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bstract

Phytoremediation is a technology for extracting or inactivating pollutants. Echinochloa polystachya [(H.B.K.) Hitchcock] (Poaceae) is a fast-
rowing perennial grass that is common in tropical areas and is often found in oil-polluted soils that contain high concentrations of heavy metals.
owever, its tolerance to heavy metals, and its ability to accumulate them, has yet to be investigated. Here we test the hypothesis that E. polystachya

s able to accumulate high concentrations of cadmium (Cd). Plants were grown hydroponically with different levels of Cd2+ (0, 0.25, 1, 2, 10,
0, and 100 mg L−1), and were found to be tolerant to Cd2+ at all levels. No metal-toxicity symptoms were observed at any Cd2+ level. Root and
eaves Cd concentrations were 299 ± 13.93 and 233 ± 8.77 mg kg−1 (on a dry weight basis), respectively. Scanning electron microscopy showed the

nclusion of Cd within the xylem; this result was confirmed by energy dispersive X-ray spectrometry. Leaf tissues also accumulated Cd, especially
ithin the bulliform cells of the epidermis. We conclude that E. polystachya is a hyperaccumulator of Cd. While data for other metals are not yet

vailable, E. polystachya shows promise in the phytoextraction of Cd from polluted tropical sites.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Cadmium (Cd) is not essential to plant growth, but is very
oxic to many organisms [1]. In humans, Cd causes health prob-
ems such as damage to kidneys and lung tissues, emphysema,
nd carcinogenesis [2].

The accumulation of Cd within soil, sediments, and the
quatic environment is of concern because following uptake by
lants or other life forms Cd can be passed on to all members of
he food chain. It is therefore important to develop methods of
ehabilitating Cd-polluted soils.

Phytoremediation is a technology used to restore polluted
ites. It is cost-effective, environmentally friendly, and techni-

ally applicable in situ, making it preferable to other chemical
r mechanical techniques [3–5]. Phytoremediation using plant
pecies with an exceptional capacity to accumulate metals is a
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otentially important technique [6–9], however, only a few plant
pecies are known to hyperaccumulate Cd, including Thlaspi
aerulescens [10–13].

Plants show Cd toxicity like, chlorosis, reddish veins and
etioles, curled leaves, severe reduction in growth of roots,
ops, and number of tillers [1]. The range of approximate
oncentration of Cd in leaf tissue (dry weight) of some
pecies is 0.05–0.2 mg kg−1 considered normal, and 5–10 up
o 30 mg kg−1 considered excessive or toxic [1]. However, Cd
yperaccumulator plants accumulate above 100 mg kg−1 dry
eight [1,11].
Grasses such as Festuca ovina, Festuca rubra, Agrostis

apillaris, Agrostis delicatula, and Agrostis stolonifera are
olerant to different metals [14] but they do not hyperaccu-

ulate metals. In Mexico, Echinochloa polystachya is com-
only found at oil-polluted soils (gleysol) in tropical areas,
nd has therefore been suggested for use in the phytoreme-
iation of soils [15]. This plant grows in either humid or
ooded areas, as it can be terrestrial or aquatic [16]. Its leaves
an reach up to 60 cm of length and its roots up to 2.5 m
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Table 1
Shoot number and leaf, root and total dry biomass and length of 90-day-old E. polystachya plants grown in hydroponics and exposed for 58 days to different Cd2+

concentrations

Added Cd2+

concentration in
the nutritive
solution (mg L−1)

Accumulated Cd2−
concentration per
experimental unit (mg)

Number of shoots Leaf length (cm) Root length (cm) Leaf biomass
dry weight (g)

Root biomass
dry weight (g)

Total biomass
dry weight
(leaf + root) (g)

