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ABSTRACT

Biology, tolerance, and metal (Pb and Cr) accumulating ability of Gomphrena celosoides were
studied under hydroponic conditions. The seedlings were raised in Hoagland’s solution containing
different concentrations of Pb (0, 500, 1000, 1500, 2000, 3000, 4000, and 5000mg |~') and Cr
(0, 50, 100, 150, 200, 300, and 400mg |I~"). Biomass and metal accumulation in different plant
parts were determined at seven (7) and fourteen (14) days after stress. Antioxidant enzyme activ-
ities, protein, and proline contents were estimated in stressed and unstressed plants. Gomphrena
celosoides was able to tolerate Pb and Cr concentrations up to 4000 and 100mg |, respectively
in hydroponic solution. Metal accumulation was concentration and duration dependent with the
highest Pb (21,127.90 and 117,985.29mg kg™") and Cr (3130.85 and 2428.90mg kg™ ') in shoot
and root, respectively found in the plants exposed to 5000mg I~' Pb and 400mg I~' Cr for
14 days. Proline, antioxidant enzyme activities, and protein contents were the highest in plant
exposed to higher Pb and Cr concentrations for 7 and 14 days. Gomphrena celosoides could be
considered as Pb and Cr accumulator with proline and increase in antioxidant enzyme activities
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being the tolerance mechanisms.

Introduction

Increase in industrialization and urbanization has been blamed
for the contamination of the environment with toxic heavy
metals like Pb, Cr, As, Cd, and Cr (Peterson and Girling 1981;
Zayed and Terry 2003; Morsy et al. 2012). The most worrisome
of this is the contamination of agricultural land with heavy met-
als. It reduces the size of arable lands, reduces crop yield by dis-
rupting the physiological and biochemical processes and it
poses threats to human health through food poisoning
(Shanker et al. 2005: Rizwan et al. 2018). To restore contami-
nated soil and enhance crop yield, different methods have been
proposed for the remediation of metal contaminated soil;
chemo-remediation (Ogundiran 2007), excavation and landfill-
ing, compost remediation (Rennevan et al. 2007; Bolan et al.
2010; Adejumo et al. 2011), soil washing and flushing (Iturbe
et al. 2003; Udovic and Lestan 2009; Moon et al. 2012), and
phytoremediation (Brooks 1998; Li et al. 2003; Shah and
Nongkynrih 2007). Among these, phytoremediation approach
is currently gaining much attention because of its eco-friendli-
ness and cost effectiveness (Cunningham and Berti 2000;
Reeves 2006). It is a green technology that is self-sustainable
compared to the conventional physical and chemical remedi-
ation procedures (USEPA 2000; Pokhrel and Dubey 2012).
Phytoremediation comprises of phytoextraction, phytosta-
bilization, rhizofiltration, and phytovolatilization (Pulford

and Watson 2003; LeDuc et al. 2004; Padmavathiamma and
Li 2007). The phytoextraction process which involves the
use of plants to absorb metals from contaminated matrices
is commonly employed (Brooks 1998; Li et al. 2003; Shah
and Nongkynrih 2007). The plants for phytoextraction pro-
cess must, however, be tolerant and be able to accumulate
high concentration of metals in their above-ground tissue
(Clemens 2006). These plant species are called metal accu-
mulators or hyperaccumulators (Brooks et al. 1977; Kramer
2010) and are categorized as plants that can accumulate
metals in the shoot from 100 to 1000 fold compared to non-
accumulators without showing any toxicity symptom (Baker
1987; McGrath et al. 2002; van der Ent et al. 2013). They
achieve this through the help of several stress tolerance
markers which could be enzymatic or non-enzymatic strat-
egies (Clemens 2001). The non-enzymatic include, produc-
tion of stress-related osmolytes and amino-acids like proline,
gluthathione, phytochelatin, glycine betaine, cysteine, etc.),
while, the enzymatic strategy involves the up or down regu-
lation in the activities of the enzymes associated with stress
such as aminotransferases or ureases, superoxide dismutase
and catalase (Clemens 2001; Candan and Tarhan 2003;
Hossain et al. 2012). The enzymatic and non-enzymatic
strategies help in increasing stress tolerance and preventing
oxidative stress by scavenging the reactive oxygen species
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(ROS) which are produced in response to metal toxicity
(Hossain et al. 2012). Increase in proline production has
been reported to be related to stress tolerance in some met-
allophytes (Adejumo et al. 2015). Heavy metal tolerance in
A. thaliana is also controlled by chelation with metallothio-
neins, phytochelatins, and glutathione (Clemens et al. 1999;
Gupta et al. 2010; Auguy et al. 2013).

Many of these plant species have been identified and
reported in about 45 families but, majority belong to
Brassicaceae family (e.g. Hirschfeldia incana, Thlaspi caeru-
lescens, Thlaspi praecox, and Arabdopsis halleri), whereas few
were reported for other families (Blaylock et al. 1997; Reeves
and Baker 2000; Abdul et al. 2001; Delorme et al. 2001;
Prasad and Freitas 2003; Auguy et al. 2013). Besides, several
of these metal accumulators are metal and location specific
(Zhao et al. 2003). For instance, in the Brassicaceae family,
many hyperaccumulators have been reported for metals like
Ni, Cd, and Zn (Whiting et al. 2000; Roosens et al. 2003;
Wang et al. 2006). This results in dearth of information on
the molecular mechanisms, especially for Pb tolerance and
accumulation in plants. To expand the scope of phytotech-
nology, there is need for the identification of other metal
accumulators and tolerant plants that can be applied to dif-
ferent contaminated environments and for different metals
(polymetallic hyperaccumulators). New species are now
emerging in other families and among these is the anthra-
ceae family where Gomphrena genus belongs (Carvalho
et al. 2013). Under this genus, Gomphrena claussenni has
been reported to be extremely tolerant to high zinc and cad-
mium concentration (Carvalho et al. 2013), whereas G. celo-
soides is another metallophyte that has been found
inhabiting highly contaminated metalliferous sites and
reportedly accumulated high concentration of Pb from bat-
tery waste contaminated sites (Adeosun et al. 2017;
Adejumo et al. 2018).

