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Abstract

 Murdannia spectabilis (Kurz) Faden was identified as a Zn/Cd hyperaccumulative plant. Leaf surface anatomy of the 
plant growing in non-contaminated soil (control) and Zn/Cd contaminated soil,was studied and compared by a light micros-
copy and scanning electron microscopy combined with Energy-dispersive X-ray spectroscopy (SEM/EDS). The similarities 
were reticulate cuticle on epidermises, uniform polygonal cell, stomatal arrangement in six surrounding subsidiary cells, 
and submarginal sclerenchyma. The dissimilarities were uniserate trichomes spreading on both adaxial and abaxial epider-
mis of the plants growing in non-contaminated soil, whereas the uniserate trichomes were only on the submarginal-adaxial 
epidermis of the control plants. The trichomes on leaves of the plants growing in non-contaminated soil were found to have 
both uniseriate non-glandular and uniseriate glandular trichomes; whereas, leaves of the plants growing in the contami-
nated soil were merely non-glandular trichomes. The different shape and location of trichomes, the number of stomata and 
trichome indicated the effect of Zn and Cd on M. spectabilis. The higher percentages of Zn and Cd in the vascular bundle 
than in the cross section and epidermis areas showed both solutes could move along each route, with diffusion through the 
symplast and apoplast. The increase of Ca in M. spectabilis growing in Zn/Cd contaminated soil corresponded to the Zn 
and Cd distributed in the leaves. Zn K-edge and S K-edge XANES spectra proposed that Zn2+ ions were accumulated and/
or adsorbed on the epidermis of the tuber, and then absorbed into the root and transport to the xylem. The double peaks of 
Zn-cysteine in the leaf samples proposed the metal sequestration was by sulphur proteins. 
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1. Introduction
 
 Metal pollution problems occur when human ac-
tivity either disrupts the normal biogeochemical cycles 
or concentrates metals; examples of such activities 
include mining and ore refinement (Kabata-Pendias 
and Pendias, 1992; Roane et al., 1996). Metal wastes 
can exist as individual metals or, more often, as metal 
mixtures. Cadmium (Cd) never occurs in isolation in 
natural environments but, rather, appears mostly as a 
“guest” metal in zinc (Zn) mineralisation (Baker et al., 
1990). The typical background levels of Cd and Zn in 
non-contaminated soil were 0.02-2 mg/kg and 1-900 
mg/kg, respectively (Alloway, 1995; Bowen, 1979). 
Soil in the fields of Phatat Phadaeng sub-district, Mae 
Sot, Tak Province, Thailand, is a source of Zn miner-
alisation. The total soil Cd concentrations in Mae Sot 
were positively correlated with total soil Zn concentra-
tions (Simmons et al., 2005; 2009). The total Cd and 
Zn concentrations in the rice fields, forest and mining 
areas were approximately 64-1,458 mg Cd/kg and 
2,733-57,012 mg Zn/kg, respectively (Phaenark et al., 
2009). Both Zn and Cd accumulated to toxic concentra-
tions in soil resulting in significant risk to the health of 

natural ecosystem (Prasad, 1995; Chaney, 1993). Our 
exploration of a Zn mine area uncovered Murdannia 
spectabilis that accumulated high levels of Zn and 
Cd. The plants were frequently found nearby Gynura 
psudochina (L.) DC., a Zn/Cd hyperaccumulative plant 
(Panitlertumpai et al., 2003; 2013).
 To be an efficient metal accumulator, plants require 
efficient detoxification and tolerance mechanisms at 
both the cellular and plant level. The general processes 
of metal accumulation in plants include the uptake of 
metals from the soil, sequestration within the root, 
efficient xylem loading and transport, and storage in the 
leaf cells (Rascio and Navari-Izzo, 2011). The stress 
of metal toxicity in plants often causes the expres-
sion of metal-induced alterations in leaf morphology. 
Microscopic structural changes, such as a decrease 
in intercellular spaces and shrinkage of palisade and 
epidermal cells, occurred in leaves of barley (Hordeum 
vulgare) plants treated with high concentrations of Zn 
(Sridhar et al., 2007). The leaf surface of Helianthus 
annuus L., grown on tannery sludge containing high 
Cr, Fe, Zn and Mn levels, showed an increase in 
the frequency of stomata and trichomes, closure of 
stomata and degeneration of certain cells (Singh and 
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1. Introduction

In India, about 200 tons of mercury and its
compounds are introduced into the environment
annually as effluents from industries (Saffi, 1981).
Mercuric chloride has been used in agriculture as a
fungicide, in medicine as a topical antiseptic and
disinfectant, and in chemistry as an intermediate in
the production of other mercury compounds. The
contamination of aquatic ecosystems by heavy
metals and pesticides has gained increasing attention
in recent decades. Chronic exposure to and
accumulation of these chemicals in aquatic biota
can result in tissue burdens that produce adverse
effects not only in the directly exposed organisms,
but also in human beings.

Fish provides a suitable model for monitoring
aquatic genotoxicity and wastewater quality
because of its ability to metabolize xenobiotics and
accumulated pollutants. A micronucleus assay has
been used successfully in several species (De Flora,
et al., 1993, Al-Sabti and Metcalfe, 1995). The
micronucleus (MN) test has been developed
together with DNA-unwinding assays as
perspective methods for mass monitoring of
clastogenicity and genotoxicity in fish and mussels
(Dailianis et al., 2003).

