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ARTICLE INFO ABSTRACT

Keywords: Sustainable and safe management of aquaculture sediments is of great concern. Biochar (BC) and fishpond sedi-
Aquaculture sediments ments (FPS) arerich in organic carbon and nutrients and thus can be used as soil amendments; however, it is not fully
Biochar

explored how the biochar amended fishpond sediments can affect soil properties/fertility and modulate plant
physiological and biochemical changes, particularly under contamination stress. Therefore, a comprehensive
investigation was carried out to explore the effects of FPS and BC-treated FPS (BFPS) on soil and on spinach (Spinacia
oleracea L.) grown in chromium (Cr) contaminated soils. Addition of FPS and BFPS to soil caused an increase in
nutrients content and reduced Cr levels in soil, which consequently resulted in a significant increase in plant
biomass, chlorophyll pigments, and photosynthesis, over the control treatment. The most beneficial effect was
observed with the BFPS applied at 35 %, which further increased the antioxidant enzymes (by 2.75-fold, at mini-
mum), soluble sugars by 24.9 %, and upregulated the gene expression activities. However, the same treatment
significantly decreased proline content by 74.9 %, Malondialdehyde by 65.6 %, H2O2 by 65.1 %, and Cr concen-
tration in spinach root and shoot tissues. Moreover, the average daily intake analysis showed that BFPS (at 35 %)
could effectively reduce human health risks associated with Cr consumption of leafy vegetables. In conclusion, these
findings are necessary to provide guidelines for the reutilization of aquaculture sediments as an organic fertilizer
and a soil amendment for polluted soils. However, more future field studies are necessary to provide guidelines and
codes on aquaculture sediments reutilization as organic fertilizer and soil amendment for polluted soils, aiming for a
more sustainable food system in China and globally, with extended benefits to the ecosystem and human.
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S. Mehmood et al.
1. Introduction

Rational and sustainable reuse of nutrients-rich aquaculture sedi-
ments for amelioration of degraded soils is of great concern from agri-
cultural and environmental points of view (Mehmood et al., 2022; Mosa
et al,, 2022). Among the degraded soils, the heavy metals (HMs)
contaminated ones pose high risk for human and ecosystem and thus
need effective and applicable ecological solution to mitigate this risk
(Khan et al., 2021; Palansooriya et al., 2020). Chromium (Cr) is one of
the non-essential carcinogenic and toxic HMs, and it’s a redox-sensitive
metal; turning it into an ambiguous chemical element even in minute
quantities, which increase soil contamination and human health risks
(Pavesi and Moreira, 2020; Prasad et al., 2021; Ukhurebor et al., 2021).
High levels of Cr in soils and plants can cause negative effects on the
plant growth, and consequent negative (in)direct impacts on human
health (Antoniadis et al., 2017, 2018; Witkowska et al., 2021). For
example, exposure to Cr may trigger critical medical conditions such as
aberrant enzymatic activity, oxidation-reduction disequilibrium, and
protein denaturation, as well as increase the risk of various health issues
including back discomfort, asthma, chromosomal abnormalities,
dermatitis, cancer, alterations in hemoglobin, chronic bronchitis, hy-
pertension, and metabolic syndrome (Yiiksel et al., 2021). Therefore,
remediation of Cr contaminated soils/sediments is of great concern
(Fernandez et al., 2018).

Among the remediation trials, addition of organic matter and
nutrients-rich amendments to degraded soils is considered as a gentile,
low cost, and environmental friendly approach (Palansooriya et al.,
2020). The fishpond sediments are one of those organic matter and
nutrients-rich amendments, and thus can be used a soil ameliorant (Dien
et al., 2018; Shaheen et al., 2020; Wang et al., 2022).

