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Abstract Physiological and biochemical responses,
metal bioaccumulation and tolerance potential of
Sphagnum squarrosum Crome Samml. to Cu and Cd
were studied to determine its bioindication and
bioremediation potential. Results suggest that gluta-
thione treatment increases the metal accumulation
potential and plays a definite role in heavy metal
scavenging. High abundance of Sphagnum in metal-
rich sites strongly suggests its high metal tolerance
capabilities. This experiment demonstrates that S.
squarrosum is able to accumulate and tolerate a high
amount of metals and feasibility of its application as
bioindicator and remediator test species of metal-
contaminated environment.

Keywords Bryophyte - Phytotoxicity - Sphagnum - -
Stress scavenging
Introduction

Heavy metals have been increasingly found in soil
due to atmospheric deposition, sludge, sewage,
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agrochemicals, industrial, and mining processes
resulting in potential risk to human health through
biomagnification (Chen et al. 2011), and therefore,
new economic plant-based remediation technologies
are needed (Sharma 2011). Bryophytes lack roots and
depend on precipitation, canopy leaching and wind-
blown dust for their mineral nutrition. Owing to lack
epidermis, the tissue readily absorbs heavy metals
from the atmosphere and strongly binds to the organic
matter. Furthermore, most bryophytes, including
Sphagnum, lack conducting tissue, and little internal
transport takes place (Blagnyte and Paliulis 2010).
These characteristics make them an efficient accumu-
lator and an ideal choice for biomonitoring and
remediation studies.

The presence of metallic toxicants may induce a
physiological response in the organism, often involving
production of enzymes that are capable of metabolizing
or degrading the toxicants (Srivastava et al. 2005).
During the process, several physiological parameters
such as protein, carbohydrate, proline, chlorophyll
content, and some critical enzyme activities are
influenced by the heavy metals (Godbold 1994; Syso
1998). Out of several proposed metal detoxification
mechanisms, metal chelation through low-molecular
weight peptides seems to be the most vital and widely
accepted one (Inouhe 2005).

Cu is an essential micronutrient since it is the
constituent of many metalloenzymes and proteins
involved in e transport, redox, and other important
reactions. But Cu when present at higher levels in its
free ionic form (Cu?") is toxic to plant cell. Cd is widely
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and increasingly used in industries for corrosion-
protecting coating, nickel-cadmium batteries, mining,
coal utilization, and tobacco smoking. Cd is well
known as a highly toxic environmental element due to
its great toxicity and high mobility from soil to plant
and further down the food chain (Vig et al. 2003).

The present study was undertaken to ascertain the
phytotoxicity of Cu and Cd on Sphagnum squarrosum
and its tolerance capabilities and mechanisms respon-
sible for detoxification by analyzing its response to
the metals.

Materials and methods

S. squarrosum Crome Samml. plants were collected
from uncontaminated sites of Mukteswar (Kumaon
hills), India, located at 2,380 msl. Identical sized,
thoroughly washed, green young shoots (5 cm from
apex) were incubated for 10 or 25 days in the 0.5
Hoagland medium containing varying concentrations
(viz. 0.01, 0.1, 1.0, and 10 mM) of copper as copper
sulfate or cadmium as cadmium chloride either alone
or in combination with glutathione (1 mM) under
laboratory conditions (light 60 uE? s ' and temperature
20+2°C). Control plants were allowed to grow in 0.5
Hoagland medium without metals and glutathione.

For identification of metal-binding peptides, the
method of Grill et al. (1991) was used. Five grams of
fresh S. squarrosum tissue was cooled and frozen in
liquid nitrogen, then homogenized in 0.5 ml of 1 N
NaOH containing a freshly prepared solution of
1 mg/ml NaBH,. This was centrifuged at 11,000xg at
4°C for 15 min, and the precipitated portion was
removed; it was again centrifuged at 13,000xg for
15 min, and the supernatant was used for HPLC.
Phytochelatins were separated on reversed phase
column (m Benapack 4 mm, C-18) with a linear
gradient of 0.20% acetonitrile in 0.1% trifluroacetic
acid at a flow rate of 0.5 ml/min. Detection of
phytochelatin was performed at 220 nm. Simulta-
neously, known amount of standard protein samples
were run under similar conditions.