0 (control) 0 11.5 ± 2.64 a 33.1 ± 2.29 a 23.1 ± 1.38 a 4.89 ± 0.42 a 3.43 ± 0.6 a 8.32 ± 0.47 a
0.25 0.4 13.5 ± 1.91 a 31.2 ± 5.1 a 24.8 ± 1.65 a 4.72 ± 0.77 a 3.62 ± 0.7 a 8.34 ± 0.59 a
1 1.7 13.0 ± 2.58 a 33.4 ± 2.52 a 23.9 ± 2.75 a 4.82 ± 0.60 a 3.33 ± 0.6 a 8.15 ± 0.85 a
2 3.5 12.7 ± 2.62 a 33.1 ± 5.36 a 22.2 ± 1.26 a 5.48 ± 1.02 a 3.65 ± 0.8 a 9.13 ± 1.75 a
10 17.4 12.7 ± 2.98 a 33.6 ± 4.03 a 22.3 ± 1.9 a 4.65 ± 0.62 a 3.33 ± 1.3 a 7.98 ± 0.84 a
50 87 14.2 ± 1.5 a 29.2 ± 2.92 a 22.3 ± 2.81 a 4.64 ± 0.51 a 3.15 ± 0.6 a 7.79 ± 0.87 a
1 .36 a
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00 174 12.2 ± 2.06 a 30.6 ± 5

he letter “a” indicate no significant difference (p > 0.05), Tukey’s test. Values

f depth [17]. The oil-polluted sites contain heavy metals,
he concentration of some heavy metals found in sites with
il spills are: Pb (1.95–10 mg kg−1), Cd (0.4–3.9 mg kg−1),

(0.4–17.3 mg kg−1), Cu (3.39–11.4 mg kg−1), Ni (11.2–
0.8 mg kg−1), and Cr (5.4–55.5 mg kg−1) [18–21]. The spe-
iation of Cd in natural freshwater and rivers is mainly in the
orm of the free ion Cd2+ [22–24], which also occurs in soil
olution [1,25]. The aim of the present study is to determine Cd
ccumulation within E. polystachya grown within a hydroponic
ystem, including Cd localization within roots and leaves.

. Materials and methods

.1. Cadmium accumulation in plants of E. polystachya

Tillers of E. polystachya with two nodes were disinfected
ith 96% ethanol for 20 s and 5% NaClO for 15 min, and

insed five times with distilled water. This was done to elim-
nate microorganisms that could potentially interfere with the
roduction of biosurfactants by the plant (data not shown). The
xperimental unit was a polyvinyl-chloride cylinder (7 cm diam-
ter, 20 cm length) filled with 1 kg of acid-washed (2% HCl,
2 h) and autoclaved (121 ◦C, three cycles, 1 h each) river sand,

nd planted with one tiller of the grass (3 days old) per cylinder.

Tillers were watered every other day with Long-Ashton
utrient solution [26] buffered at pH 5.8 with 0.5 mM MES
2-(N-morpholino)ethanosulphonic acid) and containing Cd as

a
w
E
s

able 2
ccumulation of Cd in root, leaf and total biomass of 90-day-old E. polystachya plants

dded Cd2+

oncentration in the
utritive solution
mg L−1)

Accumulated Cd2+

concentration per
experimental unit
(mg)

Accumulated Cd in
leaf per experimental
unit (mg)

A
ro
u

(control) 0 0 0
.25 0.4 0.008 ± 0.0002 a 0

1.7 0.046 ± 0.009 a 0
3.5 0.057 ± 0.012 a 0

0 17.4 0.14 ± 0.021 a 0
0 87 0.67 ± 0.098 b 0
00 174 1.09 ± 0.062 c 0

ifferent letters are significantly different (p < 0.05), Tukey’s test. Values are means ±
22.4 ± 2.7 a 4.67 ± 0.42 a 2.91 ± 0.5 a 7.58 ± 0.69 a

eans ± S.D. (n = 7).

d(NO3)2·4H2O at one of eight different concentrations as Cd2+

0, 0.25, 1, 2, 10, 50, and 100 mg L−1). To develop the radical
ystem, the plants received 50 mL of nutrient solution without
d every other day for the first 28 days (14 waterings). After

his, it was added the nutrient solution with Cd2+ for the next 43
ays (22 waterings), and 80 mL nutrient solution with Cd dur-
ng 15 days more (eight waterings). The total volume of nutrient
olution with Cd2+ was 1740 mL, corresponding to 0, 0.4, 1.7,
.5, 17.4, 87, and 174 mg of cumulative Cd2+ added per unit to
he respective experiments (Tables 1 and 2). The experimental
esign was completely randomized, conducted in a greenhouse
rom May to July (latitude 19◦39′41′′N, longitude 99◦07′49′′W,
261 m above sea level, minimum average temperature 10 ◦C
nd maximum 40.5 ◦C, 13 h light period). Each treatment (Cd2+