The MN tests have been successfully used as
a measure of genotoxic stress in fish, under both

laboratory and field conditions. In 2006 Soumendra
et al., made an attempt to detect genetic biomarkers
in two fish species, Labeo bata and Oreochromis
mossambica, by MN and binucleate (BN)
erythrocytes in the gill and kidney erythrocytes
exposed to thermal power plant discharge at
Titagarh Thermal Power Plant, Kolkata, India.

The present study was conducted to determine
the acute genotoxicity of the heavy metal compound
HgCl2 in static systems. Mercuric chloride is toxic,
solvable in water hence it can penetrate the aquatic
animals. Mutagenic studies with native fish species
represent an important effort in determining the
potential effects of toxic agents. This study was
carried out to evaluate the use of the micronucleus
test (MN) for the estimation of aquatic pollution
using marine edible fish under lab conditions.

2. Materials and methods

2.1. Sample Collection

The fish species selected for the present study
was collected from Pudhumadam coast of Gulf of
Mannar, Southeast Coast of India. Therapon
jarbua belongs to the order Perciformes of the
family Theraponidae. The fish species, Therapon
jarbua (6-6.3 cm in length and 4-4.25 g in weight)
was selected for the detection of genotoxic effect
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Sinha, 2004). The accumulation of Cd and Zn in Picris 
divaricate was in larger trichomes and epidermal cells 
(Hu et al., 2012; Broadhurst et al., 2013). In tobacco 
(Nicotiana tabacum L.), Cd and Zn caused an increase 
in the number of trichomes (Choi et al., 2001; Sarret 
et al., 2006). The roles for Cd-detoxification in tobacco 
were Cd-Ca crystal formation as a metal substituted 
calciteand sulfur accumulated on the head cells of short 
glandular trichomes (Choi et al., 2001; 2004; Harada 
and Choi, 2008). Sequestration of Cd in trichomes was 
found in Arabidopsis thaliana and Arabidopsis halleri, 
Cd existed in the divalent state and was bound to the 
O and/or N ligands (Isaure et al., 2006; Fukuda et al., 
2008), and a minor fraction could be bound to S-contain-
ing ligands (Isaure et al., 2006). The Zn sequestration 
in A. halleri was at the base of the trichomes (Zhao et 
al., 2000), in which Zn was tetrahedrally coordinated 
and complexed to carboxyl and/or hydroxyl functional 
groups (Sarrret et al., 2002). However, trichomes were 
not the only sink for Zn and Cd in A. halleri, mesophyll 
cells also accumulated substantial amounts of both 
metals (Küpper et al., 2000).
 There have been no detailed studies on Zn/Cd ac-
cumulation in M. spectabilis. Therefore, this research 
aims to study the accumulation of Zn and Cd, and 
investigate some morphological changes caused by 
Zn and Cd accumulation in leaves of M. spectabilis. 
To correlate metal accumulation with anatomical and 
morphological changes, the leaf anatomy was inves-
tigated by a light microscopy and scanning electron 
microscopy (SEM) combination with Energy-dispersive 
X-ray spectroscopy (EDS). X-ray absorption near-edge 
structure (XANES) was carried out to determine the 
oxidation state and probable coordination of Zn and S 
in the plant samples. 

2. Materials and Methods

2.1. Plant materials

 M. spectabilis (Kurz) Faden (Fig. 1) is in the Com-
melinaceae family and is found throughout Thailand. It 

is a monocotyledon, perennial herbs, with basal rosettes, 
leaf blade linear; cauline leaves with blade similar in 
shape and size to that of basal leaves, or smaller. Stem 
erect tall (including inflorescences). The roots are thin 
to moderate thickness, ellipsoid or subdistal tubers, 
rhizomes absent. The flower is purple to violet-blue, 
slightly zygomorphic (Thitimetharoch, 2004; Shu, 
2000). The plants and Zn/Cd contaminated soil samples 
were collected from a zinc mining area, Phatat Phadaeng 
sub-district, Mae Sot, Tak Province, Thailand in August 
2011 (Site: N 16o 39’ 6.6”E 98o 39’ 41.2”).

2.2. Pot experiments

 M. spectabilis was grown and propagated in a 
greenhouse, Maha Sarakham, Thailand. Young plant 
with 2-3 swollen roots (tubers) were separated into 
two groups for growth in the Zn/Cd soil sample and 
non-contaminated soil (control). The non-contaminate 
soil was prepared by mixing, in a ratio of 1:2, fertile 
soil to non-contaminated soil, which was obtained 
from Ban Chiang Hian, Maha Sarakham, Thailand. 
The characteristics of the soil samples are shown in 
Table 1. The plants were grown in the greenhouse for 
five months (July-November 2012) before harvesting. 
The temperature and humidity during the experiments 
were 20-36oC and 36-78%, respectively.

