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Abstract

In this study, a pot experiment was piloted in a greenhouse to evaluate the potential of Celosia argentea var. cristata L. for
tolerating/accumulating heavy metals in synthetic wastewater in the presence of Pseudomonas japonica and organic
amendment, i.e., moss and compost. Two-week-old seedlings were transferred to pots, and after 4 weeks, the bacterial
strain was inoculated, then watered with synthetic wastewater for 5 weeks and harvested after 9 weeks. After harvesting,
physiological and biochemical parameters, as well as metal contents of plants, were quantified. The results indicated
highest growth and biomass production in moss- and compost-associated plants while highest metal uptake has been
found in the presence of P. japonica and synthetic wastewater—irrigated plants. Synthetic wastewater—irrigated plants have
shown highest Pb uptake of 2899 mg kg ' DW, while with P. japonica in soil those plants have shown highest Cd, Cu, Ni,
and Cr uptake of 962, 1479, 1042, and 956 mg kg ' DW, respectively. The production of antioxidant enzymes, i.e.,
catalase (CAT), ascorbate peroxidase (APX), guaiacol peroxidase (GPX), and glutathione-s-transferase (GST), was high
in P. japonica—amended plants because of increased uptake of metals. It is concluded that moss and compost have
improved growth while P. japonica improved metal accumulation and translocation to aerial parts with little involvement
in plant growth.
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Introduction

During the last few decades, our environment is under serious
threat, due to intense anthropogenic activities (Khan et al.
2016a). A wide variety of pollutants, including heavy metals,
have been released into the natural environment which are
posing severe ecological, nutritional, and health effects to
the ecosystem, among which heavy metals have acquired con-
siderable attention due to their significant environmental and
health concerns. They are ubiquitous, non-biodegradable, per-
sistent, and highly toxic even at low concentrations; their entry
into the body poses a potential health risk to humans (Arshad
etal. 2017). Due to their toxic properties, they often face strict
regulations, so they need to be removed from the environmen-
tal compartments.

Several physical and chemical methods are currently being
used for the remediation of heavy metals from soil. These
processes are costly, involve extensive labor, and cause per-
manent changes in soil properties and microbial diversity, and
sometimes generate secondary pollutants. In recent decades a
biological method, i.e., phytoremediation has emerged as an
eco-friendly and cost-effective technique that makes the use of
plants and their associated microbes for environmental
cleaning and restoration purposes. It has been used effectively
for various contaminants that might be organic or inorganic in
nature, especially for metals (Zhong et al. 2019). It uses the
idea that some plants, having a natural ability to grow on
metal-rich soils, develop the resistance and capacity to accu-
mulate high levels of metals in internal tissues without show-
ing toxicity effects (Lajayer et al. 2019).

In some cases, this technique faces limitations in the
field due to the type and availability of heavy metals. Its
acceptance relies on the ability of plants to tolerate and
accumulate high concentrations of heavy metals along
with higher biomass production (Zhong et al. 2019). In
view of practical applications, a key option is the use of
rhizospheric microbes having numerous benefits for
plants, including growth promotion. Further, many of
these microbial strains have strong ability to tolerate con-
taminants and contribute towards the tolerance and accu-
mulation of heavy metals by plants (Boechat et al. 2017).

The availability of heavy metals to roots is a crucial factor in
the process of phytoextraction. Plant’s ability to take up, accu-
mulate, and translocate heavy metals in aerial parts of plants is
a crucial factor towards phytoextraction (Boechat et al. 2017).
Microbes can enhance the availability of heavy metals in soil
solution through the process of solubilization and mobiliza-
tion; hence, metal uptake by plants increases. Plants and these
microbial species co-evolved with each other in a very com-
plex mechanism resulting in a large number of associations
between them. Plant bacterial interaction can be divided into
three categories: rhizospheric, endophytes, and epiphytes.
Plant growth—promoting rhizobacteria (PGPR) include those
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communities that are present inside the rhizospheric zone and
help in plant growth and tolerance. About 2-5% of
rhizospheric bacteria are known as PGPR (Nadeem et al.
2017). These PGPR can potentially enhance or reduce metal
availability by changing the solubility, availability, and trans-
port of heavy metals. It can also alter the nutrient availability
by changing soil pH, releasing chelators, P solubilization, or
redox changes. Microorganisms can also enhance the availabil-
ity of metals with the production of siderophores and low-
molecular-weight organic acids and decrease metal mobility
through precipitation and reduction mechanisms (Boechat
et al. 2017). Until now, several plants have been studied for
their remediation potential, but little information is available
regarding ornamental plants. Ornamental plants are abundant
and can monitor atmospheric contamination. It is essential to
investigate these plants, as if they turned out to be effective
accumulator and hyperaccumulators, and their application will
have more practical advantages if they can be used in combi-
nation with microbial species (Liu et al. 2017). The compari-
son of phytoextraction potential of various terrestrial ornamen-
tal plants is provided in Supplementary Table 1.

The use of wastewater to irrigate edible crops and contam-
ination of soil with heavy metals has become a global concern
for animals and human health. The condition is further wors-
ened due to the increase in industrialization and urbanization.
Also, there are many studies which reported the variety of
heavy metals in the soil, which becomes more complex and
challenging to tackle (Mishra et al. 2019). Therefore, we ex-
plored the growth and heavy metal accumulation properties of
Celosia argentea var. cristata L. with Pseudomonas japonica
and selected soil amendments (peat moss and compost).
C. argentea also known as cockscomb belongs to family
Amaranthaceae. It is found commonly in Africa, South
America, and some parts of Asia. The plant can grow in full
sun as well as in the shade and need acidic sandy/loamy soil.