evel) was replicated seven times. Watering with the Cd solution
egan at day 28, and plants were harvested 2 days after the last
atering (90 days old).
The shoot number per experimental unit was determined

nd the lengths of roots and leaves were measured. Roots and
eaves were analyzed separately. Plant parts were dried for 72 h
t 70 ◦C, and dry biomass was determined. Root and leaves
amples were ground within an “IKA A11 basic” mill with
stainless rotating blade and analyzed for Cd content. Half

gram of each sample was digested in a digester DigiPREP
ith H2O2 (1 mL)/HNO3 (3.5 mL)/HCl (7 mL) following the
PA Method 7130 [27]. Samples were analyzed using an atomic
pectrometer AVANTA-GBC. To determine plant translocation

grown in hydroponics and exposed for 58 days to different Cd2+ concentrations

ccumulated Cd in
ot per experimental

nit (mg)

Cd in the total biomass
(leaf + root) (mg)

Transport index (Ti)

0
.044 ± 0.019 a 0.05 ± 0.019 a 13.4 ± 1.45
.044 ± 0.006 a 0.09 ± 0.013 ab 71.1 ± 13.21
.053 ± 0.035 a 0.11 ± 0.045 ab 72 ± 16.47
.17 ± 0.068 a 0.31 ± 0.07 b 52.5 ± 5.22
.51 ± 0.128 b 1.18 ± 0.19 c 89 ± 7.34
.87 ± 0.075 c 1.96 ± 0.03 d 77.8 ± 3.65

S.D. (n = 7).
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bility (from roots to leaves) at different Cd2+ concentrations,
he transport index was calculated as: Ti = [shoot Cd concen-
ration (mg kg−1)/root Cd concentration (mg kg−1)] × 100, as
roposed by Ghosh and Singh [9].

.2. Localization of cadmium accumulation in E.
olystachya determined by scanning electron microscopy
nd energy dispersive X-rays

Root and leaf segments were analyzed to determine the sites
f Cd accumulation. Tissue segments were washed with deion-
zed water and fixed in the presence of 1% Na2S with 3%
lutaraldehyde in 0.2 M phosphate buffer (pH 7). Post-fixation
n 1% OsO4 was performed before dehydratation with ethanol
eries (50, 60, 70, 80, 90, and 100%). Samples were dried at
ritical point and coated with a thin layer of Au [28]. The scan-
ing electron microscope (SEM) analysis was carried out using
JEOL JSM-6300 microscope adapted with a NORAN energy
ispersive X-ray spectrometer with VOYAGER II 1100/1110
oftware.

.3. Localization of cadmium accumulation in E.
olystachya determined by transmission electron
icroscopy

Selected root and leaf segments were treated as described
bove for SEM analysis. After dehydration with ethanol series,
amples were treated with propylene oxide and infiltrated in
purr resin. Thin slides (70–90 nm) were prepared using a
eichert-Jung Ultracut-E l ultramicrotome. Samples were ana-

yzed without contrasting in a JEOL JEM-2010 F TEM micro-
cope adapted with a NORAN energy dispersive X-ray spec-
rometer.

.4. Statistical analysis

Differences between treatments were tested by ANOVA fol-
owed by Tukey’s test (p < 0.05) using the software SAS (statis-
ical analysis system) v6.12.

. Results and discussion

.1. Cadmium accumulation by E. polystachya

Heavy metals such as Cd2+ cause cell damage in general
ecause they act as enzyme inhibitors or precipitate essential
lements or metabolites [9]. Heavy metals bind to protein sul-
hydryl groups involved in catalytic function or in the structural
dentity of the protein [29,30].

These injures are commonly observed in plant tissues
xposed to high metal concentrations. Growth is also reduced as
result of Cd toxicity, however, we did not observe tissue dam-
ge or growth retardation in E. polystachya even at the highest

d2+ concentrations used in the present experiments. There were
o significant differences in root or leaves dry weight, root and
eaf length, or the number of shoots among the experiments with
ifferent Cd2+ concentrations (p > 0.05; Table 1).

a
i
s
h

ig. 1. Cadmium accumulation in the roots (�) and leaves (�) of plants of E.
olystachya grown under hydroponic conditions with varying Cd2+ concentra-
ions. Error bars indicate standard deviation of each point (n = 7).