2.3. Leaf anatomical studies

 The lower second of the basal leaves were used for 
anatomical studies. Fresh mature healthy leaves were 
fixed in formalin: acetic acid: 70% alcohol (5:5:90) for 
18-24 hours. The central portions of the mature laminas 
were taken as samples for leaf-scrapes and free hand 
transverse sectioning. The samples were strained with 
safranin and made into permanent slides according to 
Johansen (1940). The slides were observed by light 
microscopy (CH30 Olympus, Japan). Photographs were 
obtained using a digital eyepiece camera (DEM200-
Scope Tek, China), then analysed using ScopePhoto 
Version 3.1.475 software. The density of stomata in the 

Figure 1. Murdannia spectabilis (a) flowers, (b) leaves and (c) roots and swollen roots.
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Figure 1. Murdannia spectabilis (a) flowers, (b) leaves and (c) roots and swollen roots. 

2.2. Pot experiments 

M. spectabilis was grown and propagated in a greenhouse, Maha Sarakham, Thailand. Young 
plant with 2-3 swollen roots (tubers) were separated into two groups for growth in the Zn/Cd soil 
sample and non-contaminated soil (control). The non-contaminate soil was prepared by mixing, in a 
ratio of 1:2, fertile soil to non-contaminated soil, which was obtained from Ban Chiang Hian, Maha 
Sarakham, Thailand. The characteristics of the soil samples are shown in Table 1. The plants were 
grown in the greenhouse for five months (July-November 2012) before harvesting. The temperature 
and humidity during the experiments were 20-36oC and 36-78%, respectively. 

Table 1. Soil texture, quantities of elements and concentration of zinc and cadmium 

Characteristics of soil 
Soil sample 

Zn/Cd contaminated soil Non-contaminated soil 

Soil texture (%) 
Sand 74.34±2.88 74.09±1.65 
Silt 9.25±1.34 8.98±1.32 
Clay 16.41±3.45 16.93±2.71 

Quantities of elements (%) 

Nitrogen (N) 0.60±0.36 0.84±0.28 
Carbon (C) 2.94±0.43 4.55±1.47 
Hydrogen (H) 0.27±0.05 0.16±0.02 
Sulfur (S) 1.61±0.02 1.64±0.03 
Oxygen (O) 8.03±0.07 5.54±0.73 

Metal concentration  
(mg/kg dry weight) 

Total Zn 42,570.73±2,300.36 36.96±7.49 
Extractable Zn 1,289.81±223.67 13.21±0.34 
Total Cd 68.44±2.61 1.86±0.54 
Extractable Cd 8.65±0.85 0.02±0.02 

Mean values (n = 3) ± standard deviation (S.D.).

2.3. Leaf anatomical studies 

 The lower second of the basal leaves were used for anatomical studies. Fresh mature healthy 
leaves were fixed in formalin: acetic acid: 70% alcohol (5:5:90) for 18-24 hours. The central portions 
of the mature laminas were taken as samples for leaf-scrapes and free hand transverse sectioning. The 
samples were strained with safranin and made into permanent slides according to Johansen (1940). 
The slides were observed by light microscopy (CH30 Olympus, Japan). Photographs were obtained 
using a digital eyepiece camera (DEM200-Scope Tek, China), then analysed using ScopePhoto 
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margins and midrib of the leaf samples were counted 
in a rectangular area of 0.88 mm2 (0.8 mm x 1.1 mm). 
The opening stomata cells and non-glandular trichomes 
in the margins and midrib of the leaf samples were 
measured for length. 
 The healthy plants were harvested and washed 
with an excess of running deionised water. The cross 
sections of the tuber and leaves were cut to a thick-
ness of 200-300 µm using a clean stainless-steel razor 
and immediately placed on dry ice. The sections were 
freeze-dried overnight using a lyophiliser (Heto Power 
Dry PL3000, Japan). The sections for SEM images were 
put on carbon tape on aluminium stubs, then coated 
with a thin layer of carbon by a coater (SPI-Module 
TM sputter coater, Japan) and examined with a SEM 
(JEOL-JSM 6460LV, Japan). The Zn and Cd distribution 
in the plant samples were determined on uncoated sec-
tions by SEM coupled with EDS (Inca x-sight Oxford 
Instrument, UK). 

2.4. XANES analyzes

 The harvested plants were washed with an excess 
of running deionised water, and then the plants were 
separated into the swollen root (tuber) and leaves.The 
separated samples were freeze-dried using the lyo-
philiser. The dried tuber was separated to epidermis 
(TU-E) and cortex plus vascular cylinder (TU-I). For 
bulk XANES analysis, an amount of each freeze-dried 
plant part (tuber (TU-E and TU-I) and leaves) was 
ground to a homogenized powder by a ball mill grinder 
(Mini-Mill pulverisette 23 Fritsch, Germany). A sample 
of the powder was thinly smeared on sticky Kapton 
tape (LanmarInc., USA). XANES spectra of the Zn 

K-edge and S K-edge were performed at beamline 8, 
Synchrotron Light Research Institute (Public Organi-
zation), Thailand. XANES spectra were collected by 
fluorescence X-ray detector of 13-Channel Germanium 
detector (GeD), at room temperature. Double crystal 
monochromators for Zn and S were Ge (222) and InSb 
(111), respectively. The focusing mirror was a bending 
magnet, and beam size was 10 mm(h) x 1 mm (v). To 
obtain a good signal-to-noise ratio, the I0 ion chamber 
(10-cm-long) and I1 ion chamber (40-cm-long) were 
filled with specified gas mixtures and pressure for Zn 
(I0: Ar 93 mbar, I1: Ar 509 mbar) and S (I0: N237 mbar,  
I1: N2 200 mbar). The atmosphere in the sample chamber 
was air. XANES spectra were analyzed using Athena 
under IEFFIT version 1.2.9. The reference chemicals 
were ZnSO4, ZnO, ZnS and ZnCl, and  adsorption 
techniques were used to prepare the Zn-cysteine, Zn-
glutathione and Zn-methionine reference materials 
(Panitlertumpai et al., 2013).