Recently more and more ornamental plants are analyzed
and identified for the potential of heavy metal removal. Until
now, very few studies have been reported for C. argentea
potential for heavy metal extraction. According to preliminary
investigations, C. argentea var. cristata has strong accumula-
tion properties for Pb (Gonzalez-Valdez et al. 2016). So, in
this study, C. argentea is used in combination with P. japonica
for accessing the potential of phytoextraction of heavy metals.
Another main characteristic of this study is the use of five
different heavy metals as the soil has many different heavy
metals in real conditions instead of single heavy metal.
Celosia argentea has an additional advantage that it has es-
thetic properties due to its eye-catching red, orange, and yel-
low flowers.

The objectives of this study were (i) to evaluate the effect of
P. japonica on the uptake of Cu, Cd, Cr, Pb, and Ni by
C. argentea; (i1) to demonstrate the role of peat moss and
compost on the growth of C. argentea; and (iii) to study the
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effect of peat moss and compost on the mobilization of heavy
metals in the soil.

Materials and methods
Plant materials and growth conditions

Seeds of C. argentea were purchased from local seed supplier
(Ewan Garden, Islamabad, Pakistan). Seeds were sown in pots
containing sterilized sand, watered with half-strength
Hoagland’s nutrient solution, and incubated in a growth cham-
ber at 22 °C with a photoperiod of 8:16, day:night. Uniform
height seedlings were collected at four leaves stage (4 weeks
old) and transferred to pots (one plant per pot) containing
sterilized agricultural soil.

Experimental design

The plastic pots were filled with 350 ml of soil. The soil was
prepared by mixing agriculture soil and sand in 2:1. Compost
and peat moss were added with the ratio 5% (v/) with the total
soil. Details of all treatments used in experiments are provided
in Table 1. Previously isolated and characterized bacterial
strain Pseudomonas japonica, also used by Arshad et al.
(2017), was used for the preparation of bacterial cell suspen-
sion (10® cells mI™! in 10 mM potassium phosphate buffer
saline (PBS), pH 7.4), as done by Khan et al. (2016b).
P, japonica treatment was developed by adding by adding
10 ml of the bacterial suspension in pot and were left for 2
weeks for acclimation. After 2 weeks of inoculation of the
bacterial strain, pots were watered with synthetic wastewater.
The composition of synthetic wastewater is given in Table 2.

Plant harvesting

Plants were watered with 13 ml of synthetic wastewater daily
(twice a day) and harvested after 3 weeks of exposure. After
harvesting plant, physiological parameters (fresh and dried
weight of roots, shoots, leaves, and flowers, length of shoot
and root, total leaves per plant, and leaf area) were noted. Root
and shoot lengths were measured in centimeters using a scale.
The root of every plant was measured from the basal portion
of the stem to the tip of the longest root. The shoot was mea-
sured from the starting point of the stem to the uppermost leaf.
The leaf area was determined by using image processing soft-
ware, Image J (Yahmed et al. 2016). Some fresh plant material
was stored at — 80 °C for stress injury and enzyme activities.
The plant material was dried at 50 °C in an oven for 72 h until
constant weight is achieved. These samples were weighed to
obtain dry weight.
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Table 1 Experimental design
Treatments Description
Uw Uncontaminated water
Ccw Contaminated synthetic wastewater
M Peat moss
C Compost
I Bacterial inoculum (Pseudomonas japonica
at 10° cell per pot)
M+C Peat moss + compost
M+] Peat moss + bacterial inoculum
C+I Compost + bacterial inoculum
M+C+I Peat moss + compost + bacterial inoculum

Peat moss and compost were added in a ratio of 5% v/v

Estimation of root tolerance index

The root tolerance index was measured to calculate the ability
to plant to grow on metal-contaminated soil using Eq. 1 (Yang
etal. 2015).

Root tolerance index (RTI)

_ Average root length of treated plants
~ Average root length of control plants

(1)

Stress injury assay

Chlorophyll content was measured in terms of chlorophyll a,
chlorophyll b, total chlorophyll, and carotenoid contents spec-
trophotometrically as described by Arnon (1949). These pig-
ments were extracted from 40 mg of fresh biomass of leaves.
Absorbance at 663, 645, and 470 nm against blank of pure
acetone was used to calculate these contents using equations
proposed by Lichtenthaler (1987).

Chla = (1225 X A663)_(2~79 X A645) (2)

Chlb = (2150 X A645)*(5.10 X A663) (3)

Total chlorophyll content = Chlorophyll a + Chlorophyll b (4)

(1000 x A470)—(1.82 x Chl a)—(85.02 x Chl b)
198

Total carotenoids =
(5)

Lipid peroxidation was assessed in terms of malondialdehyde
(MDA) by using thiobarbituric acid (TBA) as explained by
Davenport et al. (2003). The absorbance was measured at 450,
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Table 2 Recipe of synthetic

Metal concentration in
wastewater tested (mg LY

NEQs*
(industrial effluents)

Working
concentration (mg Lfl)

wastewater Metals Salts used
Ni Ni(NOs),'6H,0 2.4
Pb Pb(NO3), 0.3
Cr Cr(NO3);9H,0 2.2
Cu CuSO,45H,0 0.8
Cd CdCl, 0.3
Mn MnSO4H,O 2.1
Zn ZnSO, 1.3

1 5
0.5 2
1 2.5
1 5
0.1 2
1.5 2.5
5 10

*NEQs = National environmental quality standards of Pakistan

532, and 600 nm. The final concentration was calculated using
the equation described by Michael and Krishnaswamy (2011).

MDA (umol g™') = [6.45 x (As—Aeo)—(0.56 x Auso)] x V,/W
(6)

where V¢=0.001 L; W=0.1¢g

Electrolyte leakage (EL) was evaluated by using electrical
conductivity meter of Cyberscan PC 510 by Eutech instru-
ment (Khan et al. 2019). Two readings of electrolyte leakage
were measured according to the method used. Final results
were evaluated by using this formula:

EC,
EL = (ﬁ) x 100 (7)

2

where EC, = primary electrical conductivity and EC, = sec-
ondary electrical conductivity.