The hability of E. polystachya to tolerate high concentration
f Cd may be related with the production of �-glutamylcysteine.
d is an inducer of �-Glu-Cys peptides, which provide thiols for
inding the metals and detoxify the cell [31]. (�-Glu-Cys)n-Ser
as been detected in certain species of the Poaceae [32].

The accumulation of Cd in the plant tissue as mg kg−1 dry
eight is reported in Fig. 1, in addition the accumulated Cd in

he plant tissue per experimental unit is reported in Table 2.
It is observed that roots and leaves of E. polystachya treated

ith lower Cd2+ concentrations (0.25, 1, and 2 mg L−1) did
ot show significant increases in Cd accumulation (p > 0.05);
owever, at higher concentrations (10, 50, and 100 mg L−1)
d accumulation increased significantly (p < 0.05). The high-
st Cd accumulation was recorded within the plant subjected
o the highest Cd concentrations. Roots and leaves accumu-
ated 299 ± 13.93 and 233 ± 8.77 mg kg−1 of Cd dry weight,
espectively, at the highest level of applied Cd2+ (Fig. 1). Root
d accumulation was higher than that in leaves by a factor
f 1.3 ± 0.06, as was also observed for other plants in previ-
us studies [7,9,10,12,33] (Table 3). Cadmium accumulation in
oots and leaves is represented by Eqs. (1) and (2) (R2 = 0.9954,
.E.M. = 9.14; R2 = 0.9883, S.E.M. = 11.05), respectively. F-
est showed a significant difference between root and leaves
d accumulation (p < 0.05; Fig. 1).

= 1.6791x + 11.239 (1)

= 1.3651x + 5.7453 (2)

The elevated plant Cd contents demonstrate that this grass
s able to tolerate and to translocate Cd to leaves. This is the
rst report of E. polystachya as a Cd hyperaccumulator plant
Table 3).

This is an important finding, as the highest levels of Cd2+

pplied here (50 and 100 mg L−1), are greater than those found
n many polluted soils [34,7,35]. It has been reported that plants
re considered to be Cd hyperaccumulators when they are able
o accumulate Cd to a level that is more than 100 mg kg−1 in
eaves or 0.01% dry weight [1,4,11]. In the current study, E.
olystachya accumulated 0.023% and 0.029% of Cd in leaves

nd roots, respectively. This plant species can therefore be used
n phytoremediation as an agent of phytoextraction from tropical
oils or wetlands that are polluted with Cd and perhaps even other
eavy metals.
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Table 3
Comparison of Cd accumulation in some species of hyperaccumulator and accumulator plants

Species and family Cd concentration in roots (mg kg−1) Cd concentration in leaves (mg kg−1) References

Thlaspi caerulescensa

(Brassicaceae)
Nr 116–263 [13]

1020 [10]
Arabidopsis halleria (Brassicaceae) 660b 157b [12]
Echinochloa polystachyaa (Poaceae) 299 233 This study
Brassica junceae (Brassicaceae) 81.9 43.2 [9]
Phragmytes karka (Poaceae) 53 39.5 [9]
Brassica campestris (Brassicaceae) 64.5 34 [9]
Dhatura innoxia (Solanaceae) 37 28.5 [9]
Equisetum ramosisti (Equiselaceae) Nr 28 [33]
Ipomoea carnea (Convolvulaceae) 51 20.1 [9]
Juncus effusus (Juncaceae) Nr 20 [33]
A. petraea (Brassicaceae) 336b 15b [12]
Poa labillardieri (Poaceae) 3.4b 3.0b [7]
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r, not reported.
a Hyperaccumulator plant.
b The original units are �g g−1, they were homogenized to mg kg−1.

Many plant species identified as hyperaccumulators have
een discovered in temperate climates, but have the disadvan-
age of producing little foliar biomass [1]. Little work has been
one on hyperaccumulators in tropical climates, with the excep-
ions of Cuba and Brazil [11]. In Mexico, E. polystachya grows
bundantly in gleysoles [15], and is found throughout central
nd south America [17], growing year-round with a high rate
f primary production (2.8 kg m−2 dry weight). Based on our
esults, this represents a potential extraction of 6.4 kg of Cd per
a (1 ha = 10,000 m2). In flooded soils, where E. polystachya can
row by as much as 4 cm d−1 and post-flowering biomass can
each 8 kg m−2 dry weight [16], potential Cd extraction may be
s high as 18 kg ha−1. These projections indicate the potential
f further research on the phytoextraction of other heavy metals
y E. polystachya.