The global fish production from aquaculture increased during the
past years, with an estimated average annual rate of 8.8 % (Haque et al.,
2016). With aquaculture intensification, strategies had to be developed
to mitigate their environmental impacts, such as nutrient pollution
caused by sediments discharged into local water sources (Shaheen et al.,
2020). Marine and fishpond sediments (FPS) contain high levels of nu-
trients and trace elements (Shaheen et al., 2020; Mosa et al., 2022; Al-
Solaimani et al., 2022). Heavy metals, including Cr, are hazardous ele-
ments that do not break down naturally and tend to build up in areas
such as sediment, plants, water, and soil, where they pose a threat to the
health of the environment (Topaldemir et al., 2022), which is also a
common contamination element in aquaculture sediments that reported
in many studies (Ma et al., 2022). Therefore, recycling of FPS as fertilizer
have been proposed recently (Mehmood et al., 2022). Biochar (BC) is a
carbon-rich substance formed by the pyrolysis of organic materials at
temperatures between 200 °C and 1200 °C with restricted or no oxygen
supply (Li et al., 2020). It has been demonstrated to enhance the phys-
ical and chemical qualities of soil, absorb carbon dioxide from the at-
mosphere, prevent water erosion, and boost crop yields due to its stable
nature, many pores, and high specific surface area (Ahmad et al., 2014;
Mohan et al., 2014; Song et al., 2020). Moreover as a soil amendment BC
has shown to be an alternative to waste disposal and a source of nutri-
ents (El-Naggar et al., 2019; Shaheen et al., 2022; Shaheen et al., 2023).
Biochar can be used to remediate HMs contaminated soil and aqueous
mediums (Shaheen et al., 2019; Wang et al., 2020; Bolan et al., 2022).
Moreover, treating contaminated sediments with BC enhanced nutrients
content and stabilized HMs present in the sediments (Mehmood et al.,
2022). Therefore, the combination of both FPS and BC may maximize
their benefits as a fertilizer and a soil amendment because BC and FPS
are rich in organic carbon and nutrients. Hence, the rationality of using
BC amended FPS (BFPS) is that addition of BFPS to degraded/contam-
inated soils could improve soil properties, increase nutrients and organic
matter content, enhance plant growth, and also stabilize HMs in soils
and mitigate their accumulation and potential ecological and human
health risk. Therefore, the use of BC-amended sediments to remediate
HMs polluted soil is advantageous attempt.
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There are recent studies investigated the effects of FPS addition to
soils on the growth of some plants, e.g., Cardamine L. (Drozdz et al.,
20205 Li et al., 2020), corn and water spinach (Van Tung et al., 2021),
Seaweed (Gracilaria sp.; Ardiyansyah and Sudarno, 2019), and fodder
grass (Haque et al., 2016). However, studies on the roles of BFPS and
how these fertilizers modulate biochemical and physiological changes
under Cr stress conditions in spinach are scarce. This work describes the
results of a pot trial designed to response to these imperatives in China,
recovery of nutrient from intensive fishpond aquaculture to produce
spinach (Spinacia oleracea L.). Spinach is a leafy vegetable with eco-
nomic importance as it is cultivated and consumed worldwide, with an
annual worldwide production about 26-30 million tonnes (FAO, 2019;
Murphy et al., 2022). Studies show that spinach contains a high amount
of antioxidants and polyphenols, which can protect the liver against
certain diseases (Mokhtari et al., 2021). In our previous study (Meh-
mood et al., 2022), we evaluated the performance of different biochars,
where the BC derived from Taraxacum mongolicum Hand-Mazz (TMBC)
achieved the best result in terms of Cr stabilization and nutrient
enhancement in the FPS obtained from Tan Niu (TN), China. Therefore,
here our main aim is to assess the potentiality of TMBC treated FPS from
Tan Niu as potential fertilizer for vegetable production. Specifically, we
aimed to examine the impacts of BC-treated FPS on soil nutrients con-
tent, photosynthetic traits, antioxidants, the ascorbate-glutathione
cycle, and spinach growth in soil, as well as its potentiality to reduce
Cr accumulation by plants.

2. Materials and methods
2.1. Preparation of biochar-amended fishpond sediments

The studied FPS has been sampled from a fishpond in Tan Niu, China.
The FPS were mixed with a biochar (3.0 %; w/w)-derived from the
Chinese herbs Taraxacum mongolicum, and then incubated at constant
temperature in dark for 90 days, as reported in Mehmood et al. (2022).
Here the fishpond sediment is abbreviated as (FPS) and the biochar-
treated fishpond sediment is abbreviated as (BFPS).