However, apart from identification of naturally occurring
metal tolerant plants, the understanding and investigation of
their tolerance levels have also been described as effective
process for phytoextraction of heavy metals (McDonald
2006; Mudgal et al. 2010). Limited number of species which
can tolerate and accumulate metal in aboveground tissue
hinders application of phytotechnology. Similarly, for the
plant to be effective for phytoextraction outside its natural
environment, the tolerance level and biology of such identi-
fied plant in response to different metals need to be studied
and determined (Memon et al. 2001, Chaney et al. 2005;
Verbruggen et al. 2009). This is because plants to be used
for phytoextraction must display combined traits of high
capacity for metal absorption, root to shoot translocation,
detoxification, rapid growth, and high biomass accumulation
as there are no correlations between accumulation and toler-
ance (Verbruggen et al. 2009). A metal tolerant plant does
not necessarily mean an hyperacumulator. The level of toler-
ance of different hyperaccumulators and mechanisms being
employed for detoxification have also been reported to
depend on the magnitude of contamination and the metal
involved (Yang et al. 2005; Awaad et al. 2010; Alvarez et al.
2012; Auguy et al. 2013).

Understanding the biology of hyperaccumulator, tolerance
level, mechanisms involved in metal uptake, detoxification
and sequestration will, therefore, help in determining the effi-
ciency and ability of such plant for phytoextraction and suc-
cessful field application. It is believed that plant species that
are suitable for phytoremediation should have evolved bio-
logical mechanisms to tolerate and survive metal contamin-
ation under different conditions including their natural
habitat (Sun et al. 2006). In our previous studies, different
plants growing on the sites that are highly contaminated with
Pb were analyzed for their ability to accumulate heavy metals
most especially in the shoot (Adeosun et al. 2017; Adejumo
et al. 2018). Among the identified plant species, G. celosoides
was found to accumulate high concentration of Pb in its tissue
and thrives well in metal enriched environment (Adeosun
et al. 2017). This results demonstrated that G. celosoides is a
Pb accumulator species. In this study, the Pb and Cr tolerance
level and accumulation ability of this identified plant species
was compared to evaluate its dose-dependent response in
hydroponic experiment for different duration. It was assumed
that the hydroponic metal exposure experiments would subse-
quently provide an excellent way to evaluate the maximum
levels of Pb and Cr tolerance and accumulation in this plant.
Its biology, mechanisms of tolerance, proline production and
enzymatic activity in response to metal treatments were also
focally studied to be able to develop it further for phytoreme-
diation of metal contaminated sites, especially Pb and Cr and
for the purpose of genetic engineering and possible develop-
ment of transgenic plant with improved metal uptake and bio-
mass production.

Methodology
Experimental

Source of plant materials and treatments for hydro-

ponic experiment

The experiment involved laboratory and hydroponic studies.
The seeds of the identified Pb tolerant and hyperaccumulator
plant (G. celosoides) collected from the abandoned lead acid
battery waste contaminated site in Ibadan, Nigeria were used
for the studies. The hydroponic solution was prepared using
the half strength 20% Hoagland solution to provide nutrients
for the plant during the experimental period under hydro-
ponic conditions. To induce metal stress in the solution, Pb
was introduced as lead acetate and Cr as Cr (V1) from potas-
sium dichromate salt (K,Cr,0;). Two trials were conducted
with the first trial lasting for 7 days and the second trial for
14 days using lower Pb (0, 500, 1000, 1500, and 2000 mg 1~")
and Cr (0, 50, 100, and 150 mg 1™Y) concentrations as well as
higher Pb (2000, 3000, 4000, and 5000 mg 171 and Cr (200,
300, and 400 mg 1') concentrations. The choice of the metal
concentrations was based on the previous study where,
G. celosoides in its natural environment was found growing on
Pb contaminated soil containing 42,230 mg/kg Pb and accu-
mulated high Pb concentrations of 6800 and 4644 mg/g in the
shoot and root, respectively. Meanwhile, to ensure survival,
rather than simulating this in the hydroponic experiment, the



concentration was initially reduced to 500-2000 mg/l. When
the plants survived in Pb concentration up to 2000 mg/l for
7 days, another set of seedlings were exposed to higher con-
centrations of 2000-5000 mg/l Pb for 7 days. Second trial was
carried out using the same lower and higher concentrations of
Pb and Cr but the seedlings were stressed continuously for
14 days duration.

3
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Procedure for the hydroponic experiment

The seeds were first pre-germinated in the nursery (Plate la)
using soil-compost mixture in the greenhouse of the
Environmental  Biotechnology Division, CSIR-NEERI,
Nagpur, India. Experiments commenced when the seedlings
were 2 weeks old. Seedlings with heights ranging between 10
and 15cm, number of leaves between 4.5 and 8.5 and fresh

Plate 1. (a) Gomphrena celosoides during nursery stage before hydroponic studies. (b) Gomphrena celosoides during hydroponic studies before Pb treatment.
(c) Gomphrena celosoides 7 days after Pb treatment. (d) Gomphrena celosoides 14 days after Pb treatment.
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weight of average 4.5g were selected and used for the toler-
ance study in lower metal concentrations. The seedlings were
uprooted gently to preserve their roots, washed with tap
water, and later distilled water before transferring them ran-
domly into the Hoagland’s solution. The plants were first
acclimatized for 1 week in the Hoagland’s solution before
imposing stress treatment. The seedlings were allowed to
grow in the lower metal solutions for 7 days. The experiment
was terminated at 7 days after stress. Fresh solution was pre-
pared for higher metal concentration trial for 7 days. This
time around, 4 weeks old plants were used and seedlings with
number of leaves ranges from 7 to 13 and plant height ranges
from 13 to 17 cm were selected, uprooted gently to preserve
their roots, washed with tap water, and later distilled water
before transferring them randomly to the Hoagland solution,
acclimatized in the Hoagland’s solution for 1 week before
exposing them to higher metal concentrations. For the second
trial, fresh seedlings were raised following the same procedure
and at 4 weeks after planting, seedlings of relatively the same
height and number of leaves were selected and raised in
hydroponic solution containing lower and higher metal con-
centrations continuously for 14 days following the same pro-
cedure described in the first trial. Under each trial, the
treatments were replicated three times and arranged in the
growing chamber using completely randomized design.

Data collection

Data were collected on growth parameters, biomass, and
metal accumulation in plant. Growth performances were
monitored at acclimatization, before and after stress. Fresh
weight was determined after each stress. At the end of the
experiment, fresh leaf samples were also taken, kept at
—80°C for molecular and biochemical analysis. Leaf and
root biomass of the plants were determined after oven dry-
ing for the determination of dry matter accumulation. The
oven dried plant samples (root and shoot) were then ground
carefully and separately into powder using electronic
blender. Thereafter, 1g each of the plant materials was
weighed into the conical flask and 10 ml of conc. HNO; was
added following the procedure described by Adejumo et al.
(2018) but slightly modified. Metal accumulation (Pb and Cr
concentrations) in different plant parts was determined from
the extract using inductively coupled plasma emission spec-
trometry (ICP-OES, Thermo-Fisher, iCAP, 6300 series).