2.5. Soil analyzes

 The soil sample was analyzed for the total carbon, 
hydrogen, nitrogen, sulphur and oxygen content by 
a CHNS/O analyzer (LecoTruSpec Micro, USA). To 
determine the total concentrations of Zn and Cd in the 
soil samples, 0.1 g of each sample was digested in aqua 
regia (the mixture of 35% (w/v) HCl and 70% HNO as 
3:1). The digestion method was adapted from ASTM 
E841-04 (ASTM, 2004). The extractable concentra-
tions of Zn and Cd in soil were determined by shaking 
the soil at 150 rpm for 2 hours in 0.005 M diethylene 
triamene penta acetate (DTPA) using a soil : extractant 
ratio of 1:2 following the modified method of Lindsay 

Table 1. Soil texture, quantities of elements and concentration of zinc and cadmium 

Characteristics of soil
Soil sample

Zn/Cd contaminated soil Non-contaminated soil
Soil texture (%) Sand 74.34±2.88 74.09±1.65

Silt 9.25±1.34 8.98±1.32
Clay 16.41±3.45 16.93±2.71

Quantities of elements (%) Nitrogen (N) 0.60±0.36 0.84±0.28
Carbon (C) 2.94±0.43 4.55±1.47
Hydrogen (H) 0.27±0.05 0.16±0.02
Sulfur (S) 1.61±0.02 1.64±0.03
Oxygen (O) 8.03±0.07 5.54±0.73

Metal concentration 
(mg/kg dry weight)

Total Zn 42,570.73±2,300.36 36.96±7.49
Extractable Zn 1,289.81±223.67 13.21±0.34
Total Cd 68.44±2.61 1.86±0.54
Extractable Cd 8.65±0.85 0.02±0.02

Mean values (n = 3) ± standard deviation (S.D.).
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and Norvell (1978). The total and extractable metal 
concentrations were measured by an Atomic Absorp-
tion Spectrophotometer (AAS) (ShimadzuAA-680, 
Japan). 

2.6. Plant analyzes

 A plant sample was collected and divided into the 
root and shoot parts, the sample was rinsed with tap 
water, washed three times with deionized water and 
oven-dried at 80oC. Each dried sample was digested 
with HNO3 conc (70% v/v) and HClO4 (70% v/v) by 
a modified method of Miller (1998). The digested 
sample was analyzed for Zn and Cd concentrations by 
AAS. Translocation factor (TF) was calculated from 
the metal concentration in the plant shoots (leaves and 
stem) divided by the metal concentration in the plant 
roots, and bioaccumulation factor (BF) was calculated 
from the metal concentration in the shoots divided by 
the extractable concentration of metal in the soil around 
the plant roots (Phaenark et al., 2009).

2.7. Data analysis

 Data was expressed as means with standard de-
viation (SD). The data obtained was analysed using 
a one-way analysis of variance (one-way ANOVA) at 
p<0.01. The statistical analysis was performed using 
the SPSS Version 11.5 software program (SPSS Inc., 
USA).

3. Results and Discussion

3.1. Zn and Cd concentration in soil and plant

 The Zn/Cd soil sample collected from Mae sot, 
Tak Province, Thailand (Table 1) was sandy loam soil. 
TheCHNO/S analysis showed the soil contain a little 
nitrogen and sulfur, the amounts were enough for plant 
growth (Baber, 1995). The soil contained high total Zn 
and Cd at 42,570 and 1,290 mg/kg dry weight, respec-
tively. The available Zn and Cd concentrations were 
1,290 and 8.65 mg/kg dry weight, respectively, which 