For cell fraction studies, the centrifugation method
of Echols and Kisailus (1992) was adopted under
chilled conditions. Carbohydrate content was estimated
spectrophotometrically at 630 nm using anthrone
reagent according to the method of Hedge and Hofreiter
(1962). In vivo nitrate reductase (E.C.1.6.6.1) activity
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was measured in accordance to the method of
Srivastava (1975) by spectrophotometrically quantify-
ing the nitrite released into the incubation medium.
The color is developed due to the formation of diazo
compound with sulphanilamide and nitrite, which is
coupled with NED. For peroxidase (E.C.1.11.1.7)
estimation the method of Putter (1974) was followed
using guaiacol as a dye. Protein was estimated
following the Folin phenol method of Lowry et al.
(1951) using bovine serum albumin as standard.
Chlorophyll was estimated according to modified
Amon (1949) method by extracting the pigment in
80% acetone. Proline content was estimated following
the method of Bates et al. (1973). For metal analysis
the method of Shimwell and Laurie (1972) was
adopted by digesting 1 g oven-dried S. squarrosum
(80°C for 6 h) in concentrated (3:1) HCI to HNO3. The
optical density was recorded at 228.8 nm for Cd and
324.7 nm for Cu using air acetylene oxidizing flame
using atomic absorption spectrophotometer (EC India).

Each experiment was conducted thrice, each time
in triplicate set. The data presented are the average of
the treatments with standard error. For statistical
analysis of data, first ANOVA is applied to identify
whether the treatment had any significant influence on
the parameters measured and followed by Duncan’s
multiple range test (mean separation test).

Results

Effect of metal (Cu and Cd) on physiological
responses

The physiological parameters of Sphagnum were
affected sharply by treatment with various concen-
trations of copper and cadmium. Photosynthetic
pigment (chlorophyll), biomass (data not shown),
carbohydrate, and protein were affected adversely
and showed a decreasing trend with the increasing
concentration of metals, although not in a linear
proportion. Decrease in nitrate reductase activity with
concomitant increase in peroxidase activity upon
treatment with metals suggests a stress condition in
the plant, which is amply documented by increase in
proline content (Table 1). Despite the moss having
limited intake of Cd, its toxicity was more pro-
nounced than that of Cu. The decrease in most of the
metabolic parameters and nitrate reductase enzyme
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Table 1 Effect of various concentrations (in millimolars) of
metal either alone or in combination with glutathione
(1 mM) on total chlorophyll (in milligrams per gram fresh
weight), protein (in milligrams per gram dry weight),
carbohydrate (in milligrams per gram fresh weight), prolein

(in milligrams per gram fresh weight), nitrate reductase (in
micromoles NO, per hour per gram fresh weight), and
peroxidase activity (AOD per minute per gram fresh weight)
of S. squarrosum, after 10 days of treatment

Treatment Chlorophyll Protein Carbohydrate Proline Nitrate reductase Peroxidase
Control 3.32+0.14a 18.58+1.08a 3.24+0.27a 0.76+0.03a 4,466+15.06a 0.332+0.04a
0.01 Cu 2.17£0.09cg 16.01+1.11b 2.26+0.06b 0.89+0.03b 2,988+8.54b 0.726+0.04b
0.1 Cu 1.37+0.08d 14.99+1.07¢ 2.35+0.04b 0.93+£0.04b 2,733+14.92¢ 0.492+0.05¢
1.0 Cu 1.08+0.05¢ 14.13+1.09¢ 1.99+0.15d 0.79+0.05d 2,156+15.53d 0.386+0.06¢
10.0 Cu 0.59+0.04f 12.92+1.06d 1.61+0.05¢ 0.73+0.04d 986+7.53e 0.232+0.04f
0.01 Cd 1.98+0.11g 16.32+1.12b 2.42+0.08b 0.92+0.06be 2,812+15.01f 0.764+0.05g
0.1 Cd 1.14+0.09¢ 13.36+1.07¢ 2.06+0.10df 0.95+0.08be 2,633+9.84¢g 0.510+0.05¢d
1.0 Cd 0.92+0.06hg 12.93+1.08f 1.82+0.08g 0.83 +0.06gi 2,633+11.07h 0.516+0.06d
10.0 Cd 0.48+0.04f 12.88+1.09f 1.46+0.07h 0.79+0.07dh 796+6.73i 0.266+0.04h
0.01 Cu + GSH 3.14+0.17ab 17.87+1.10h 3.02+0.11a 0.81+0.06dh 3,663+16.73j 0.438+0.05i
0.1 Cu + GSH 2.61+0.13i 16.14£1.09i 2.33+0.06i 0.86+0.07ig 3,115+15.68k 0.317+0.06a
0.01 Cd + GSH 2.94+0.21b 18.11+£1.10j 2.95+0.29j 0.83+0.08j 3,536+8.161 0.447 £0.04i
0.1 Cd + GSH 2.30+0.08¢c 15.84+1.09k 2.78+0.10k 0.87+0.08k 3,143+12.62k 0.352+0.03;j