Laboratory procedures

DNA extraction

To determine the effect of the metal concentration on DNA
quality, total genomic DNA was extracted from the experi-
mental plants following standard CTAB protocol as
described by Doyle and Doyle (1990) with slight modifica-
tions. Briefly, about 200 mg of leaf tissue were ground with
a sterilized mortar and pestle (while keeping them frozen
with liquid nitrogen) to break cells and homogenize tissue.
Extraction buffer (2 ml) containing 1 M Tris-Hcl (pH = 7.5),
5M NaCl, 0.5M EDTA, 2.5% CTAB, 1% PVP, and 0.2% b-

mercaptoethanol was added to each tube and shaken to dis-
solve macerated tissues in buffer completely and this was
followed by incubation overnight at 65°C. The tubes were
then allowed to cool at room temperature before adding
equal volume of chloroform/phenol/isoamyl alcohol
(25:24:1). Mixed gently by inversion for 10-15min and then
centrifuged at 10,000 rpm for 10 min. Supernatant was taken
out in a separate tube. This step was repeated by mixing the
supernatant  with equal volume of Chloroform:
Isopropanylalcohol (24:1). After that, aqueous upper phase
was removed and mixed with 1/25 of 5M NaCl and 0.6 vol
of isopropanol and allowing them to precipitate overnight.
The mixtures were again centrifuged at 12,000rpm for
10min at 4°C. The supernatant was discarded by gentle
inversion and the pellet was washed twice with 70% alcohol.
Pellets were air dried and diluted using 100 ul of prechilled
autoclaved water and kept at —20°C for analysis. The
extracted DNA concentration was quantified using
NanoDrop  ND-1000  spectrophotometer  (NanoDrop
Technologies Inc., Rockland, DE, USA).

Determination of proline contents

Proline content was estimated according to Bates et al
(1973), by homogenizing leaf (0.5g) in 3.0% (w/v) sulphosa-
lycylic acid and the homogenate was filtered. From the fil-
trate, 2ml was taken and mixed with 2ml of glacial acetic
acid and 2 ml of acid ninhydrin. The mixture was boiled for
60 min in water bath, and then the reaction was stopped by
placing the tubes in an ice bath. The mixture was separated
by adding 4ml of toluene, and the absorbance of the frac-
tion with toluene separated from liquid phase was read at
520 nm. Proline concentration was calculated from a stand-
ard curve ranging from 0.0 to 100 pg proline. Proline con-
tent was expressed as pg/g FW.

Determination of antioxidant enzyme activities and pro-
tein content

The antioxidant enzyme activities were determined following
the procedure described by Zhang et al (2007). Fresh leaves
(250 mg) and root of Gomphrena stressed for 7 and 14 days,
respectively, were homogenized in a chilled mortar using
extraction buffer which consisted of 50mM N-2-hydroxye-
thylpiperazine-N’-ethanesulfonic acid (HEPES), 0.4mM
EDTA, 5mM MgCl,, 1% Polyvinylpyrrolidone, 2mM
Dithiothreitol, 10% glycerol, and 1 nM Phenylmethylsulfonyl
fluoride (PMSF). Homogenates were centrifuged at 14,000 g
at 4°C for 20 min, and the supernatant was used for enzyme
activities. The activities of Catalase (CAT) and Superoxide
Dismutase (SOD) were determined from the supernatant
using a method described by Zhang et al. (2007). For SOD
the reaction mixture contained 3.6 ml millique water, 0.1 ml
of enzyme extract, 5.5ml of 50mM potassium-phosphate
buffer, pH 7.8 and 0.8 ml of 3mM pyrogallol (dissolved in
10 mM HCI). The rate of pyrogallol reduction was measured
at 325nm using Cary 60 UV-VIS Spectrophotometer
(Agilent Technologies). CAT was determined by adding
40 pl of enzyme extract to 9.96 ml of H,O, phosphate buffer



pH 7.0 (0.16 ml of 30% H,0, to 100 ml of 50 mM potassium
phosphate buffer pH 7). The rate of change of H,O, was
measured at 250nm and one unit of the enzyme activity
was defined as the amount of enzyme that reduced 50% of
the H,O, in 60s. The enzyme activity was expressed as unit/
mg protein. Bradford assay was used to determine the total
amount of protein present in each sample/enzyme extract.

Statistical analyses

Analysis of variance (ANOVA) was used for the statistical
analysis and this was carried out using SPSS statistics soft-
ware version 17.0 (Statistical Package for Social Science for
Windows, SPSS, Inc., Chicago, IL, USA). The significant dif-
ferences among mean values were determined by post-hoc
test using DMRT and Tukey HSD tests at p < 0.05. All val-
ues reported are the means of three replicates.

Translocation Factor (TF) was determined to evaluate
metal translocation from root to shoot. It was calculated as
the ratio of metal in the shoot/metal in the root. Similarly,
Bioaccumulation Factor (BF) was determined to assess the
ability of G. celosoides in taking up metals from growing
medium and this was calculated for shoot and root as the
ratio of metal in the different plant parts to the metal con-
centration in the hydroponic solution (metal concentration
in the plant root or shoot/metal concentration in
the solution).

Results

Growth response of G. celosoides in lower Pb
concentrations under hydroponic experiment for 7 days

The number of leaves and plant height generally increased
in all the treatments starting from the day of acclimatization
to 7 days after acclimatization (i.e., before stress). At 7 days
after Pb treatments, 13.3, 32.3, and 3% increase in the num-
ber of leaves of the plants exposed to 500, 1000, and
2000mg 17" Pb, respectively, were recorded, but these values
were low compared to 52% increase recorded in the control
treatment. Similarly, the increase observed in the plant
height of unstressed plants (Control) was more than that of
the stressed plants. Whereas, 100% increase was recorded
for control plant, 54.54, 14.70, 28.00, and 9.38% increase
were recorded for plants exposed to 500, 1000, 1500, and
2000mg 17" Pb, respectively. Appreciable increase was
recorded in 500mg 17" Pb, but as Pb concentration
increases, there was reduction in the plant height.
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Compared to the initial weight before hydroponic, an
increase was also observed in fresh weight of all the plants
at 7days after treatments except for those exposed to
2000 mg 17" Pb treatment (Figure 3). The increase was more
in the control than the stressed plants and was about
20.00-37.73% more than the stressed plants. On the total
dry weight, contrary to what was observed for the fresh
weight, the dry matter was conversely, higher in the stressed
plants than the unstressed plants except in 1500mg 1~' Pb
treatment (Table 1).