were obviously higher than the Zn and Cd levels with 
respect to optimal plant growth (70-400 mg Zn/kg and 
3-8 mg Cd/kg) (Kabata-Pendias and Pendias, 1992). 
Non-contaminated soil was prepared that had nearly 
the same properties as the Zn/Cd soil, except for the 
metals contamination. The total and extractable Zn 
and Cd in the non-contaminated soil were lower than 
background levels of Zn and Cd in a non-contaminated 
soil reference (1-900 mg Zn/kg and 0.02-2 mg Cd/kg) 
(Alloway, 1995; Bowen, 1979). 
 M. spectabilis growing in the contaminated soil 
was able to translocate and accumulate Zn and Cd in 
the shoots and above ground parts of the plant. Zn and 
Cd accumulated in the shoot (stem and leaves) were 
2,067.1 mg/kg dry weight and 26.7 mg/kg dry weight, 
respectively (Table 2). The translocation factor (TF) 
of Zn and Cd were 1.8 and 1.4, respectively, and the 
bioaccumulation factor (BF) of the Zn and Cd were 1.6 
and 3.1, respectively. The criteria for Zn and Cd hyper-
accumulative plants are (1) the concentration of Zn and 
Cd in above-ground biomass is 10-500 times more than 
that in a usual plant (Zn 100 mg/kg dry weight; Cd 1 
mg/kg dry weight) (Baker and Whiting, 2002); (2) Zn 
and Cd concentrations in shoots are invariably greater 
than that in the roots (TF>1); and (3) the ratio of Zn and 
Cd concentration in plant shoots to the extractable con-
centration of Zn and Cd in the soil (BF>1) (Braquinho 
et al., 2007; González and González-Chávez, 2006).
From the criteria for a Zn/Cd hyperacumulator, M. 
spectabilis could be classified as a Zn/Cd hyperac-
cumulative plant. In addition, plants growing in the 
non-contaminated soil were suitable for use as control 
samples for anatomical study because of slight Zn and 
Cd accumulation. 

3.2. Leaf anatomy

 Leaf-blade anatomy in M. spectabilis growing in 
non-contaminated soil (control) is showed in Fig. 2. The 
epidermis is composed of uniform, polygonal with elon-
gated cells over the veins on both the adaxial and abaxial 
epidermises [Fig. 2(a)]. There was reticulate cuticle on 
both epidermises. Hexacytic stomata [Fig. 2(c)], which 

Table 2. Zinc and cadmium accumulation, translocation factor (TF) and bioaccumulation factor (BF) of M. spectabilis, 
growing in Zn/Cd contaminated and non-contaminated soils.

Soil treatments
Zn accumulation

(mg/kg dry weight)
Cd accumulation

(mg/kg dry weight) TF BF

Shoot Root Shoot Root Zn Cd Zn Cd
Zn/Cd contamination 2,067±74 1,148±71 26.7±1.2 20.2±4.2 1.8±0.1 1.4±0.3 1.6±0.3 3.1±0.4
Non-contamination 11.4±3.5 18.3±5.4 2.8±1.6 5.2±2.7 - - - -

Mean values  (n = 3) ± standard deviation (S.D.).
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is a stomatal arrangement of six surrounding subsidiary 
cells, were scattered on the abaxial epidermis and the 
submerginal adaxial epidermis. Fig. 2(g) shows unise-
riate non-glandular and glandular trichomes spreading 
on both adaxial and abaxial epidermises, and submar-
ginal sclerenchyma. In comparison with M. spectabilis 
growing in Zn/Cd contaminated soil, the similarities are 
reticulate cuticle on the adaxial and abaxial epidermises, 
uniform polygonal cells [Fig. 2(b)], hexacytic stomata 
[Fig. 2(d)] and submarginal sclerenchyma [Fig. 2(h)]. 
The dissimilarities were the trichomes spreading on 
both adaxial and abaxial epidermises of the plants’ 
leaves growing in non-contaminated soil, whereas 
trichomes of the plants growing in Zn/Cd contaminated 
soil were only on the submarginal-adaxial epidermis 
[Figs. 2(g), 2(h)]. In addition, non-glandular and glan-
dular trichomes were found on the leaves of the plants 
growing in non-contaminated soil [Fig. 2(e)], whereas 
the trichomes on the leaves of plants growing in the 
contaminated soil were merely non-glandular trichomes 
[Fig. 2(f)]. The decrease in stomata density and increase 
in stomata size on the plants’ leaves growing in Zn/Cd 
contaminated soil was indicated by a comparison with 
the control plants. While there were no differences in 
the size of the trichomes between both groups (Table 
3).
 The SEM images of trichomes on the plants’ leaves 
growing in non-contaminated and Zn/Cd contaminated 
soils are shown in Fig. 3 and Fig. 4, respectively. They 
indicated the effect of Zn and/or Cd on the different 
trichome shapes of M. spectabilis. A transverse section 
of the midrib region [Fig.  3(a)] shows non-glandular 
trichomes and glandular trichomes on both the adaxial 
and abaxial epidermises, similar to the margin of the 
adaxial and abaxial epidermises, respectively [Figs. 
3(b), 3(c)]. The high magnification in Figs. 3(d) and 
3(f) clearly shows non-glandular trichomes and glan-