S. squarrosum samples were grown in the laboratory containing desired concentration of Cu or Cd for 10 days. Values are the average

of at least three determinations with standard error. Values with the same lowercase letters are statistically the same

activity was negated when reduced glutathione was
also added in the medium (Table 1). Similarly the
heavy metal-induced increase in peroxidase activity
was also arrested by glutathione.

Phytotoxicity of metals on S. squarrosum physiology
upon prolonged treatment

When the treatment of the moss continued for 25 days,
phytotoxicity of heavy metals was apparent, although
at a magnitude lower than that observed at 10 days,
especially at lower concentrations of the heavy metals
(Table 2). However, at higher concentrations, there
was an increased level of toxicity. It seems that there
was some recovery during prolonged exposure at
lower concentrations of the heavy metals. Exogenous
supply of reduced glutathione has ameliorated the
metal toxicity up to a certain extent.

Effect of metals (+glutathione) on bioaccumulation
potentials of S. squarrosum

The moss Sphagnum, upon treatment with metal,
accumulated a significant amount of heavy metals.
After prolonged treatment (25 days) with metal, a

decline in bioaccumulation rate was observed; how-
ever, the metal accumulation rate went down by 32—
60% in all cases. Treatment with metals in combina-
tion with glutathione increased the bioaccumulation
of S. squarrosum (Table 3). Cell fraction studies
demonstrated that the heavy metals were accumulated
mostly in the cell wall fraction (Table 4).

Effect of metal treatment on PCs synthesis

A considerable increase in PC level was observed
with increase in copper concentration as 0.51 uM Glu
Cys g ' at 10.0 mM, 0.39 uM Glu Cys g ' at
1.0 mM, 0.30 uM Glu Cys g ' at 0.1 mM, and
0.12 uM Glu Cys g ' at 0.01 mM concentration of

copper (Fig. 1).

Discussion

The present study demonstrates the phytotoxic
responses of 0.01-10.0 mM Cu or Cd on S.
squarrosum, in terms of decline in chlorophyll and
protein contents and nitrate reductase activity. The
most sensitive parameter appeared to be the chloro-
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Table 2 Effect of prolonged
exposure (25 days) various
concentrations (in molars)
of metal on total chlorophyll
(in milligrams per gram
fresh weight), protein (in
milligrams per gram dry
weight), nitrate reductase (in
micromoles NO, per hour
per gram fresh weight), and
peroxidase activity (AOD
per minute per gram fresh
weight) of S. squarrosum

Treatment and other details

Treatment Chlorophyll Protein NRA Peroxidase

Control 3.28+0.17a 18.34+0.92a 4,478+11.37a 0.316+0.04a
0.01 Cu 2.98+0.12b 16.64+1.10b 4,436+12.08b 0.318+0.03a
0.1 Cu 2.07£0.09¢ 14.47+0.71¢c 4,192+14.56¢ 0.394+0.04b
1.0 Cu 0.97+0.06d 13.10+0.49d 3,266+10.01d 0.618+0.06¢
10.0 Cu 0.26+0.03¢ 12.35+0.37¢ 714+6.08¢ 0.137+0.02d
0.01 Cd 2.81+0.03f 16.31+1.01f 4,396+13.79a 0.338+0.04¢
0.1 Cd 1.25+0.09¢ 13.86+0.29¢g 2,845+4.32f 0.714+0.07f
1.0 Cd 0.41+0.04d 12.35+0.36¢ 1,627+6.08g 0.218+0.02g
10.0 Cd 0.20+0.03e 11.96+0.67h 526+7.55h 0.113+0.02h
0.01 Cu + GSH 3.06+0.11ab 17.41+0.34i 4,536+18.761 0.304+0.02i
0.1 Cu + GSH 2.48+0.14f 16.08+0.18j 4,305+14.55j 0.341+0.04¢
0.01 Cd + GSH 2.96+0.11ab 16.42+0.21b 4,438+16.91b 0.323+0.01a
0.1 Cd + GSH 1.53+0.08g 14.17+0.34¢ 3,117+14.43k 0.546+0.04j