Growth response of G. celosoides to Pb treatment
under hydroponic experiment for 7 days in higher Pb
concentration

Surprisingly, in the experiment with higher Pb concentra-
tions (2000, 3000, 4000, and 5000 mg 17! Pb), the growth of
G. celosoides was remarkable at 7 days after stress compared
to what was observed under lower Pb concentrations (500,
1000, 1500, and 2000mg 1~" Pb). The number of leaves
increased by 88.24, 285.71, 66.67, and 43.48% in 0, 2000,
3000, and 4000mg 1~' Pb concentration, respectively when
the initial number of leaves at the day of acclimatization
was put into consideration. Reduction of 38.23% was, how-
ever, recorded in the highest Pb concentration of 5000 mg
"' Pb where the number of leaf reduced from 13.0 to 10.5.
Conversely, plant height unlike the number of leaves was
reduced after stress in all the Pb treatments (2000-5000 mg
1"! Pb) compared to control. There was a decrease in fresh
weight of all the plants exposed to Pb treatments at 7 days
after treatments except for those exposed to 2000 mg 1~ Pb
treatment. The dry matter/biomass accumulation was how-
ever higher in the stressed plants than unstressed (Table 2).

Growth response of G. celosoides to Pb treatment
under hydroponic experiment for 14 days in lower and
higher Pb concentration

As observed under the 7-day duration, the number of leaves
and plant height generally increased in all the treatments
starting from the day of acclimatization to 14 days after Pb
treatments except in 2000mg 1~' Pb, treatment. Meanwhile,
on the plant height, remarkable increase was observed in all
the treatment at 14 days after Pb exposure compared to the
value at acclimatization and before exposure. Similar to
what was observed for 7-day stress, the dry matter yield in
the treated plants was more than that of control plant
(Table 3). Growth response of G. celosoides to Pb treatment

Table 1. Growth response of G. celosoides to Pb treatment under hydroponic experiment for 7 days in lower Pb concentration.

Pb conc (mg/l) NOLA1 NOLBS NOLAS7 PHA1 (cm) PHBS (cm) PHAS7 (cm) SDW (g/plant) RDW (g/plant) TDW (g/plant)
0 11.50c 15.00c 17.50b 4.50a 7.00b 10.00 7.50a 1.82a 0.34a

500 15.00a 19.00a 17.00b 5.50b 8.00b 10.00 6.00b 1.79a 0.30a
1000 15.50a 18.00a 20.5.00a 8.50a 9.00a 3.50 5.99b 2.30a 0.26ab
1500 13.00b 18.00a 13.00c 6.25b 7.50b 4.00 4.50c 1.17a 0.20b
2000 14.50ab 17.00b 15.00c 8.00a 8.50ab 2.50 4.67¢ 2.02a 0.18b

NOLA1: Number of leaves at acclimatization day 1; NOLBS: number of leaf before stress; NOLAS7: number of leaf 7 days after stress; PHA1: plant height at accli-
matization day (cm); PHBS: plant height before stress; PHAS7: plant height 7 days after stress; FWBS: fresh weight before stress; FWAS7: fresh weight 7 days
after stress; WG: weight gain, SDW: shoot dry weight; RDW: root dry weight; TDW: total dry weight.

Means followed by the same letter in the same column are not significantly different from each other.
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Table 2. Growth response of G. celosoides to Pb treatment under hydroponic experiment for 7 days in higher Pb concentration.

Pb conc (mg/l)  NOLAT NOLBS  NOLAS7  PHAT (cm)  PHBS (cm)  PHAS7 (cm)  TFWAS (g)  SDW (g/plant) ~ RDW (g/plant)  TDW (g/plant)
0 8.50c 10.00c 16.00c 16.00a 18.50a 19.00a 4.15a 0.56¢ 0.11c 0.67c
2000 7.00d 9.00d 27.00a 13.50b 17.00b 15.50c 4.76a 0.75a 0.14b 0.89a
3000 7.50d 9.00d 12.50d 17.50a 19.50a 16.50b 2.43c 0.56¢ 0.12c 0.68¢
4000 11.50b 14.50b 19.00b 16.50a 19.50a 15.50c 3.31b 0.62b 0.18a 0.80b
5000 13.00a 17.00a 10.50e 13.00b 16.50b 15.00c 2.74b 0.60b 0.10d 0.70c

NOLA1:Number of leaves at acclimatization day 1; NOLBS: number of leaf before stress; NOLAS7: number of leaf 7 days after stress; PHA1: plant height at accli-
matization day (cm); PHBS: plant height before stress; PHAS7: plant height 7 days after stress; FWBS: fresh weight before stress; FWAS7: fresh weight 7 days
after stress; WG: weight gain; SDW: shoot dry weight; RDW: root dry weight; TDW: total dry weight.

Means followed by the same letter in the same column are not significantly different from each other.

Table 3. Growth response of G. celosoides to Pb treatment under hydroponic experiment for 14 days in lower Pb concentration.

NOL PLH
Treatments BA BS AS7 AS14 BA BS AS7 AS14 FWAS14 SDW RDW TDW
0 14.00b 16.00b 23.00a 24.50a 17.50b 21.00c 20.50c 25.50ab 4.30a 1.18a 0.22a 1.40a
500 11.50c 13.00c 12.00b 13.50c 14.50c 17.00d 16.50d 17.50c 2.02b 0.79b 0.16b 0.95a
1000 8.00d 10.00d 8.00c 18.00b 21.50a 23.50b 24.00b 25.00ab 2.83b 131a 0.19a 1.50a
1500 7.50d 9.00d 9.00c 15.00c 25.00a 27.00a 27.50a 27.50a 3.17a 1.34a 0.20a 1.54a
2000 16.00a 19.00a 11.50b 10.50d 15.00c 18.50d 22.00c 17.50c 2.26b 0.90b 0.15b 1.05b

NOLBA: Number of leaves at acclimatization day 1; NOLBS: number of leaf before stress; NOLAS7: number of leaf 7 days after stress; NOLAS14: number of leaf

14days after stress; PHBA: plant height at acclimatization day (cm): PHBS: plant height before stress; PHAS7: plant height 7 days after stress; FWBS: fresh
weight before stress; FWAS14: fresh weight 14 days after stress; WG: weight gain; SDW: shoot dry weight; RDW: root dry weight; TDW: total dry weight.
Means followed by the same letter in the same column are not significantly different from each other.

Table 4. Growth response of G. celosoides to Pb treatment under hydroponic experiment for 14 days in higher Pb concentration.