Estimation of antioxidant enzymes

Enzyme extract was prepared from leaves. For each treatment,
0.1 g of leaf was homogenized in pre-chilled mortar and pestle
with 1 ml of ice-cold potassium phosphate buffer (50 mM, pH
7.4 containing 0.5 mM EDTA). The extract was centrifuged at
10,000 rpm for 15 min at 4 °C. The supernatant was collected
and stored in ice-cold condition for determination of antioxi-
dant enzymes and H,O, content (Venkatachalam et al. 2017).

For hydrogen peroxide (H,0O,) determination, the method
of Khan et al. (2019) with little modification was used. The
absorbance was recorded at 410 nm, and an extinction coeffi-
cient of 0.28 uM ' cm™ ' was used for computing the H,0,
content.

Catalase (CAT) activity was evaluated by the procedure of
Maehly and Chance (1954). Two reaction mixtures A and B
were used. The absorbance was measured at 240 nm after 1
min, and the extinction coefficient of 39.4 mM ' cm ! was
used to compute the concentration of CAT.

Ascorbate peroxidase (APX) activity was measured by the
protocol of Chen and Asada (1989) with little modification.
The absorbance was measured at 240 nm after 3 min, and the
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extinction coefficient of 2.8 mM ' cm™ ' was used to calculate
APX activity.

Guaiacol peroxidase (GPX) activity was evaluated by fol-
lowing the method of Upadhyaya et al. (1985). The absor-
bance was recorded at 420 nm after 1 min. The activity of
GPX was calculated using an extinction coefficient of 26.6
mM ' em L.

Glutathione-s-transferase production was measured by fol-
lowing the method of Xu et al. (2016). The absorbance was
measured at 340 nm at 120 s. The following equation mea-
sured GST production:

1 .1 AOD340 xV

GST (mM ™' min") = il (8)
where AOD represents the change in absorbance at 340 nm
minfl, V is the volume of the reaction mixture, E is the ab-
sorption coefficient equal to 9.6 mM ' ecm ', and L is the
cuvette’s length in centimeters. In this experiment, for the
spectrophotometry, UV-9200/VIS-7220G, Rayleigh spectro-
photometer was used for all measurements.

Plant samples preparation for metals analysis

Dried plant samples were used for metal analysis using acid
digestion method. Fifty milligrams of dried samples were tak-
en and processed through grinding. After grinding, 3 ml con-
centrated HNO; was added and swirled gently then 3 ml of
H,0, and 0.5 ml of concentrated HCI was added. Hot plate
was set at temperature 150 °C, and samples were placed for
10 min with 10-min hold for cooling. After cooling, they were
filtered using Whatman filter paper no. 42 and the final vol-
ume was adjusted up to 25 ml (Estefan et al. 2013). Digested
samples were used for metal analysis using atomic absorption
spectrometry (AAS), Perkin Elmer, AAS-700, to assess the
uptake of metals in different plant compartments.

Statistical analysis

Analysis of variance (ANOVA) was done using IBM, SPSS
version 2.1. They were compared through Duncan’s test with
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significant differences noted at p < 0.05, and significantly
different values were shown with different letters. All experi-
ments were conducted in triplicates.

Results
Plant growth parameters

Table 3 demonstrates the leaf count, leaf area, root length,
shoot length, and fresh and dried weight of roots, shoots,
leaves, and flowers of C. argentea under different treatments,
i.e., peat moss, compost, and P, japonica. With the addition of
organic amendments, there was evidence of increasing plant
growth. In terms of leaf count, plants with moss + inoculum
(M+1I), compost, and moss exhibited the highest leaf number
per plant (i.e., 23, 21, and 20, respectively). Moss + compost
treatment plants produced 18 leaves while bacterial strain—
amended plants have shown the lowest number of leaves but
still significantly higher as compared to CW (Table 3).

The maximum leaf area has been found with moss, com-
post, and strain (M+C+I) combination, i.e., 1.34 cm?. Plants
with peat moss and inoculum (1.29 cm?) have shown the
highest leaf area as compared to compost with inoculum,
i.e., 0.96 cm? (Table 3).

Compared to controls, M+C+I amended plants showed 6%
and 22% increase in root and shoot length. The probability of
heavy metals to reduce plant growth by changing physiolog-
ical and biochemical processes is well known. P. japonica
does not have a significant impact on root and shoot length
as compared to CW. The combination of moss and compost
has shown the second highest shoot length, i.e., 20% more in
contrast to controls. The compost showed a 2% increase in
root length as compared to controls. Peat moss in combination
with inoculum showed 21.7-cm shoot while 6.5-cm root
length, while C+I showed 5.6-cm root and 19.5-cm shoot
length. The CW-treated plants showed significantly reduced
plant growth as compared to plants watered with regular water
(UW) (Table 3).

Maximum root, shoot, leaves, and flower weights have
been noted in the case of M+C+I. Moss and compost alone
or in combination have a significant impact on the plant
growth as compared to bacterial inoculum and CW (Table 3).

Biochemical parameters and stress injury

Photosynthetic pigments are considered a sensitive indicator
of stress. Photosynthetic pigments were measured in all the
treatments in terms of chlorophyll a, chlorophyll b, and carot-
enoids by using Egs. 2, 3, and 5, respectively. Total chloro-
phyll content was found highest in M+C+I as compared to
UW controls. There was a significant reduction in photosyn-
thetic pigments production in CW-irrigated controls. The

second highest chlorophyll contents were found in the case
of M, M+C, and M+1. Low chlorophyll content was noted in
the case of C, I, and C+I which were lower than UW (Fig. 1).

Lipid peroxidation results due to both biotic and abiot-
ic stresses were calculated using Eq. 6. Heavy metals have
been reported to cause lipid breakdown in stressed plant
parts as shown by the results of this experiment. Plants
that were treated with CW have shown the highest stress
factor statistically. Plants amended with C+I resulted in
61% decreased MDA content as compared to CW-
treated plants. Compost treatment showed 59% less lipid
peroxidation in contrast to CW. P. japonica—amended
plants have also demonstrated significantly reduced lipid
peroxidation as compared to CW (Fig. 2a).