dular trichomes, respectively. In contrast, Fig. 4(a) 
shows the trichome was absent from the midrib region 
of M. spectabilis leaves growing in the contaminated 
soil. The non-glandular trichomes were found on the 
margin-adaxial epidermis [Figs. 4(b), 4(d)]. Although 
Fig. 4(c) shows the absence of trichome on the margins-
abaxial epidermis, the high magnifying image shows 
the evidence of abnormal flatting of trichomes [Fig. 
4(e)].
 The distribution of Zn and Cd in the leaves of 
M. spectabilis growing in Zn/Cd contaminated and 
non-contaminate soil was investigated using SEM/
EDS (Table 4). The percentages of Cd in the areas 
of the epidermis and vascular bundle were 0.1% and 
0.3%, respectively. The percentage of Zn in the areas 
of the epidermis and vascular bundle were 0.02% and 
0.2%, respectively. While Cd and Zn signal were not 
detected in the leaves of M. spectabilis growing in non-
contaminated soil (control). The percentages of Mg, 
Si, and Cl in the cross section area of the plant’s leaves 
growing in Zn/Cd contaminated soil were lower than 
the percentages of the elements found in the control 
plant sections, whereas the percentage of Ca was 
noticeably higher.
 The microscopic studies showed the effect of Zn 
and Cd on the morphology of the leaves of M. spect-
abilis. The evidence showed decreased stomata density, 
increased stomata size and especially the spreading and 
shape of trichomes on the adaxial and abaxial epidermises. 
In contrast with sunflower, the plants growing in tannery 
sludge (containing Cr, Fe, Zn and Mn) showed an in-
crease in the frequency of stomata and trichomes (Singh 
and Sinha, 2004). Trichomes are specialized unicellular 
or multicellular structures derived from the epidermal 
cell layer, which may have various functions depending 
on the plant species and organ (Rodriguez et al., 1983). 
Trichomes may play roles in the detoxification of heavy 

Table 3. Leaf anatomical characters of M. spectabilis growing in Zn/Cd contaminated and non-contaminated soils.

Characteristics
Leaves of plants growing in

non-contaminated soil
Leaves of plants growing in 

Zn/Cd contaminated soil
adaxial abaxial adaxial abaxial

Density of stomata/mm2 margin 6.76±1.35* 47.05±5.32a 3.69±1.16** 43.58±4.34a

midrib - 36.08±6.55a - 37.44±5.40a

Stomata size (µm) margin 43.40±3.81** 45.63±4.22b 45.75±2.68* 48.39±5.11a

midrib - 54.59±4.40a - 49.21±2.92b

Macro-hairs (µm) margin 291.04±83.64* 206.39±57.83 252.83±59.15* -
Micro-hairs (µm) margin 108.64±22.11* 101.11±28.10 97.65±16.42* -
Trichome shapes margin UT, UGT UT, UGT UT -

midrib UT, UGT UT, UGT - -
UT = Uniseriate non-glandular trichomes; UGT = uniseriate glandular trichomes
Data is means±SD (n=30). Those with different superscript letters in the same row are significantly different (p<0.01).
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Figure 2. Leaf anatomical features of M. spectabilis: (a) and (b) marginal adaxial epidermis; (c) and (d) hexacytic stomata; 
(e) and (f) trichome shapes; (g) and (h) transverse section of marginal region.a, c, e and g were M. spectabilis grown in non-
contaminated soil and b, d, f and h were M. spectabilis growing in Zn/Cd contaminated soil. Abbreviations and symbols: 
CU, cutin; S, stoma; SC, sclerenchyma; UT, uniseriate non-glandular trichome; UGT, uniseriate glandular trichome.
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metals, and in response to various other stress condi-
tions. The accumulation of Zn and/or Cd in trichomes of 
dicots have been reported in P. divaricata (Broadhurst 
et al., 2013; Hu et al., 2012), tobacco (Sarret et al., 2006; 
Choi et al., 2001), A. thaliana (Isaure et al., 2006) and 
A. halleri (Sarret et al., 2002; Zhao et al., 2000; Küpper 
et al., 2000; Fukuda et al., 2008). However, symptoms 
of phytotoxicity in plants, especially distribution and 
accumulation of Zn and Cd in trichomes depends on 
the metals concentrationsin treatments (Sridhar et al., 
2007; Nakbanpote et al., 2010). In addition, Choi et al. 
(2004) reported the uniserate short and long glandular 
trichomes, with a multi-cellular head in tobacco that had 
different functional activity, as short trichomes for Cd 
exudation and long trichomes for NaCl sequestration. 
In this research, the uniserate glandular thrichomes of 
M. spectabilis were missing from the abaxial epidermis 
[Fig. 2(h), Fig. 4(c)], and the only remaining evidence 
was flatting trichomes [Fig. 4(e)]. Therefore, the glan-
dular trichomes might primarily response to Zn/Cd 
detoxification of M. spectabilis. 
 Based on the leaf cross sections, SEM/EDS indi-
cated an increase of Ca in leaves of M. spectabilis cor-
responding to Zn and Cd distribution in the epidermis 
and vascular bundle (Table 4). The increase of S and Ca 
under Cd treatment revealed by EDS was also reported 
in the short trichomes of tobacco (Choi et al., 2004). 
The positive effect of Ca on Zn tolerance results from a 
cooperative, and not an inhibitive, mechanism between 
the two elements (Sarret et al., 2006). The Zn and Cd 
accumulation in the tip cell of the glandular trichomes 
and the chemical forms of the exudated grains as metal-
substituted calcite have been report in tobacco (Harada 
and Choi, 2008; Sarret et al., 2006).The percentages of 
Zn and Cd in the vascular bundle are much stronger than 

in the cross section and epidermis areas, respectively 
(Table 4). As solutes (Zn and Cd) were selectively 
taken up at the bundle sheath plasma membrane into 
the leaf symplast, both solutes could move along each 
route with diffusion through the symplast (cell-to-cell 
movement) being driven by osmotic gradients created 
as solutes are actively transported across membranes, 
with transpirational flow being the dominant force in-
fluencing the movement through the apoplast (Karley 
et al., 2000).