2.2. Soil sampling and experimental setup

Topsoil (0-15 cm) was collected from the farmland of Haikou, China
(20° 03’ 22.80” N and 110° 19’ 10.20” E). The soil was air-dried in a
ventilated dry and in-shadow place for a week. Then, plant debris was
removed, and the soil was ground, 2 mm sieved, and properly stored for
subsequent analysis and experiments. The properties and element con-
tent of the soil, FPS, BC, and BFPS are presented in Table S1 (Supple-
mentary Materials). Afterward, the FPS and BFPS was added to the
sieved soil at the dose of 0.0, 25.0, and 35.0 % (w/w) with three repli-
cates (Table S2), and each treatment was placed into plastic pots.
Spinach (Spinacia oleracea L.) seeds were acquired from Chun Xia Qiu
Dong Zhong Ye (Hengyang, Hunan, China). Four seeds were sown in
each pot, and then thinned to two seedlings per pot after germination
Seedlings without FPS and BFPS were used as the control plants. P The
average day/night temperatures during the experiment were 25/22 °C
(+ 3 °C). A variety of morphological and biochemical parameters were
measured after 45 days of sowing spinach.

2.3. Soil/sediment analysis

The soil/sediment samples were characterized for their, particle size
distribution, pH, salinity, and nutrients (N, P, K, Ca) content as per the
Chinese standard test methods of soil analyses (Table S1). The soil
particle size distribution was determined as per the method of LY/T
1225-1999. The pH and salinity (EC) of sediments were measured ac-
cording to the methods of HJ 962-2018 and HJ 802-2016, respectively.
Total N, available P and exchangeable K content was extracted and
determined as per the methods of LY/T 1228-2015, NY/T 1121.7-2014,
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and LY/T 1246-1999, respectively. The pseudo-total content of Cr was
extracted using 5.0 mL concentrated nitric acid, 2.0 mL hydrofluoric
acid, 1.0 mL hydrochloric acid, and 1.0 mL perchloric acid and
measured using graphite furnace AAS (GB/T 17141-1997). The details
of the above-mentioned methods are provided in the supplementary
material (Section 1) and in reported in Mehmood et al. (2022).

2.4. Plant analysis

2.4.1. Growth parameters, photosynthetic pigments, and photosynthesis

The agronomic parameters and weight of the harvested spinach
plants were measured. The method by Ritchie et al. (1990), was fol-
lowed to determine and calculate the relative water content (RWC%) in
the leaves as follow:

RWC (%) = (Fw-Dw/Sw-Dyw) x 100 €h)

where Fy;, Sw, and Dy refer to fresh weight (g), saturated weight (g), and
dry weight (g) of spinach leaves.

Photosynthetic pigments were extracted using 15 mL acetone after
crushing and grinding 0.25 g (fresh weight) leaf under liquid nitrogen
and then the chlorophyll a (chll a), chlorophyll b (chll b), and caroten-
oids, were measured colorimetrically using spectrophotometer and
expressed in mg g~ ! of fresh weight (Lichtenthaler and Wellburn, 1983)
as follows:

Chlorophyll, = (19.3 x Agg — 0.86 X Agss)V/100W) @
Chlorophyll, = (19.3 x Agss — 3.6 X Age3)V/100W) 3)
Carotenoids = 100(As0) — 3.27(mg Chl.a) — 104(mg Chi.b)/227 @

where, A is the absorption at 663, 645, and 470 nm, V is the volume of
the supernatant, and W: fresh weight (g).

In addition, the green index of leaves was also measured by the non-
destructive measurement of chlorophyll concentration with a chloro-
phyll measurement device (SPAD -502; Konica Minolta, Osaka, Japan).
The leaf photosynthetic activity (Pn), transpiration rate (E), and internal
CO4 concentration (Ci) were measured by a Portable Photosynthesis
System as per the method of Chen et al. (2016).

2.4.2. Assay of antioxidant enzymes

The superoxide dismutase activity in the control and treated samples
was measured using nitroblue tetrazolium (NBT) method (Giannopolitis
and Ries, 1977). The peroxidase enzyme activity (POD) was determined
by using the method of Matthews (1987). An enzyme unit (EU) mg™*
protein was used to measure the rate of production of oxidized guaiacol
at 436 nm. The catalase (CAT) and ascorbate peroxidase (APX) enzyme
activity was determined according to Aebi (1984). and Nakano and
Asada (1981), respectively.