NOL PLH
Treatments BA BS AS7 AS14 BA BS AS7 AS14 FWAS14 SDW RDW TDW
0 21.00a 24.00a 19.50a 39.00a 19.00a 21.50a 22.50a 25.00a 4.20a 0.96a 0.22b 1.18a
2000 14.50b 17.00b 10.00c 17.00b 17.50b 20.00a 17.00b 23.00a 2.28b 0.5%9b 0.50a 1.09b
3000 10.00c 13.00c 12.50b 14.00c 17.50b 20.50a 23.50a 22.00a 2.45b 0.85a 0.21b 1.06b
4000 12.00b 15.00bc 9.00c 9.00d 14.50d 16.00b 19.00ab 16.00b 1.95b 0.71a 0.20b 0.90b
5000 7.00c 8.50d 8.00c 0.00d 16.00c 19.00a 17.00b 0.00c 2.24b 0.86a 0.34b 1.20a

NOLBA: Number of leaves at acclimatization day 1; NOLBS: number of leaf before stress; NOLAS7: number of leaf 7 days after stress; NOLAS14: number of leaf
14days after stress; PHBA: plant height at acclimatization day (cm); PHBS: plant height before stress; PHAS7: plant height 7 days after stress; FWBS: fresh
weight before stress; FWAS14: fresh weight 14 days after stress; WG: weight gain, SDW: shoot dry weight, RDW: root dry weight, TDW: total dry weight.

Means followed by the same letter in the same column are not significantly different from each other.

under hydroponic experiment for 14 days in higher Pb con-
centration followed the same trend in term of number of
leaves but there was a reduction in the case of higher Pb
concentration of 4000 mg 1”' Pb and there was no data for
the highest Pb concentration due to the death of the plant
exposed to this treatment. In the case of plant height, an
increase was recorded in all the treatments up till 14 days
after exposure and 4000 mg 1~' Pb. The dry matter content
of the plant exposed to the highest Pb concentration of
5000mg 17" Pb was not significantly different from that of
control (Table 4).

Pb accumulation in the shoot and root of G. celosoides,
bioaccumulation factor for shoot (BFS) and root (BFR),
and translocation factor under 7-days stress in lower Pb
concentration

The Pb concentrations in the shoot and root of G. celosoides
were found to depend on the concentration in the medium.
There was a correlation in the concentration of Pb in the
solution and accumulation in plant. The plants exposed to
500mg 17! Pb had the lowest (601 mg 17" Pb) while the
highest concentration of Pb was recorded in the shoot of

the plant exposed to 1500mg 17! Pb followed by that of
2000mg 1~' Pb. The plants exposed to these treatments
were able to survive and accumulated 16361.5 and
15149.8 mg kg~ ' Pb, respectively in their shoots (Figure 1a).
The accumulation in the shoot of G. celosoides exposed to
1500 mg kg~' Pb was 122% mg kg~ ' Pb greater than that of
1000 and 2618.76% and 27 times greater than that of
500mg kg ' Pb. Generally, the highest Pb concentration
was found in the root compared to the shoot. The plants
exposed to 2000 mg 1! Pb accumulated the highest value of
155.791 mg kg~ ' Pb, in the root while the plants grown in
1500 mg 1~ 'Pb had the lowest (Figure 1b). The bioaccumula-
tion factor for the root of the plant exposed to 500 mg 1~
Pb was the highest (158.16) while that of the plant exposed
to 1500 mg 1~' Pb was the lowest. The bioaccumulation fac-
tor for the shoot showed highest value (10.91) in plant
exposed to 1500mg 1~' Pb followed by those of 2000 and
1000 mg 17" treatments and the lowest was recorded in the
500mg 1" Pb treatment (Figure 2a). The translocation fac-
tor was less than 1 in all the Pb treatments but was the
highest in the plants exposed to 1500 mg 1" Pb, followed by
that of 2000mg 1~ treatment and the lowest value was
recorded for 500mg 1" Pb (Figure 2b).
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Figure 2. (a) Bioaccumulation factor for shoot (BFS) and root (BFR) under 7-day
stress in lower Pb concentrations. (b) Translocation factor (TF) under 7-day
stress in lower Pb concentrations.

Pb accumulation in shoot and root, bioaccumulation
factor for shoot (BFS) and root (BFR), and translocation
factor (TF) in higher Pb concentration 7 days after stress

As observed for lower Pb concentrations trial, the same
trend was recorded with higher concentrations of Pb. As the
concentration increases in the growing medium, the uptake
by the plant also increases and highest Pb concentration in
the shoot was found in plant exposed to 5000mg 17" after
stress treatment (Figure 3a). Higher concentration was also
found in the root compared to the shoot (Figure 3b). The
bioaccumulation factors for both the root and shoot were,
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Figure 3. (a) Pb accumulation in shoot under 7-day stress in higher Pb concen-
trations. (b) Pb accumulation in root under 7-day stress in higher Pb concentra-
tions. The letter on each bar indicates the level of statistical difference between
the treatments as separated by DMRT at 0.05% level of probability
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Figure 4. (a) Bioaccumulation factor for shoot (BFS) and root (BFR) under 7-day
stress in higher Pb concentrations. (b) Translocation factor (TF) under 7-day
stress in higher Pb concentrations.

however, higher in the plant treated with 2000mg 1~' Pb
than other treatments and the lowest was recorded in
5000mg 17" treatment (Figure 4a). The translocation factor
without reference to control was more in the plants exposed
to 3000, 5000, and 4000mg 17! than that of 2000mg 1"
(Figure 4b).
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Comparism between Pb concentration in the shoot and
root of G. celosoides after Pb stress under hydroponic
experiment for 7 and 14 days

Though with less variation, comparatively, the Pb accumu-
lation in the plant was found to be concentration and
duration dependent. The concentration of lead in the G.
celosoides shoot at 14 days after stress was more than that
of the 7days in plants exposed to 500, 2000, 4000, and
5000mg 1~' Pb while those plants exposed to 1000, 1500,
and 3000mg 1~' Pb accumulated more Pb in the shoot at
7days than 14days after stress. In all the Pb treatments,
more Pb was accumulated in the plant root at 14days
after stress than 7days after stress except in those treated
with 5000mg 17! Pb whereas there was no difference in
the root Pb concentrations both at 7 and 14days in
Plants treated with 1000mg 17! (Figure 5). At 14days
after stress, the BFS of the plants treated with 1500 and
2000mg 17" were higher than that of 1000mg 1~' treat-
ment. The BFS was generally more than the BFR and in
higher Pb concentrations, more of the accumulated Pb as
reflected by BFS and BFR values were translocated to
the shoot (Figure 6a). The BFR in plants exposed to
500mg 17" was more than those of the other treatments
followed by that of 2000mg 1~' while the smallest value
was recorded for the plant treated with 5000mg 17
(Figure 6b). In all the treatments, the TF was less than
one. At l4days after stress, the highest TF value was
recorded for the plant exposed to lowest Pb concentration
(500 mg 1™!) while other Pb treatments had reduced val-
ues and was slightly more in the plant exposed to highest
Pb concentration (5000 mg Y (Figure 6c).
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Figure 5. (a) Comparative Pb concentration in the shoot (A) and root (B) of G.
celosoides after Pb stress under hydroponic experiment for 7 and 14 days. (b)
Comparative Pb concentration in the shoot (A) and root (B) of G. celosoides after
Pb stress under hydroponic experiment for 7 and 14 days. The letters indicate
the difference between the two bars under the same Pb treatment as separated
by DMRT at 0.05% level of probability