are as in Table 1

phyll, which has been reported earlier also (Hou et al.
2007; Rau et al. 2007). The decline in chlorophyll
may be due to reduced synthesis (Nag et al. 1981),
which is the consequence of interaction of wvital
enzymes involved in chlorophyll synthesis (Stobart
et al. 1985). The decreased chlorophyll content may
lead to reduced photosynthesis and ultimately to
reduced biomass. Inhibition of nitrogenous parame-
ters such as protein and nitrate reductase activity has
been observed in many higher plants (Bhandal and
Kaur 1992; Kevresan et al. 1998) and even in

Table 3 Effect of various concentrations of metals either
alone or in combination with glutathione on bioaccumulation
potential (in milligrams per gram dry weight) of S. squarrosum

Treatment Metal bioaccumulation Metal bioaccumulation
(after 10 days) (after 25 days)

Control - -

0.01 Cu 0.40+0.03 0.72+0.06
0.1 Cu 2.01+0.21 3.14+0.31
1.0 Cu 2.60+0.23 3.63+0.32
10.0 Cu 3.16+0.29 4.58+0.39
0.01 Cd 0.33+£0.31 0.58+0.06
0.1 Cd 0.92+0.09 1.31+0.12
1.0 Cd 1.41£0.13 1.97£0.13
10.0 Cd 1.84+0.15 2.43+0.21
0.01 Cu+GSH 0.71+0.07 0.97+0.09

0.1 Cu+ GSH 3.12+0.29 3.89+0.36
0.01 Cd+GSH 0.58+0.05 0.76+0.80

0.1 Cd+GSH 1.23+0.11 1.68+0.17
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Sphagnum (Saxena et al. 1999). It is well known that
heavy metals can act at different sites to inhibit a large
number of enzymes having functional sulfydryl
groups, resulting in the disruption of protein synthesis
pathways (Vallee and Ulmer 1972). Increased perox-
idase activity upon metal treatment may be an
indication of the induction of free radical-scavenging
metabolism (Satyakala and Jamil 1997). Thus, the
response of the moss S. squarrosum to Cu and Cd
seems to be similar to the response of most of the
higher plants to the heavy metals.

Glutathione (GSH) is ubiquitous in eukaryotes, and
the tripeptide serves a plethora of physiological
functions including redox regulation, conjugation of
metabolites, and detoxification of xenobiotics. How-
ever, with the onset of environmental stresses,
including the heavy metals, it plays a vital role in
protecting plants. This is because of its role as an
antioxidant, as it participates as a reactant in the
Asada—Halliwell cycle of radical scavenging (Alscher
1989). Thus, in the present study, the supply of
reduced glutathione has ameliorated Cu and Cd
phytotoxicity as expressed by decline in chlorophyll,
protein, and nitrate reductase activity (Table 1). Such
a protective role of glutathione against heavy metal
toxicity has been observed in Vigna (Bhattacharya
et al. 1995), rice root growth (Chen and Kao 1995),
sugar beet (Kevresan et al. 1998), Sorghum (Pandit
and Prasannakumar 1999), lettuce (Maier et al.
2003), and in Fontinalis (Burns et al. 2001).