Electrolyte leakage (EL) was assessed to evaluate the in-
tegrity of plant cells by using Eq. 7. Highest EL was recorded
in the case of CW. There was no significant difference in EL of
plants amended with compost and M+I, while bacterial strain
treatment individually had shown 8% reduction in EL content.
UW-irrigated plants had shown a 19% reduction in electrolyte
content as compared to CW (Fig. 2b).

H,0, content was found maximum in CW-treated plants.
In the case of UW, 33%, less H,O, content was recorded. The
strain amended plants showed 9% less H,O, content as com-
pared to UW but significantly higher as compared to other
amendments. All the other amendments alone or in combina-
tion showed similar H,O, content (Fig. 2c).

Antioxidant enzyme activities

The activities of CAT, APX, GPX, and GST in C. argentea in
selected treatments are presented in Table 4. Maximum activ-
ities of CAT, APX, GPX, and GST with values of 0.04, 0.46,
0.007, and 0.075, respectively, were recorded in the leaves in
CW treatment. GST activity was calculated using Eq. 8.
Enzyme activities reduced with the addition of organic
amendments. Maximum reduction was detected in the case
of M+C and M+C+I amendment as compared to CW. In the
case of bacterial inoculum, the activities were significantly
low, but the differences were not too significant. ANOVA
summary for parameters studied of C. argentea is provided
in Supplementary Table 2.

Root tolerance index

Root tolerance index (RTI) was measured to estimate the ca-
pability of C. argentea to grow on metal-contaminated soil
with different amendments using Eq. 1. The CW-treated con-
trols and inoculum-amended treatments showed the lowest
percentage of RTI while the treatments with peat moss and
compost showed high RTIL. The highest RTI percentage was
found in M+C+1. The root tolerance index of all the treatments
is given in Table 5.

@ Springer
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Fig. 1 Effects of heavy metals on photosynthetic pigments of C. argentea
L. after 9 weeks of the growth period, UW (plants irrigated with
uncontaminated water), CW (plants irrigated with contaminated
synthetic wastewater), M (peat moss), C (compost), and I (bacterial

psammophila C. (A94), decreased due to the exposure and
accumulation of Cd and Pb (Xu et al. 2019). The plant bio-
mass of treatments with organic amendments, i.e., compost
and peat moss, were found high as compared to controls.
Organic amendments not only improve the quality of soil as
they provide nutrients to plants, but also improve the micro-
bial abundance. Moss and compost are two types of amend-
ments that were used in this experiment, and both amend-
ments have resulted in improved plant growth as compared
to non-amended soil. Mishra et al. (2019) studied the effect of
different soil amendments and microorganisms on the bio-
availability of metals (Zn, Cd, and Pb) and biomass of
Indian Mustard. The results revealed that the green manure—
treated plants showed the highest shoot biomass, while the
lowest shoot biomass with controls.

On the other hand, the highest root biomass and seed pro-
duction were found in green manure and Pseudomonas sp.
This is in line with the outcomes of the present study where
M+C+I showed the highest root and shoot lengths, i.e., the
indicator of better growth. It was attributed to the improved
soil texture, soil organic carbon, enzymatic, and microbial
activity with the addition of amendments. The application of
green tea amendment (GTA) and oil cake amendment (OCA)
significantly enhanced the quality of soil and decreased the

inoculum). Different alphabets on each bar represent statistically
significant differences between each studied parameter, with “a”
representing significantly highest value followed by the later alphabets
at significance level p < 0.05. Each bar is a mean of 3 values + SE

bioavailable fraction of Cd in soil, therefore alleviated Cd
stress to Pakchoi cabbage which leads to the highest biomass
of aboveground parts with GTA and OCA treatments as com-
pared to controls (Yang et al. 2018). Moss has acidic proper-
ties as compared to compost that has usually neutral or alka-
line pH. If the soil has alkaline pH, moss application will result
in pH reduction (Yang et al. 2018). Moss does not compact
over time while compost does. So moss provides better aera-
tion and moisture content for more extended periods. The
improvement in plant growth as a result of the addition of
moss and compost can be attributed to increased decomposi-
tion of organic matter and mineralization of nutrients.
Addition of compost enhances the soil water holding capacity
and soil quality due to the improvement of nutrients in the soil
and hence increases the growth of the plants (Nadeem et al.
2017). Peat moss enhances the plant growth with an increase
in water retention capability of soil due to its enhanced capil-
lary forces and cation exchangeability. As compared to other
growth substrates, peat moss has the highest moisture reten-
tion ability. Stanislawska-Glubiak et al. (2015) reported 2—
2.5-fold grain, 2-3-fold more roots, and 1.2—1.6-fold higher
growth of other aerial parts in maize with moss-amended soils,
while compost loses its nutritional value over time, so it needs
replenishment. The reduction in metal availability in the
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C (compost), and I (bacterial inoculum). Different alphabets on each bar
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Table 4 Antioxidant enzymes activities in leaves of C. argentea L. after exposure to HM-contaminated wastewater

Treatments Catalase (units g_1 FW)

Ascorbate peroxidase

Guaiacol peroxidase Glutathione-s-transferase

(units gfl FW) (units g{l FW) (mM ! min"' FW)