Chromium uptake and biomass accumulation by
gomphrena celosoides at 7 days after stress under
lower Cr concentration in hydroponic solution

Compared to control, there was a general reduction in the
biomass accumulation 7 days after exposure to Cr. Similar to
what was observed in Pb treatments, G. celosoides was able
to accumulate Cr both in the shoot and root depending on
the concentration gradients and accumulation increased
with the increase in Cr concentration. However, the concen-
tration in the shoot unlike that of Pb was more than that of
the root and this was reflected in higher translocation fac-
tors (>1) in higher concentrations. The BFS (bioaccumula-
tion factor for the shoot) and BFR (Bioaccumulation factor
for the root) also showed the ability of G. celosoides for
chromium uptake (Table 5).

Proline accumulation in the G. celosoides exposed to Pb
and Cr treatments for 7 and 14 days

The result of proline estimation in stressed and unstressed
plants showed a concentration-dependent trend as well as
stress durations. The highest proline content was found in
Gomphrena plants exposed to highest Pb concentration at
7 days of stress duration while the smallest was found in
control. As expected, compared to control, the proline con-
tent was high in plants exposed to Pb treatments. More pro-
line was found in plants exposed to 500, 1000, 1500, 2000,
and 5000mg 17! Pb and the concentration was relatively
high in plants treated with 5000mg 1~' Pb as reflected by
deep reddish/bloody color (Plate 3). An increase in the
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Figure 6. (a) Bioaccumulation Factor for shoot (BFS) of G. celosoides after Pb
stress under hydroponic experiment for 14 days. (b) Bioaccumulation Factor for
root (BFR) of G. celosoides after Pb stress under hydroponic experiment for
14 days. (c) Translocation Factor (TF) of G. celosoides after Pb stress under hydro-
ponic experiment for 14 days.
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Table 5. Chromium uptake by Gomphrena celosoides 7days after stress under lower Cr concentration in hydroponic solution.

Treatments (mg/l Cr) Shoot Cr (mg/g) Root Cr (mg/q) BFS BFR TF SDW (mg) RDW (mg)
0 12.91d 29.70e 0 0 043 513.50e 336.60a
50 1060.77¢c 1342.20d 21.22 26.84 0.79 109.00d 77.30e
100 2355.50b 1522.30c 23.56 15.22 1.55 312.00a 112.00d
150 2781.70ab 2226.80b 18.55 14.85 1.25 197.00c 144.60c
200 3130.85a 2428.90a 15.65 12.15 1.29 235.50b 271.00b

Means followed by the same letter in the same column are not significantly different from each other
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Figure 7. Proline concentration in the control and lead (Pb) stressed plants
under 7 and 14 days treatments. The letter on each bar indicates the level of
statistical difference between the treatments for 7 and 14 days duration as sep-
arated by DMRT at 0.05% level of probability

proline contents was observed in all the treatments under
14 days stress with the highest recorded in plants exposed to
2000 and 4000 mg 1~ Pb treatments. Control plants had the
lowest value of proline (Figure 7). Similar trend was
observed in the case of chromium with the highest proline
content found in plants exposed to 200mg 17" and highest
chromium concentration (400 mg 1~ Cr) and the lowest in
control (Figure 8).

Effects of Pb treatments on the quantity and quality of
DNA of G. celosoides exposed to 7 days Pb stress

The DNA extraction was only carried out on the G. celo-
soides plants exposed to lower metal concentrations for
7 days under hydroponic conditions. The quantification and gel
electrophoresis of the extracted DNA showed some variations.
The DNA extracted from plant exposed to 2000mg 1~' Pb was
the highest followed by those of control and 1500mg 1!
treatments. The lowest DNA was extracted from plants
exposed to 1000mg ™! Pb treatment (Table 6 and Plate 2).

Protein contents in G. celosoides exposed to Pb
treatments for 7 and 14 days

Total protein extracted from the leaf of the G. celosoides
exposed to Pb treatments under hydroponic conditions for 7
and 14days treatments showed variations with regards to
different Pb concentrations and stress durations. At 7 days
duration, increase was observed in leaf protein contents of
the plant exposed to 500, 1000, 1500, 2000, 3000, and
5000 mg 1~ Pb compared to that of control and the highest
was recorded in the plant exposed to 5000mg 17'. After
14 days treatment, there was a reverse in the leaf protein
contents of the treated and untreated plants. The control
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Figure 8. Proline concentration in the control and chromium stressed plants
under 7 days treatment. The letter on each bar indicates the level of statistical
difference between the treatments as separated by DMRT at 0.05% level of
probability.

Table 6. Results of DNA extraction and quantification of G. celosoides exposed
to lower Pb concentrations.

Pb concentration (mg/l)  Dilution factor  Nanogram/microlitre ~ Total (ng)
0 100 7473 74730.0
500 100 533.8 53380.0
1000 100 352.0 35200.0
1500 100 673.0 67300.0
2000 100 797.0 79700.0

leaf had the highest protein content compared to those of
treated plants. This was followed by that of 2000mg 1"
treatment and the lowest was found in the leaf of the plants
exposed to 3000 mg 1~' Pb. Protein determination was only
positive in the control root at 14 days after treatment, while
negative results were obtained in the case of the Pb treated
roots (Figure 9).