3.3. X-ray absorption near-edge structure (XANES) of 
zinc and sulphur
 
 The XANES spectra of the tuber epidermis (TU-E), 
cortex and vascular cylinder (TU-I) and leaves of M. 
spectabilis growing in Zn/Cd contaminated soil were 
investigated to obtain information on the oxidation state 
and possible geometric structure of Zn and S atoms. The 
Zn K-edge XANES spectra of the bulk plant samples 
indicated the oxidation state as +2. The adsorption 
edge energy was close to the edge of the Zn-cysteine 
and ZnSO4 (data not shown). However, the shapes of 
the Zn XANE spectra had one peak that was difficult 
to determine. The XANES of the sulfur K-edge was 
investigated to obtain the possible geometric structure of 
sulfur on the samples. The normalized XANES spectra 
of the S K-edge in the plant samples and the reference 
materials are shown in Fig. 5. In this research, the 
positions of the adsorption edge energy were defined 
by the second derivative XANES spectra [Fig. 5(b)]. 
The adsorption edge energy of the S K-edge XANES 
spectra of the tuber (TU-E and TU-I) and leaves was 
2473.3 eV, and the shapes of the XANES spectra had 
triple peaks (2473.3 eV, 2476 eV and 2481 eV). The 

Table 4. Percentages of elements in leaves of M. spectabilis growing in Zn/Cd contaminated and non-contaminated soils 
(control), studied by SEM/EDS.

Elements
% elements in epidermis % elements in vascular bundle % elements in cross section

Treatment Control Treatment Control Treatment Control
C 55.2±1.7 53.0±1.2 51.5±1.3 46.2±0.5 54.0±2.3 48.7±1.2
O 42.6±0.9 43.2±0.3 39.9±1.0 44.5±1.7 37.3±1.1 41.7±1.5

Mg 0.2±0.2 0.9±0.5 0.5±0.1 1.5±0.3 0.6±0.2 1.4±0.2
Si 0.50±0.3 0.8±0.2 0.5±0.1 1.1±0.1 0.3±0.1 1.2±0.3
S 0.04±0.06 N/D 0.4±0.2 0.5±0.3 0.3±0.0 0.3±0.4
Cl 0.9±0.3 1.8±0.8 4.7±0.2 4.9±1.1 4.9±0.7 5.4±0.4
Ca 0.4±0.2 0.3±0.1 1.9±0.3 1.4±0.4 2.3±0.8 1.3±0.4
Zn 0.02±0.01 N/D 0.2±0.04 N/D 0.1±0.01 N/D
Cd 0.1±0.04 N/D 0.3±0.1 N/D 0.1±0.04 N/D

Total 100 100 100 100 100 100
Mean values (n = 3) ± standard deviation (S.D.), N/D = not detectable
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triple peaks of TU-E and leaves might relate to the 
mixtures of ZnSO4 and Zn-cysteine, in which the double 
peaks at 2473.3 eV and 2476 eV could indicate the 
Zn-cysteine (Panitlertumpai et al., 2013). The double 
peaks of the Zn-cysteine dominated in the leaves more 
than TU-E. In addition, the height and shape of the S 
K-edge XANES spectrum of TU-I tended to associate 
mainly with ZnSO4.  
 Xylem-unloading processes might be the first step 
in controlled distribution of metals from root to shoot. 
Thus, chelation with certain ligands of organic acid(s), 
for example, citrate and histidine, appears to be the 
route metals primarily take to the xylem and for metal 
homeostasis in the roots (Clemens et al., 2002; Salt 

et al., 1999). In contrast, chelation with other ligands, 
such as phytochelatins or metallothioneins, might be 
the route metals predominatly take to sequestration 
in the leaves (Clemens et al., 2002).Therefore, Zn K-
edgeand S K-edge XANES spectra propose that Zn2+ 
ions are accumulated and/or adsorbed on the epidermis 
of the tuber, and then Zn2+ uptake occurrs in the root 
and there is transport to the xylem. The peak at 2481 
eV correlating with ZnSO4 might occur due to the Zn2+ 
binding to SO4

2- in the plant cells during the freeze-
drying of the samples. The strong expression of double 
peaks of Zn-cysteine in the leaf samples indicated the 
sequestration by sulphur ligand proteins. In which, 
one of the strategies for plants to resist the toxicity of 

Figure 3. SEM images of trichomes on the leaves of M. spectabilis growing in non-contaminated soil (control); (a) transverse 
section of midrib region, (b) adaxial epidermis, (c) abaxial epidermis, and (d) and (e) high magnification view showing 
non-glandular and glandular trichomes, respectively.
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symptoms of phytotoxicity in plants, especially distribution and accumulation of Zn and Cd in 
trichomes depends on the metals concentrationsin treatments (Sridhar et al., 2007; Nakbanpote et al.,
2010). In addition, Choi et al. (2004) reported the uniserate short and long glandular trichomes, with a 
multi-cellular head in tobacco that had different functional activity, as short trichomes for Cd 
exudation and long trichomes for NaCl sequestration. In this research, the uniserate glandular 
thrichomes of M. spectabilis were missing from the abaxial epidermis [Fig. 2(h), Fig. 4(c)], and the 
only remaining evidence was flatting trichomes [Fig. 4(e)]. Therefore, the glandular trichomes might 
primarily response to Zn/Cd detoxification of M. spectabilis.