Uncontaminated water 0.031 + 0.002° 0.32 + 0.009¢ 0.004 + 0.0002° 0.034 +0.0001°
Contaminated water 0.04 + 0.0008° 0.46 + 0.0034° 0.007 + 0.0001 0.075 +0.0003*
Peat moss 0.032 + 0.02¢ 0.31 +0.024¢ 0.004 + 0.0003° 0.034 +0.0001°
Compost 0.033 + 0.03% 0.35+0.019° 0.004 + 0.0002° 0.034 + 0.00009°
Bacterial inoculum 0.035 +0.03° 0.40 £ 0.014° 0.006 + 0.0003° 0.054 +0.003°
Peat moss + compost 0.032 + 0.0004° 0.30 + 0.023¢ 0.004 + 0.0002° 0.036 + 0.0008°
Peat moss + inoculum 0.034 + 0.002° 0.34 + 0.024° 0.004 + 0.00009¢ 0.035 + 0.002°¢
Compost + inoculum 0.035 + 0.003° 0.33 +0.009% 0.004 + 0.00006° 0.035 + 0.00003°

Peat moss + compost + inoculum 0.033 + 0.002"

0.33 +0.02¢

0.003 £ 0.0004" 0.035 +0.0001°¢

Similar letters in the same column are not significant. Significantly highest mean is “a” column-wise followed by later alphabets for lower means. Data

are means £ SE (n = 3)

presence of peat moss can be attributed to various sorption
mechanisms, including complexation, surface adsorption,
ion exchange, and adsorption complexation. The most com-
mon among them is the ion exchange mechanism. Peat moss
contains surface-charged particles that attract opposite-
charged metal ions in the ion exchange mechanism (Yang
et al. 2018). The removal of the adsorbed metal ion depends
on the strength of adsorption.

In contrast to ion exchange, complexation binds metal ions
more strongly. Therefore, the metals binding with electrostatic
attractions and ion exchange are more likely on the surface of
the peat moss to take place. Compost involves three mecha-
nisms, including adsorption and complexation, redox reac-
tions, and precipitation for reducing the availability of heavy
metals to plants. Pseudomonas japonica individually did not
improve plant growth. The reason for not showing enhanced
plant growth can be the high level of metal accumulation and
hence the stress on the plant body. Plants without any amend-
ments showed less growth because of low nutrient content in

Table 5 Root tolerance index (RTI) of C. argentea L. after exposure to
HM-contaminated wastewater

Treatments Root tolerance index (%)

Contaminated water 54.39 + 5.48°
Peat moss 108.10 = 11.43%
Compost 136.14 + 16.09°

72.63 + 8.96¢
106.41 £ 9.07*
131.75 = 18.45°
114.86 + 11.74%
219.59 + 3.85°

Bacterial inoculum

Peat moss + compost

Peat moss + inoculum

Compost + inoculum

Peat Moss + compost + inoculum

Similar letters in the same column are not significant. Significantly
highest mean is “a” column-wise followed by later alphabets for lower
means. Data are means + SE (n = 3)

plain soil and high metal stress in plant body due to the accu-
mulation of metals in C. argentea.

The chlorophyll content is sometimes used as a visual indi-
cator to measure the environmental stress on the plant body to
see plant illness and photosynthetic productivity. In the present
study, chlorophyll content was found low in inoculum-
amended treatments and contaminated water treatments, a
clear sign of reduced growth and enhanced metal stress. On
the other hand, peat moss and compost-amended plants
showed increased chlorophyll content that indicates enhanced
growth of the plant and reduced metal stress. The contradictory
parts of the data are perhaps because of different heavy metals,
which may compete in the soil. Another critical factor is the
production of organic acids, playing an essential role in the soil
nutrient availability, mobilization of metals, ecology, and pro-
ductivity. These organic acids can be originated from a range
of sources including root exudates, microorganisms, decompo-
sition of organic matter, and may reflect plant response to
biotic and abiotic stresses. They have a strong capability to
dissolve insoluble fractions of heavy metals by acidification,
chelation, and cation exchange reactions. So, acidification and
chelation mechanisms facilitate the mobility and availability of
metals (Adeleke et al. 2017). Organic acids increase the mo-
bility of metals in soil by reducing the pH of the soil and the
formation of complexes with the metals. Organic acids re-
leased from plant roots affect the heavy metals in soil by in-
creasing the bioavailability, reducing sorption, and mobilizing
the metals. Bacillus, Pseudomonas, Enterobacter, and
Rhizobium are some of the microbes producing organic acids
(Adeleke et al. 2017). P. japonica enhanced the mobility of
heavy metals in soil due to the release of organic acids and
increased metal uptake by the plant. In a study, Typha latifolia
has shown to uptake increased concentrations of Pb and Zn due
to the release of oxalic acids by roots (Man et al. 2016). Bao
et al. (2011) studied Cd hyperaccumulator Solanum nigrum L.
and concluded that the soil solution was acidic due to the
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Fig. 3 Effect of different
amendments on metal uptake of
C. argentea L. (a) Lead, (b) cad-
mium, (¢) copper (d), nickel, and
(e) chromium in root, shoot, leaf,
and flower after 9 weeks of ex-
posure to heavy metals containing
synthetic effluent, UW (plants ir-
rigated with uncontaminated wa-
ter), CW (plants irrigated with
contaminated synthetic wastewa-
ter), M (peat moss), C (compost),
and I (bacterial inoculum).
Different alphabets on each bar
represent statistically significant
differences between each plant
compartment, with “a”
representing significantly highest
value followed by the later alpha-
bets at significance level p < 0.05.
Each bar is a mean of 3 values +
SE
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release of organic acids such as oxalic, malic, and citric acids in
the surrounding environment, and high content of Cd was
found in Solanum nigrum tissues.