Antioxidant enzymes activities in G. celosoides exposed
to Pb treatments

In the G. celosoides, SOD activity increased significantly in a
concentration-dependent manner, up to 4000 mg/L Pb in the
leaf tissues. At 7 days after exposure, superoxide enzymes
activity was found to increase as Pb concentration increased
with the highest recorded in the plant exposed to 4000 mg 1™
Pb and the lowest was found in the control (without Pb). This
shows a positive correlation between the SOD activity and the
Pb dose However, the SOD activity was slightly decreased at
5000 mg/L Pb concentration (Figure 10). The observation was
different in the case of CAT. The level of CAT activity in plant
exposed to 5000 mg 1~' Pb for 7 days was lower than that of
the plant treated with 4000 mg 1~' Pb and at 14 days, these
plants had withered. At 7 days after Pb exposure, there was no
remarkable difference between the activities of CAT in the
control and Pb treated plants except in plant exposed to
4000mg 17" Pb that had reduced CAT activity. The lowest
activity was recorded in plant exposed to 4000 mg 1" Pb at
7 days after stress (Figure 11a) while at 14 days after stress the
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Figure 10. Superoxide activities in different Pb concentrations at 7 days after
exposure to Pb treatments. NB: 0AS =Control, 1AS = 500 mg/I Pb, 2AS =
1000 mg/l Pb, 3AS = 1500 mg/l Pb, 4AS = 2000 mg/l Pb, 5AS = 3000 mg/| Pb,
6AS = 4000 mg/| Pb, 7AS = 5000 mg/| Pb.

same treatment gave the highest value of CAT activity (Figure
11b). Meanwhile, when the CAT activity was tested in the
root 14 days after Pb exposure, it was also found to be high in
the root of plant exposed to 4000 mg 1" Pb (Figure 11c).

Discussion

The performance of G. celosoides in term of growth parame-
ters showed the ability of this plant to survive and tolerate
high metal concentration. The emergence of new leaves within
the 7 and 14 days of stress shows that G. celosoides was a
model metallophyte that is able to tolerate/withstand Pb stress
up till 4000 mg 1~". Though, the seeds of the G. celosoides was
collected from the wild where the plant was growing on the
highly contaminated site but only the tolerant plant like
G. celosoides with presumed inherent tolerant ability can sur-
vive the shock of metal stress from the hydroponic condition
where the heavy metals were introduced in their readily avail-
able/toxic forms and in higher concentrations. The plant was
not only growing in height but the number of leaves were also
increasing under metal stress, though, the response was found
to be concentration and time dependent. The dry weight was
more in the stressed plant than unstressed plant. This could
simply be attributed to high metal accumulation in the metal-
treated plants. Dry weight is a factor of dry matter accumula-
tion which also depends on nutrient uptake. The higher Pb
accumulation in stressed plant could have therefore contrib-
uted to high dry matter content of the stressed plants.
However, morphologically, as days of metal exposure
increased as well as concentration, the lower leaves of the Pb
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Figure 11. (a) Catalase enzyme activities in Gomphrena leaf exposed to differ-
ent Pb concentrations at 7days after exposure to Pb treatments. NB:
0AS = Control, 1AS = 500 mg/I Pb, 2AS = 1000 mg/I Pb, 3AS = 1500 mg/I Pb,
4AS = 2000mg/I Pb, 5AS = 3000mg/l Pb, 6AS = 4000mg/l Pb, 7AS =
5000 mg/l Pb for leaf at 7 days after stress. (b) Catalase enzyme activities in
Gomphrena leaf exposed to different Pb concentrations at 14 days after expos-
ure to Pb treatments. NB: 0BS = Control, 1BS = 500 mg/I Pb, 2BS = 1000 mg/I
Pb, 3BS = 1500 mg/l Pb, 4BS = 2000 mg/I Pb, 5BS = 3000 mg/l Pb, 6BS =
4000 mg/l Pb, 7BS = 5000 mg/I Pb at 14 days after stress. (c) Catalase enzyme
activities in Gomphrena root exposed to different Pb concentrations at 14 days
after exposure to Pb treatments. NB: OR = Control, 1R = 500, 2R =1000, 3R =
1500, 4R = 2000, 5R = 3000, 6R = 4000 mg/I

stressed plants were already drying up at this stage (Plate 1b,c)
and root growth was more rapidly affected than that of other
plants parts under metal exposure (Plate 1d). The root
response was due to the fact that root is the plant organ that
has direct contact with the toxic metal (Fahr et al. 2013).
Under tolerable level, plant root can only protect itself by stor-
ing the metal in the non-sensitive tissue, sequester it its vacu-
ole or transport it to the shoot as it is found in the
hyperaccumulators (Fahr et al. 2013).

Gomphrena celosoides can be described as Pb and Cr
accumulator as high concentrations of these metals were
accumulated both in the root and shoot of this plant species
under this experiment and the accumulation was dose and
time dependent. In all the Pb treatments, however, G. celo-
soides accumulated more than 0.1% DW of Pb (Figure 5)
and this qualified it as lead hyperaccumulator (Auguy et al.
2013). Similarly, as reported for metal accumulators, the
concentration of metals in the plant tissue of G. celosoides
was higher than the metal concentration in the growing
medium due to absorption against the concentration gradi-
ent. It was expected that high concentration of Pb in the
solution could have increased the osmotic potential of the
solution thereby reducing the water and ion absorption cap-
acity of the stressed plants, as well as growth but rather,



metal accumulators, have developed different strategies that
enable them to absorb metal in excess of what is present in
the solution (Baker 1981; Peer et al. 2003). The studied plant
was also able to survive in higher concentrations up to
4000mg 1”! Pb and 200 mg 1™' Cr, respectively for the dur-
ation of 2 weeks under hydroponic trials and accumulated
both Pb and Cr in higher concentrations. The concentration
in shoot was however lower than that of the root. These
findings were similar to what has been previously reported
in other Pb accumulators (Baker et al. 1994; Reeves 2006;
Auguy et al. 2013). The variation and increase in metal
uptake in response to metal concentration in the medium
could be explained using passive absorption principles which
is defined as the movement of ions from region of higher
concentration to the region of lower concentration. Though
this is not always applicable in some cases but tolerant
plants, have been reported to use this process to accumulate
and store toxic metals in their tissues (Baker and Brooks
1989). The lower Pb translocation to the shoot compared to
the concentration in the root could be attributed to poor
mobility of Pb (Ogundiran and Osibanjo 2008). Since Pb is

Plate 2. DNA isolation form G. celosoides exposed to 7days Pb stress Legends:
A= Control, B= 500 mg/l, C= 1000 mg/l, D = 1500 mg/l and E = 2000 mg/! treatments.
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not an essential element, it is believed that plants do not
have specific channels for its uptake and upward movement
except through the help of different chelators (Morel et al.
1986; Sharma and Dubey 2005; Brunet et al. 2009). In some
plants, it has been reported that Pb can be transported via
vascular tissues to aerial parts through complexation with
organic molecules (Huang and Cunningham 1996; Clemens
2001; Antosiewicz 2005; Hanc et al. 2009). Sesbania drum-
mondii transported Pb to the leaves after complexation with
acetate, nitrate, and sulfide (Sharma et al. 2004), and a cyclic
nucleotide gated channel (NtCBP4) was used in the case of
tobacco (Sunkar et al. 2000) or chelation with
Phytochelatins (Zhang et al. 2008; Fahr et al. 2013). These,
however, cannot be established in this study but the highest
Pb concentration that was found in the root and shoot of
this plant could probably due to any of these assertions.

