatment with Cd mostly coincide with those 
induced by As. Importantly, the two cultivars appear to 
differently adjust stomatal densities. The less tolerant 
cultivar responds with increased number of stomata 
under metal stress described also by others [36, 37], 
probably due to the reduction of guard cell size under 
water deficit, rather than due to enhanced stomata 
formation [12]. According to Melo et al. [38], increased 
SD is coupled with decreased stomatal size (pores) 
that controls the supply of CO2 for photosynthesis 
with concurrent prevention of excessive water loss, 
and could be a compensatory measure to the reduced 
transpiration area [39]. In contrast, we observed a 
decline of SD in cv. Cordoba. Similar observation has 
been reported when the whole leaf was counted (not the 

Fig. 5. Overview of the significant adjustments of densities of stomata (SD) and pavement cells (PC), and alterations in length, width and 
area of stomata. We examined the unifoliate and trifoliate leaves of plants of two soybean cultivars upon exposure to arsenic (As) (panel 
a) and cadmium (Cd) (panel b). The dashed lines next to each individual leaf separate the adjustments on the adaxial (upper) and abaxial 
(lower) leaf sides. Increases or decreases of a parameter are indicated by the direction of the arrow. Given are the amounts of metals 
detected in the shoots (aboveground) and roots (given for dry weight), as well as the values of metal transfer factor (Tf).  
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internal leaf part as in our case) [36], upon sorghum 
treatment with Cu and Cd [40], bean exposure to Zn 
[41], in red maple under combined drought and metal 
stress [42] and in drought-stressed barley [43]. Peel et 
al. [44] reported that stomatal density inversely relates 
to leaf size changes under stress, but this do not seem 
to be our case. Decline of stomatal frequency might 
occur on account of metal toxicity and can result in 
abnormal shape (and function) stomata [12 and within]; 
however, we did not observe this phenomenon in our 
experiment. Noteworthy is the fact that fewer stomata 
in Cd2+-stressed cv. Cordoba plants were longer and 
larger (opposing to cv. Bólyi 44). Abrams et al. [45] 
correlated the stomatal cell length with stomatal 
conductance, while smaller stomata are considered to 
show faster dynamic characteristics, greater (long-term) 
water use efficiency and higher photosynthetic capacity 
[46-48 and herein]. The compensatory relationship of 
stomatal features aims to keep the total pore area best 
under given conditions in an integrated and hierarchical 
manner [20]. 

The responses of stomata were not uniform 
throughout the plant as opposing adjustments were 
observed on two different leaf types, pointing to a 
spatial variation in leaf epidermal (stomatal) responses 
under dehydration [20] as well as metal stress (e.g., 
on the number of PCs and stomatal width) (Figs 4, 5). 
Previously, a close relationship has been shown between 
the age and type of the leaf tissue and response of the 
photosynthetic apparatus to Cd [23], possibly through 
different accumulation of compounds involved in metal 
chelatation and detoxification [22]. Remarkably, we also 
observed dorsoventral response in stomatal parameters 
(width) on the unifoliate leaf of cv. Cordoba in response 
to Cd. The amfistomatous nature of soybean leaves 
enables moving the stomata on both sides independently, 
while their diverse regulation possibly results from 
the otherness in the structures of palisade tissue and 
spongy tissue, the photosynthetic translocation and/
or the signal transduction pathways on the two leaf 
sides [35]. To our knowledge, leaf-side-specific stress 
effects have yet been observed upon dark [49], dark 
chilling [50], elevated CO2, ABA treatment [51, 52] or 
water deficit [53]. However, it remains to be elucidated 
if metal(oid) exposure also results in any functional 
polarity of stomata on the two leaf sides, as it has been 
observed with regard to the CO2 enrichment in maize 
[54]. Nevertheless, responses that can differ in various 
plant areas might be advantageous in enabling a more 

efficient (local) response without losing unnecessary 
amounts of water, as well as in opportunistic capture of 
resources [20, 55].

In conclusion, plants of the two selected soybean 
cultivars accumulated significant amounts of metals 
in root tissues. Despite low impact on growth, we 
detected diverse adjustments of epidermal cells as 
components of different defense strategies against 
metals in the two cultivars. In more sensitive cv. Bólyi 
44, stomatal area decreased likely to prevent further 
water loss and dehydration. In contrast, in cv. Cordoba 
stomatal enlargement was observed possibly to alter 
conductance and adjust water use efficiency. Abnormal 
stomata were absent in studied tissue, but dorsoventral 
width adjustments were scored in cv. Cordoba. To our 
knowledge, dorsoventral stomatal responses have not 
been reported yet in the context of metal toxicity, while 
representing probably a rather peculiar local response of 
leaves to water shortage, direct metal toxicity or both. 
Features and flexibility of stomatal responses to metals 
is important for plant survival since changes of stomatal 
pore sizes relate to hydraulic dysfunction [56]. Our 
results confirm that they are apparently rather variable 
even within a species, thus representing a potential 
screening tool to identify genotypes tolerant to metals, 
drought and other stress types. Furthermore, they point 
to the importance of considering changes at the whole 
plant level, since the energetic demands on individual 
tissues are likely different and therefore the trade-
off between development and defence (success) plays 
a significant role. Because of the natural variability in 
not only aperture (dynamics) but also cell features of 
leaf epidermis (stomata), the nature and efficiencies of 
responses to (metal) stress are probably highly complex 
and are relevant not only for metal uptake by roots but 
even more by stomata [6, 57].
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