Phytohormones play a significant role in plant growth, de-
velopment, and survival. Phytohormones include indole-3-
acetic acid or auxin (IAA), abscisic acid (ABA), ethylene
(ET), cytokinin (CK), and gibberellin (GA). Plant hormones
such as strigolactone (SL), brassinosteroid (BR), jasmonic acid
(JA), and salicylic acid (SA) are recently identified that are vital
for the growth and development of plants (Sytar et al. 2018).
Phytohormones play an essential role in signaling and defense
against heavy metal stress. They maintain and support the plant
against abiotic and biotic stresses. ABA plays a crucial role in
seed development and dormancy during different stages in the
plant life cycle. It is considered necessary for combatting sev-
eral environmental stresses. The concentration of ABA is
known to increase in plant tissues after the exposure of heavy
metals, suggesting the involvement of ABA in the stimulation
of defense mechanism in response to heavy metals (Biicker-
Neto et al. 2017). IAA is the multifunctional plant hormone
playing an essential role in the development of plants both
under normal and stressed conditions. The concentration of
IAA has been found to increase under heavy metal stress. The
enhanced level of IAA has been linked to the reduced growth of
aplant which is associated with the change in hormonal balance
under heavy metal stress. The endogenous application of auxins
in maize plant under Pb stress increases the metal uptake and
translocation in 60-day-old plants. It also helps to increase the
growth of the plant (Hadi et al. 2010). In another study, Tandon
etal. (2015) found that the application of two natural auxins and
a synthetic auxin enhanced the phytoremediation efficiency in
wetlands and non-wetland plants in water bodies. Ethylene was
also found to involve in various developmental processes in
seedlings, including leaf abscission, senescence, and fruit rip-
ening. Studies have shown the contribution of ethylene in de-
fense against heavy metal stress. The increase in production of
ethylene was found in plants exposed to heavy metals at toxic
levels (Khan et al. 2015a, b). In the present study, C. argentea
was found to have the ability of tolerance and accumulation of
five different metals which can be associated with the produc-
tion of phytohormones.

The elevated level of metals in contaminated soil initiates
the oxidative damage by disturbing the production of reactive
oxygen species (ROS). The ROS comprising 0>, H,O,, HO?
~, OH, and RO are very reactive and lethal resulting in
damage to cellular components like proteins, lipids, and
DNA leading to cell death. Antioxidant enzymes and non-
enzymatic species tackle this disturbance. Under steady con-
ditions, they provide sufficient protection, and their ability
increases under stress conditions (Khan et al. 2019). In this
study, antioxidant enzymes, including CAT, APX, GPX, and
GST, were used as physiological biomarkers of heavy metal
stress to the plant body. Due to low metal uptake in the

presence of moss and compost, the enzyme activities lowered
in moss- and compost-amended treatments.

Usually, CAT is found in peroxisomes and mitochondria. It
defenses the plant from stress through the decomposition of
H,0, into H,O and O, through energy-proficient mechanism.
APX has an extensive defensive mechanism against stress. It
has five isoenzymes that play a vital role in the conversion of
H,0, into H,O with the help of oxidation of ascorbate to
monodehydroascorbate. The enhanced levels of antioxidant
enzymatic activities, including SOD, APX, CAT, and POD,
were reported in Tanacetum parthenium L. when exposed to
0-70 uM Cd and Cu (Hojati et al. 2017). In a study, the
enhanced activity of antioxidant enzymes (CAT, SOD, and
POX) was reported with the addition of bacterial strain, i.e.,
Pantoea sp. ZNP-5, under the influence of Cu stress (Singh
and Jha 2018). GST is responsible for combating various bi-
otic and abiotic stresses. An increase in the activity of GST has
been reported in leaves and roots of P. sativum when exposed
to Cd (Dixit et al. 2001). The activity of GPX increased in the
Lupinus luteus L. (when grown on soil artificially contaminat-
ed with Cd and soil from metallurgical industry) up to ten
times the activity on the uncontaminated soil (Jaskulak et al.
2019). According to Zhong et al. (2019), CAT activity of
P laciniata increased until the concentration of Cd reaches
50 mg kg " and decreased with further increase in Cd concen-
tration. Khan et al. (2019) found significantly higher antioxi-
dant enzyme activities (CAT, POX, GST, APX, and SOD) in
Petunia hybrida L. when exposed to various heavy metals
(Cd, Cr, Cu, Ni, and Pb) and the activity of enzymes increases
with the concentration of heavy metals. Under Cd stress, the
SOD content increased significantly in R. communis with the
increase in cadmium concentration and slightly enhanced the
CAT content. The Zn treatment markedly enhances the POD
and SOD content, and Cu treatment enhances CAT activity to
some extent in leaves of R. communis (Wang et al. 2018). The
plants’ exposure to heavy metals aggravates responses of an-
tioxidant enzymes which help plants against oxidative dam-
ages, but the extent of response is linked to plant species,
metal type, and its intensity.

Heavy metal stress to plants generally results in enhanced
production of reactive oxygen species (ROS) which are reac-
tive in comparison to molecular oxygen and are highly toxic to
plant tissues. The overproduction of reactive oxygen species
and free radicals can often damage the biomolecules like pro-
teins, DNA, and lipids. Heavy metal tolerance of plants has
been associated with efficient antioxidant protection system by
many researchers (Khan et al. 2019). Plants have evolved ef-
ficient and complex non-enzymatic and enzymatic antioxidant
defense mechanisms to cope with the toxic effects of free rad-
icals. Total antioxidant capacity is the cumulative capacity of
the components of plant extracts to scavenge the free radicals.
It has been used to determine the antioxidant capacity of var-
ious biological samples. It is used to investigate the overall
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antioxidant capacity of the plants against stress such as heavy
metals. Total antioxidant capacity of Salvia officinalis L.
grown on soil contaminated with Zn, Cd, Pb, and Cu was
measured and compared with non-polluted control soil. The
results indicate the high production of H,O,, MDA, oxidized
(GSSQG) glutathione forms, reduced (GSH), dehydroascorbate,
and ascorbate in heavy metal-treated soil. The researchers
speculate that the neutralization of H,O, is a non-enzymatic
process (Stancheva et al. 2010).