However, there was a fluctuation in bioaccumulation and
translocation factors. The TF, which is a strong indication of
the hyperaccumulating ability of G. celosoides to translocate
metal to the shoot, is also concentration and duration depend-
ent. The TF was more under 1500 mg 1" Pb at 7 days after
stress in lower Pb treatments but as stress duration progressed
the high value was recorded under 500 mg 1" Pb. The value
was relatively low in higher Pb treatments but increasing up
till 5000 mg 17" Pb treatment at 14 days after exposure. This
reduction in the TF in higher treatments might be attributed
to the disruption in the metabolic processes taking place in
the root of the plants exposed to higher Pb concentration as
reflected in the root morphological features at 14 days after
stress. Ion translocation involves the participation of many
enzymes and energy in form of ATP. In this study, there was a
reduction in the total protein content of the root at 14 days
after exposure which has been attributed to protein degrad-
ation in the root (Fahr et al. 2013). This might have contrib-
uted to limited translocation of Pb in highly concentrated
solution. The remarkable growth and biomass accumulation
and TF in 500mg 1" Pb at 14 stage could indicate that this
concentration was probably more tolerable than higher
concentrations.

The DNA extracted from plant exposed to 2000 mg 1"
Pb was also higher than that of control. This could be due
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Plate 3. Different color shades showing the expression of proline in response to different Pb treatments.
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to the initiation of different DNA under higher Pb stress as
previously reported that stress is capable of inducing or
repressing the nucleic acids production and expression in
the stressed plant (Clemens 2006; Awaad et al. 2010).
Similarly, there was an increase in protein concentration in
response to heavy metal stress and the accumulation was
also concentration and time dependent. Increase was
recorded in metal-treated plants at the initial 7-day stress in
excess of control plant but the trend was reversed at 14 days
after metal exposure. Increase in protein contents of the
stressed plant compared to the unstressed could be due to
the production of different stress responsive and transport
proteins like heat shock proteins which are reported to accu-
mulate in response to different stresses (Krystofova et al.
2009; Bondino et al. 2012). There was a reverse as the stress
duration increased as was also observed by Krystofova et al.
(2009). This probably could be due to cellular and metabolic
breakdown under high metal concentration which was pro-
nounced in 5000mg 17" Pb. At 7days after exposure the
level of protein in this treatment was the highest which indi-
cates an increase in the production of stress responsive pro-
teins in this treatment more than other treatments but this
was reversed as stress duration increased.

A number of non-protein thiols have also been reported
to contribute to plant stress tolerance and metal transport
from root to shoot (Zagorchev et al. 2013). Among these,
proline is most widely reported (Hossain et al. 2012).
Different types of osmolytes like proline have been reported
to be produced for chelation and sequestration of metals.
From this study, high concentration of proline was found in
the stressed plant and this showed that proline production is
one of the strategies employed by G. celosoides for tolerance
(Adejumo et al. 2015). Three-twenty times higher contents
of proline in the leaf of the plant exposed to Pb in compari-
son with control was observed and production was concen-
tration and time dependent. Their induced production in
metal-stressed plants and which was concentration depend-
ent could be providing protection against oxidative stress
(Hossain et al. 2012; Freeman et al. 2004; van de Mortel
et al. 2008). Proline production was also induced by the
exposure to Cr and this result was confirmed by the findings
of Bluskov et al. (2005).

Antioxidant enzymes are described as biochemical
markers of stress. Increase in their activities could connotes
an increase in metabolic activity of treated plant (Zhang
et al. 2007; Zembala et al. 2010). The increase in the activ-
ities of antioxidant enzymes has also been reported to cor-
respond to the detoxification reaction in the treated plants
but varies with the plant species, metal concentration and
duration of exposure (Malar et al. 2014; Khan et al. 2016).
These were confirmed with the increase in the activities of
SOD in the shoot that was increasing with increase in Pb
concentration. The activity of SOD and CAT was more pro-
nounced in the shoot of plant raised in 4000 mg 1~ 'of Pb
solution. At this concentration, the scavenging ability of
these enzymes on the reactive oxygen species (ROS) pro-
duced under heavy metal stress was said to be highly
induced (Rucinska et al. 1999; Candan and Tarhan 2003;

Zembala et al. 2010). This could be one of the anti-oxidative
defense systems being employed by G. celosoides to increase
tolerance to heavy metal toxicity. Increase in CAT activity
in Triticum aestivumm upon Pb exposure has also been
reported (Kaur et al. 2013). The level of enzyme activity in
plant exposed to 5000mg 1~ Pb was, however, lower than
that of the plant treated with 4000 mg 1~' Pb probably due
to the breakdown or degradation of different biomolecules
and plant cells in the highest Pb concentration, the event
that manifested in the death of these plants before 14 days
after stress. Higher level of heavy metals above the tolerable
limit by the plant has been reported to overcome the
defense system thereby causing oxidative stress through lipid
peroxidation and overproduction of reactive oxygen species
(Rizwan et al. 2018). Islam et al. (2007) and Kaur et al.
(2013) reported a decline in the activity of POXs in
Elsholtzia argyi and Triticum aestivum roots upon Pb expos-
ure. Higher concentration of Pb or longer treatment might
have inhibited cell metabolism and ROS production, result-
ing in the decrease in the activity of some antioxidant
enzymes like CAT (Verma and Dubey 2003).

Conclusion

The findings from this study coupled with the initial results
clearly demonstrated that G. celosoides is a novel metallo-
phyte and metal accumulator that can be promoted for phy-
toextraction. Unlike the field condition, hydroponic study
using Pb>" in its readily available/toxic form for monitoring
Pb uptake gives a clear picture of the ability of G. celosoides
to tolerate and accumulate Pb in its tissue and translocating
it to the shoot. Under hydroponic conditions, lead accumu-
lation in roots and shoots of G. celosoides was found to be
dose and time dependent. Though roots accumulated more
than shoots at the same concentration and exposure, but the
studied plant was extremely tolerant to Pb and Cr and was
able to accumulate high concentration of these metals in its
tissues. For field application of phytoremediation especially
where the contaminant is more than one, the use of G. celo-
soides can be promoted. Gomphrena celosoides was able to
tolerate 4000mg 1~ Pb and 200mg 1~' Cr in hydroponic
solution for 7 days. There was increase in Proline and pro-
tein concentration in response to heavy metal stress and the
accumulation was also concentration and time dependent.
In conclusion, this study shows that G. celosoides is a model
plant and can serve as a tool for identifying genes involved
in Pb tolerance and accumulation.
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