2.4.3. Proline, soluble sugar, total protein, malondialdehyde, and H>0»

A 1-mL sample extract was prepared by grounding fresh leaves in a
cold mortar and macerating them into Tris buffer 100 mM (pH 8.0);
then, centrifuged for 15 min at 20000 rpm at 5 °C to separate the ex-
tracts. The Bradford standard assay was used to estimate the leaf’s
protein content (Bradford, 1976). The soluble sugar content in the leaf
was measured following the method by Rastall (2007). The proline
content of the leaf was calculated based on the procedure described by
Bates et al. (1973). The content of HyO5 and Malondialdehyde (MDA)
was calculated according to the procedures of Velikova et al. (2000) and
was measured using a modified method developed by Heath and Packer
(1968), respectively. More details about the extraction and analyses of
proline, soluble sugar, and MDA are described in the supplementary
materials.
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2.4.4. Analysis of metal-related genes expression and Cr content in plants

The metal-related genes expression in spinach plants was analyzed
using RT-qPCR. as mentioned by Heid et al. (1996) and it has also been
used by Mehmood et al. (2020). More details are described in the sup-
plementary materials. For extraction of Cr content in the plants, a sub-
sample of 0.2 g of the dried and milled roots and shoots was digested
in a polytetrafluoroethylene digestion tank using concentrated nitric
acid in a microwave digestion apparatus according to the Chinese
standard method (GB 5009.268-2016). The details are provided in the
supplementary file (Section 1).

2.5. Health risk assessment

The average daily intake (ADI), adopted by Wang et al. (2005) and
used by Khan et al. (2020) was used to calculate the health risk assess-
ment as per Eq. (5), whereas the health risk index (HRI) was calculated
as per Eq. (6).

Cmeml X IRinmke Cﬂ

ADI o = BW

)

ADI

HRI =
RD

(6)

where ADI: average daily intake, Cpetai: the concentration of Cr in
spinach plant (mg kg’l), IRintake: the ingestion ratio of vegetables, Cg:
fresh to dry weight conversion factor of vegetables, BW: the average
body weight per person, HRI: health risk index, and RfD: Reference
Dose.

2.6. Quality assurance of the results

To minimize background Cr contamination, glass containers were
washed at least 3 times with ultrapure water before use. During the
laboratory experiments, cotton lab coats and nitrile gloves were worn.
Whenever an analytical instrument is not in use, tin foil is placed over it.
All glassware used in the experiment was washed 3 times or more with
ultrapure water and then dried in an oven. In order to ensure quality
control, a certified reference sample using standard reference materials
of soil (GBW07426) was used to test for extraction efficiency of Cr
concentration. Results were routinely guaranteed by using standard
solutions (Merck). For Cr, the average recovery percentage was 102 %,
and the RSD between replicates was <10 %. The results obtained were
statically analyzed using One-way ANOVA (SPSS 21.0) for calculating
the significant differences.

3. Results and discussion
3.1. Impact of FPS and BFPS on soil characteristics

Soil pH and EC increased with BFPS application (Fig. S2). Addition of
FPS-35 and BFPS-35 increased soil pH from 5.07 to 6.80 and 7.59,
respectively (Fig. S2a). Soil N, P, and K were 18.3 %, 37.5 %, and 111.7
%, respectively higher in the BFPS-35, than in the control (Fig. la-c).
Similarly, Ca and Mg were 37.6 %, and 29.1 %, respectively higher in the
BFPS-35 than in the controls (Fig. 1d,e). The improved soil properties
with BFPS-35 could contribute to improving soil health and crop pro-
ductivity (Bista et al., 2019) as FPS and BFPS applications supply
essential nutrients and improve soil physicochemical properties linked
to moisture and nutrients retention. The increase in plant nutrients with
BFPS-35 indicates that either BFPS or BC or both contributed to nutri-
ents enrichment and availability in soil. In fact, BC sources several nu-
trients and can make them available to plants after favorable soil
conditions (Chen et al., 2021). Addition of FPS and BFPS to the soil
decreased the total Cr content, where the largest decrease (58.97 %) was
recorded in the BFPS-35 treatment, relative to the control (Fig. 1f),
which can be explained by the dilution effect. The BFPS-35 significantly