The metallothionein (MT) are metal-tolerant genes and are
expressed in the plants when exposed to abiotic stress like salt,
oxidative stress, heat, heavy metals, and drought. The MT
genes always express in specific tissues and organs; for
example, MT1 express in roots, MT2 in leaves, MT3 in
fruit, and other MTs in the seeds. Liu et al. (2015) revealed
the involvement of OsMT2c in the enhancement of tolerance
to Cu and increased reactive oxygen species (ROS) activity in
Oryza sativa. ShMT1 and ShMT?2 are the two MT genes from
ectomycorrhizal fungus S. himalayensis which are inducible
in response to copper and cadmium stress and play a signifi-
cant role in detoxification of Cu and Cd (Kalsotra et al. 2018).
HMA genes are known to express in heavy metal—stressed
plants. HMA-associated genes encoding bivalent cation trans-
porters are overexpressed in the shoots and roots of Noccaea
caerulescens and Arabidopsis halleri; both are Cd and Zn
hyperaccumulators. HMA2 expression in the A. thaliana, rice,
wheat, and barley is linked with the translocation of Cd and
Zn. HMAZ3 is utilized in the detoxification of metal in vacuole
by Cd sequestration while HMA4 behaves as a physiological
agent at the time of metal hyperaccumulation. Moreover,
HMA4 and HMA? play a significant role in the metal trans-
location from root to shoot (Chaudhary et al. 2018).

Root tolerance index (RTI) indicates the ability of the plant
to survive against the stress such as heavy metals. The in-
creased RTI specifies the better growth of plant and tolerance
against the heavy metals. The results of this study indicate that
the addition of compost and peat moss significantly enhanced
the RTI higher than 100%, i.e., the indicator of better growth.
On the other hand, the RTI of inoculum-amended treatments
and contaminated water—treated plants was found less than
100%, which indicates the high metal stress for these treat-
ments. It can be due to high accumulation of metals by these
treatments. Similar results have been reported by Marzilli et al.
(2018) where the tolerance index of Populus alba clone
Villafranca under Cd (5, 50, and 250 uM) and Cu (5, 50,
250, and 500 pM) stress decreased with the increasing concen-
tration of metal stress. It is reported that the bacterial strains,
i.e., K. intermedia, C. murliniae, and K. oxytoca, enhance the
bioavailable fraction of cadmium and lead and, in turn, in-
crease the uptake of metals by M. deeringiana in contrast to
controls without bacterial inoculation (Boechat et al. 2017).
The total lead uptake in plants without bacterial strain was a
bit higher than bio-augmented plants, but the concentration
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was not significantly different from each other. There is a pos-
sibility that P. japonica did not play a significant role in solu-
bility of lead in soil and did not contribute towards Pb avail-
ability for the plant to uptake. The higher accumulation of Cu
in P, japonica—inoculated plants can be attributed to the metal
mobilization in soil solution by bacterial strain. Similar find-
ings were reported by Singh and Jha (2018), that in the wheat
plant, the uptake of Cu was enhanced by inoculation with
bacterial strain ZNP-5. The concentration of Cu was found
highest in roots and shoots of the wheat plant. The
phytoextraction ability of Solanum nigrum plant enhanced
with the addition of bacterial strain Serratia sp. RSC-14 as
compared to uninoculated controls (Khan et al. 2015a, b).
The uptake and accumulation of Cr enhanced in sunflower
when inoculated with Pseudomonas sp. CPSB21 strain
(Gupta et al. 2018). As evident from this study, the bioavail-
ability of metals in soil could be enhanced with bioaugmenta-
tion by increasing the available fractions in the soil solution.
The bacterial strain can solubilize metals from non-soluble
phases and increase its availability for plant uptake.
Therefore, the enhanced uptake and accumulation of Cd, Cr,
Cu, and Ni in plant parts is attributed to the more soluble
fraction of metals in soil solution due to bacterial inoculation.

Plants have evolved mechanisms for the uptake of essential
nutrients from the environment. The transport mechanisms in
the plasma membrane for uptake and translocation of nutrients
includes (i) proton pumps (that involves ATPases to consume
energy and create electrochemical gradients); (ii) co-
transporters and anti-transporters (these are proteins for utili-
zation of electrochemical gradients to initiate the active uptake
ofions); and (iii) channels (that are proteins involved in facil-
itation of transportation of ions into the cell). The uptake of
nutrients is often accompanied by the absorption of metals
when they are present in ionic form in the soil solution.
Evapotranspiration of water through leaves of the plants also
serves as a pump for the uptake of metals. It plays an active
role in the transport of metals to shoots. Mostly, the microor-
ganisms in the rhizosphere of the plant help in mobilization of
metal ions and increase the bioavailable fraction for increased
uptake by the plant. Overall, in our study, with the addition of
bacterial strain, the translocation of all five metals to aerial
parts is apparent. It can be concluded that P. japonica contrib-
utes to the enhanced metal translocation in C. argentea.

Nutrient availability and rhizosphere pH

The nutrient availability in the soil is essential for the proper
growth of plants, which is exceedingly dependent on the pH
of the soil. The pH of soil also determines the availability of
toxic elements in soil. At low pH, the soil is acidic, and the
growth of plants is limited by excessive Al and Mn ions, and
low availability of nutrients, such as P, Mg, K, Ca, and Mo. On
calcareous or alkaline soils, the growth of plants is generally
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limited due to the low bioavailability of micronutrients like Zn,
Fe, Cu, and Mn (Khan et al. 2019). The nutrient availability can
be enhanced by the addition of amendments to the soil. Compost
has acidic to slightly basic pH, and peat moss has acidic pH,
which helps to increase the nutrient availability in the soil
solution and hence the growth of plants. Ding et al. (2019)
observed the effect of pH and uptake of nutrients in six geno-
types of Lupinus in hydroponics at pH 5, 6.5, and 8. The results
indicate the deficiency of P, at pH 8 for all the Lupinus geno-
types. The lateral root growth, uptake, and translocation of Ca,
K, Mn, and P was reduced at high pH for all the sensitive
species. It proves that the high pH of the soil is responsible for
unavailability of nutrients in the soil, and the pH needs to be
slightly acidic for the availability of the nutrients. Soil amend-
ments such as compost, biochar, and peat moss can be used to
enhance the quality and fertility of heavy metal-stressed soil.