Field studies showed luxuriant growth of S.
squarrosum along the roads at Cu and Cd rich sites
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Table 4 Effect of glutathione (1 mM) on Cu accumulation (in milligrams per gram dry weight) in various cellular fractions of
S. squarrosum treated with different concentrations of copper

Cellular fraction

Concentration of copper, mM

0.01 0.1 1.0 10.0

—GSH +GSH —GSH +GSH —-GSH +GSH —-GSH +GSH
Cell wall 0.29+0.03  0.42+0.04  1.42+0.11 1.994+0.21  1.73£0.14  2.29+0.19 221021  2.49+0.25
Cytosol 0.09+0.01  0.13£0.02  0.45+0.06  0.63+0.06  0.47+£0.04  0.64+£0.06  0.0.53£0.05  0.68+0.06
Particulates 0.07+£0.02  0.08+0.01  0.26+0.03  0.41+0.04  0.37+0.04 0.41+0.04 0.39+0.03  0.39+0.04
Total 0.51£0.05  0.74+£0.08  2.57+0.18  3.46+0.31  3.06£0.23  3.78+0.24 3.51£0.21  3.97+0.32

Treatment details as in Table 1

(data not shown). This suggests that it has acclimated
well to a metal-contaminated environment by devel-
oping some metal tolerance strategies viz. avoidance,
protection, or detoxification. Being oxylophytic in
nature, S. squarrosum grows in a slightly acidic
environment. HSO; and carbonic acids formed from
SO, and CO, released from automobile exhaust may
help in maintaining the slightly acidic pH of the
cytosol needed for optimum physiological functions
of S. squarrosum (Saxena and Saxena 1999). On the
other hand, in a clean habitat, leafy liverworts and
other sensitive bryophytes are more abundant, which
may be due to minimum or no pollutant like that
observed at Muketswar.

Bioaccumulation potential of the moss was deter-
mined to see whether the effects of Cu or Cd were
topical or these elements were actually present in the
cellular environment. The present study demonstrates
a high accumulation potential which correlates to the
environmental concentration of heavy metal. A
significant accumulation in the cell wall fraction

PC content (in . mol g fr. wt.)

0 0.01 0.1 1 10
Concentration of Cu in mM

Fig. 1 Effect of various concentrations of copper on PCs (in
micromoles per gram) level

demonstrates that most of the metal was taken in by
ion exchange process and was adsorbed by the cell
walls. Sphagnum has far higher concentrations of
polyuronic acids than other mosses, and therefore
Sphagnum behaves as a cation exchanger with
numerous sites where divalent ions bind to the cell
walls (Glime and Keen 1984). This provides an
extensive metal-binding capability of Sphagnum moss
(Ruhling and Tyler 1973).

A greater increase in bioaccumulation potential of
metals was observed upon treatment with metals in
combination with GSH than with metals alone. The
study supports the detoxification role of glutathione
during accumulation when higher amount of metal is
stored. It is likely that either glutathione itself or one
of its metabolic products is able to bind the metal
inside the cell. Decrease in accumulation rate during
the last 15 days, in comparison to the first 10 days,
could be due to several reasons: (1) decrease in
concentration of metal in solution, (2) limited uptake
and saturation of exchange sites, and (3) complete or
partial depletion of exogenous GSH supplied during
metal treatment.

When a moss sample is placed in solution, there is
a swift (minutes) chemical equilibrium achieved
between free metals and those bound to extracellular
binding sites. The amount of metal remaining in the
solution is then the concentration available to have a
biological impact on the moss over the next days.
Introducing glutathione to the solution establishes
further chemical equilibria where the relative binding
capabilities of the moss and glutathione for a
particular chemical again determine how much of
the metal remains available in solution in an unche-
lated form. Intracellular uptake of metals may involve
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a slower transmembrane-mediated process where
interactions between different metal cations for the
carrier (and their relative proportions) determine how
much of an element may be incorporated to the
metabolically active interior of the cell.

Similarities at the structural level between PC and
GSH have suggested that synthesis of these molecules
may be related (Gupta et al. 1999). The data presented
herein support the hypothesis that GSH acts as a
substrate for PC synthesis (Leopold et al. 1999).

The phytochelatin content in the present study
increased with the increase in external Cu concentration,
but not as much as the total Cu content of the moss
(Table 3). For example, with an increase in external Cu
concentration from 0.01 to 10.0 mM, the PC content
increased by about 1.78-fold, while Cu accumulation
increased by almost sixfold during a fivefold increase
in external Cu concentration. Apparently induced
synthesis of PC was unable to detoxify all the Cu
accumulated; hence, with the increase in external Cu
concentration, we observed the decline in chlorophyll
and nitrate reductase activity.
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