A high Cd transport index (Ti) [9] was calculated for plants,
n the present study, exposed to the highest Cd concentrations
Table 2), indicating that E. polystachya translocates Cd effi-
iently from roots to leaves, although by a mechanism that is
oorly understood.

.2. Localization of cadmium accumulation in E.
olystachya determined by scanning electron microscopy
nd energy dispersive X-rays
.2.1. Cd localization in roots determined by SEM
Observations of roots treated with different levels of Cd2+

evealed small inclusions (Fig. 2a) that were not observed in the
a
d

ig. 2. (a) SEM image of longitudinal sections of E. polystachya roots treated with C
b) The EDX spectrum confirms the presence of Cd within the inclusions.
oots of control plants. Energy dispersive X-ray (EDX) obser-
ations reveal that the inclusions are rich in Cd (Fig. 2b). There
ere more inclusions in the xylem than in the cortex. The reason

o detect easily Cd in the xylem could be due to metal ligands
eported in the xylem and phloem [1]. The prevalence of inclu-
ions within the xylem indicates that it is the main pathway of Cd
ransport from root to leaves [3]. Cd could be chelated to organic
ompounds, as the EDX spectrum showed oxygen and carbon
eaks (Fig. 2b). The role of chelating ligands in Cd translocation
hould therefore be investigated.

.3. Detection of Cd in leaves via SEM

Abundant inclusions were observed in leaves of plants treated
ith Cd. These were more frequently seen in buliform cells

Fig. 3a and b) than in the mesophile region. EDX analyses
onfirmed that these inclusions contain Cd (Fig. 3c). Buliform
ells are larger cells than epidermis cells, and are totally occupied
y vacuoles and do not contain chlorophyll [36]. Our results
how that these cells accumulate Cd within their vacuoles.

.4. Localization of cadmium accumulation in E.
olystachya determined by transmission electron
icroscopy
TEM observations confirmed the results obtained by SEM
nalysis. Thin sections from Cd-treated plants showed abun-
ant clusters inside the vacuoles of root cells (Fig. 4b), while

d (100 mg L−1). Arrows show inclusions observed in the roots strand vascular.
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Fig. 3. (a) SEM image of buliform cells in E. polystachya leaves after 58 days of growth with Cd (100 mg L−1). (b) SEM image highlighting numerous inclusions
within buliform cells. (c) The EDX spectrum demonstrates that the inclusions contain Cd.

Fig. 4. (a) TEM image of E. polystachya roots from a control plant shows vacuoles (V) from Cd-untreated plants. (b) TEM image of E. polystachya roots from
a plant treated with100 mg L−1 Cd shows abundant clusters into the vacuoles. (c) The EDX spectrum confirms the presence of Cd within the clusters. The peaks
labeled copper (Cu) and osmium (Os) are due to the copper grid and the osmium tetroxide fixative, respectively.
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lusters were not observed in the controls (Fig. 4a). The clus-
ers observed by TEM within the vacuoles contain Cd (Fig. 4c).

ang et al. [37] reported similar clusters detected by EDX in
seudomonas aureoginosa grown at high concentrations of Cd.
ther mechanisms of Cd detoxification in plants are thought to

nvolve chelation through phytochelatins [38] or vacuole com-
artmentation [39,6].

. Conclusions

E. polystachya is a fast-growing plant with high biomass pro-
uction that grows on soils or flooded areas and has the ability
o tolerate (174 mg L−1 Cd2+ accumulated per experimental unit
uring 58 days) and hyperaccumulate high Cd concentrations.

No metal-toxicity symptoms were observed at any of the Cd
oncentrations analyzed in the present study. Higher Cd con-
entrations were found in roots than in leaves (299 ± 13.93 and
33 ± 8.77 mg kg−1 dry weight, respectively). The localization
f Cd was mainly observed in the root xylem and in leaf tissues,
specially in the bulliform cells of the epidermis.
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