Figure 3. SEM images of trichomes on the leaves of M. spectabilis growing in non-contaminated soil (control); 
(a) transverse section of midrib region, (b) adaxial epidermis, (c) abaxial epidermis, and (d) and (e) high 
magnification view showing non-glandular and glandular trichomes, respectively.
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Zn and Cd is complexation with strong ligands, such 
as thiol groups provided by cysteine, and amino-acid 
constituting peptides often mentioned, namely gluta-
thione, phytochelatins and metallothioneins (Cobbett 
and Goldsbrough, 2002). 

4. Conclusion

 The Zn/Cd soil sample collected from Mae sot, 
Tak Province, Thailand contained extractable Zn and 
Cd concentrations as high as 1,290 and 8.65 mg/kg 
dry weight, respectively. M. spectabilis growing in the 
contaminated soil accumulated Zn and Cd in shoot (stem 
and leaves) at levels of 2,067.1 mg/kg dry weight and 

26.7 mg/kg dry weight, respectively. From the criteria 
of metal accumulation, translocation factor (TF) and 
bioaccumulation factor (BF), M. spectabilis could be 
indicated as a Zn/Cd hyperaccumulative plant. The 
microscopic studies showed the effect of Zn and Cd on 
the morphological of the leaves of M. spectabilis. The 
included decreased stomata density, increased stomata 
size, and especially spreading and shape of the trichome 
on the adaxial and abaxial epidermises. The uniserate 
glandular thrichome was absent from the abaxial epider-
mis of the plants’ leaves growing in the contaminated 
soil, and remained the only evidence of the flatting of the 
glandular trichomes. Therefore, the glandular trichomes 
played important roles in the detoxification of Zn and 

Figure 4. SEM imagesof trichomes on the leaves of M. spectabilis growingin Zn/Cd contaminated soil; (a) transverse section 
of midrib region, (b) adaxial epidermis, (c) abaxial epidermis, and (d) and (e)high magnification view showing the effect 
of Zn/Cd on trichome shapes.
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Figure 4. SEM imagesof trichomes on the leaves of M. spectabilis growingin Zn/Cd contaminated soil; (a) 
transverse section of midrib region, (b) adaxial epidermis, (c) abaxial epidermis, and (d) and (e)high 
magnification view showing the effect of Zn/Cd on trichome shapes. 

Based on the leaf cross sections, SEM/EDS indicated an increase of Ca in leaves of M.
spectabilis corresponding to Zn and Cd distribution in the epidermis and vascular bundle (Table 4). 
The increase of S and Ca under Cd treatment revealed by EDS was also reported in the short 
trichomes of tobacco (Choi et al., 2004). The positive effect of Ca on Zn tolerance results from a 
cooperative, and not an inhibitive, mechanism between the two elements (Sarret et al., 2006). The Zn 
and Cd accumulation in the tip cell of the glandular trichomes and the chemical forms of the exudated 
grains as metal-substituted calcite have been report in tobacco (Harada and Choi, 2008; Sarret et al.,
2006).The percentages of Zn and Cd in the vascular bundle are much stronger than in the cross 
section and epidermis areas, respectively (Table 4). As solutes (Zn and Cd) were selectively taken up 
at the bundle sheath plasma membrane into the leaf symplast, both solutes could move along each 
route with diffusion through the symplast (cell-to-cell movement) being driven by osmotic gradients 
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Cd in the plants. The higher percentages of Zn and Cd 
in the vascular bundle than that in the cross section and 
epidermis areas showed both solutes could diffuse from 
the xylem to the mesophyll and expidermis through the 
symplast and apoplast. The increase of Ca correspond-
ing to the Zn and Cd distributed in the leaves implied 
that Cd might be involved in the metal sequestration 
in leaves. Zn K-edge and S K-edge XANES spectra 
proposed that transportation of Zn2+ ions from swollen 
roots (tubers) to the xylem and leaves. The triple peaks 

of TU-E, TU-I and leaves might relate to the mixtures 
of ZnSO4 and Zn-cysteine, in which the double peaks at 
2473.3 eV and 2476 eV could indicate Zn-cysteine. The 
obvious double peaks of Zn-cysteine in the leaf samples 
indicated metal sequestration by sulfur proteins. Finally, 
SEM/EDS analysis, μ-X-ray fluorescence (XRF) imag-
ing and μ-XANES will be performed in further studies 
to determine the constituents and distribution of the Zn, 
Cd and other elements, such as Ca, S and Si in the leaf 
morphology, especially trichomes.

Figure 5. Normalized (a) and second derivative, (b) S K-edge XANES spectra of the tuber and leaves of M. spectabilis 
growing in Zn/Cd contaminated soil. The reference materials (ZnS, ZnSO4, Zn-cysteine, Zn-glutathione and Zn-methionine) 
are shown. L = leaves, TU-E = epidermis of tuber, TU-I = cortex and vascular cylinder of tuber. 
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