Perspectives of future research and practical
applications

The use of ornamental plants has excellent potential for
phytoextraction of heavy metals from the environment. It is
the emerging technology with more eco-friendly perspective
as compared to conventional techniques. Phytoremediation of
heavy metals at industrial scale largely depends on several
factors including the right plant species with the production
of high biomass, proper growth, and tolerance in the presence
of various environmental pollutants including heavy metals
(Zhang et al. 2018). We can enhance the remediation ability
of ornamental plants through some modifications in soil phys-
ical or chemical properties, microbial characteristics, or genet-
ic changes of ornamental plants (Lajayer et al. 2019).

In this study, we have chosen a bacterial strain Pseudomonas
Japonica to check its effect on the phytoextraction ability of an
ornamental plant, Celosia argentea, in terms of multiple heavy
metal uptake. It is remarkable to study other ornamental plants
to recognize more tolerant species among them. Moreover, the
growth of plant species in combination with endophytes and
rhizospheric bacteria and other soil conditioners needs some
consideration. It is because the plant-microbe association can
significantly enhance the growth of the plant in the stressed
situation and metal phytoextraction as well (Arshad et al. 2017).

The results from our study can be utilized and applied
practically on a large scale for the removal of specific heavy
metals from the soil as well as from the treated wastewater,
which usually contains heavy metals. Celosia argentea is the
non-edible plant, so there are rare chances for the contamina-
tion of the food chain. Ornamental plants can also be used to
extract medicinal oil and aromatic substances from the plant
tissues and flowers (Lajayer et al. 2019). There is no study
previously reported regarding the contamination of perfume
or oil obtained from flowers grown on heavy metal—
contaminated sites. Although the growth will be affected by

heavy metal stress, it can be compensated by cutting some
aerial parts of the plant and allowing growing new leaves to
reduce the heavy metal buildup and load in the whole plant. It
is a logical, economical way for developing countries where
the government is unable to provide incentives to agriculture
sector with polluted land. Therefore, income from sales of cut
flower from ornamental plants may add to the resources of
local people to treat the contaminated soil. Also, the use of
ornamental plant will beautify the environment in real.

Celosia argentea can accumulate five different heavy
metals from the contaminated soil at the same time. Such
results can help the environmental engineer to choose
C. argentea for the phytoextraction of soil containing a mix
of heavy metals. This plant is perennial and shows high bio-
mass when grown in metal-contaminated sites. Our study also
indicates higher translocation level for all five heavy metals
from roots to aboveground parts of the plant, which is most
important for the practicality of the phytoremediation process.
It also can grow well in metal-contaminated soil, thus making
it an important candidate for the treatment of contaminated
land. The natural esthetic properties of C. argentea also make
phytoremediation a more attractive method for cleanup pur-
poses. The practicality of phytoremediation depends on the
availability of pollutants in the soil, amount of biomass of
plant, translocation of metals, and the metal tolerance of the
plant. The combination of the plant with microorganisms is
beneficial for remediation of heavy metals in terms of cost and
success for in situ implementation in various environments.
Microbes enhance the availability of metals in the soil to in-
crease the uptake of metals by plant body.

Phytoremediation applies for shallow contamination to the
depth where the roots of plants can penetrate and interact with
metals. Phytoremediation is the low-cost, in situ approaches that
remove pollutants from the soil without disturbing its present
biological activity, soil structure, and fertility. It is a more sus-
tainable method as it is driven by solar energy. Phytoremediation
needs to remove the plants from agriculture land and wildlife
because they would be contaminated with pollutants, and once
loaded, they need to be disposed of properly. Plants can be
disposed of easily through various methods including pyrolysis,
anaerobic digestion, incineration, acid extraction, gasification,
extraction of essential oil, and fibers from plants (Dzantor
2007). The challenges faced in applying the phytoremediation
practice to the practical application are enormous, which could
be the reason why field utilization of the approach has yet to be
recognized more than two decades, after the opinion was
established. Investigation of various case studies has shown en-
lightening directions and issues rising through the application of
phytoremediation practices. Participation of all stakeholders in-
cluding scientists, environmentalists, and civil engineers, and
enterprises and accountable authorities, with right approach to
decision-making, will result in positive outcomes in provision of
sustainable results from cleanup missions and practical
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employment of more environmentally friendly technologies
with close to zero emissions that is important in a scope of
minimizing climate change problems (Koptsik 2014).

Future research

1. There is limited knowledge available about the uptake of
heavy metals by ornamental plants at the cellular level and
needs further investigation.

2. There is a lack of data related to enzymatic and non-
enzymatic detoxification pathways, so it needs to be stud-
ied in depth in the future.

3. Also, the mechanism of heavy metal uptake by the orna-
mental plant is poorly understood, and there is a need to
study the phenomenon to get a better understanding about
the metal detoxification and sequestration mechanism in-
side the plant body.

4. The role of synthetic and organic chelating agents includ-
ing EGTA, DTPA, DTA, beneficial microbial amend-
ments, and development of transgenic ornamental plants
could be studied to improve the metal uptake ability
(Lajayer et al. 2019).

5. Further, the role of plant-microbe association is also needed
to be investigated with reference to the ornamental plants.
The microorganism must be able to improve the plant
growth and the tolerance/accumulation of heavy metals.

Conclusions

The use of C. argentea can not only remediate the environment
contaminated with heavy metals but also have esthetic proper-
ties. Celosia argentea with P, japonica enhanced the uptake of
Cd, Cu, Ni, and Cr. C. argentea with P. japonica showed
enhanced translocation of metals, while moss and compost
have resulted in reduced heavy metal uptake by C. argentea.
Heavy metals enhanced the production of antioxidant enzymes
in CW treatments. With these results, C. argentea can be used
in polishing of treated wastewater containing heavy metals,
and hence the environmental impact of the industry can be
reduced and move towards sustainability.
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