S. Mehmood et al.

Marine Pollution Bulletin 191 (2023) 114899

a) 1.60 b) 1.5 C) 0.160
a
T a
1] T
1284 a | 124 £, 0,128
] —’n\ v
% oY) ] b b i
- | = b ED
1 q
[=1)] % =T} 0% 5%
=< 0.96 ) g 0.9 + ~0.096 - b e
0 5 = N ]
S X o 13X
Z. ks ~ 1 = B
ket ) = Bt
= K] = < c o
8 0.64 - soss = 0.6 £, 0.064 1 B
° S = = k55
= 'E = ] v:o:o:o‘:
[ |
< S e
0.32 - 0.3 / 5 0.032 1 s
s
R
; / o
1A
B3]
o]
0.00 0.0 R 0.000 B3
1.55 2.0 65
d) Tl © ) I
1.24 1 ab ab } 1.6 1 = 52
ab - &
— | — b IR o~
g b 2 D ] '::’0 'TM
K% K
20934 S5 2 % = b
0.93 153055 o
Bo b =
o e 2] o 39 b b
= = g
« 1 %% =] 4 BR25d N’ b
Q b5 S e - 5%
ot ks e & s
s 0.621 K5 = 0.8 K ~ 26- K ¢
Rl ,0’0’0 )| p.o N 50.0.0.‘
1=y o0 4 R = 25008
[t ] b5 S b2 1= R
= 2 s
5000 5 B
0.31 002 0o
. 1 [R3XA 0.4 4 13 - £o%Y
Fotele? . R3355%9
IR et
oot B
N ‘ o
0305958 (R4
ki e
0.00 ==y T 0.0 = VR s
S P D P oD > S P P P o
& EEE & T &GS
¢S <§ <§ (8 <§ ¢S QQ c® <§ Qgg <§ Qfg

Fig. 1. Impact of the aquaculture sediments treated and untreated with biochar on the changes of (a) total nitrogen contents, (b) available phosphorous, (c)
exchangeable potassium, (d) total calcium, (e) total magnesium and (f) total chromium contents in soil among different treatments. Control (without any treatments);
FPS-25 & -35 (fishpond sediments applied at the rate 25 and 35 %); BFPS-25& -35 (biochar amended fishpond sediments applied at the rate 25 and 35 %). Bars with
different letters above are significantly different at P < 0.05 measured by One-way ANOVA followed by Tukey’s test.

increased soil pH, EC, macro-, and micronutrients. These findings sug-
gest the BFPS application for improving soil health.

3.2. Impact of FPS and BFPS on plant growth and chlorophyll content

Addition of FPS and BFPS to the soil enhanced the plant length and
growth as compared to the control (Fig. S1; Fig. 2). As compared to the
untreated control soil, application of both FPS-25 and BFPS-25 increased
plant length by 31.9 % and 29.3 % in shoots and by 35.5 % and 93.6 % in
roots, respectively. In comparison, the application of FPS-35 and BFPS-
35 was the most effective in increasing shoot length by 25.1 % and 53.9
%, root length by 96.8 %, and 109.7 %, shoot fresh weight by 126.9 %
and 171.1 %, and root fresh weight by 126.0 % and 179.1 %. The sig-
nificant increase in the plant length and growth in the FPS and BFPS
treatments as compared to the control soil can be likely due to their
higher content of N, P, K, Ca, and Mg than the untreated soil (Table S1).
Also, the FPS and BFPS addition caused a significant decrease in the Cr
content in the treated soils than the untreated soil, which may mitigate

Cr stress effects on plants. The metabolic changes due to Cr toxicity can
result in the inhibition of seed germination and seedling development
and then decrease the biomass and crop yield (Stambulska et al., 2018).
Results reported here indicated that BFPS is beneficial to spinach growth
of in Cr-contaminated soil and that BFPS-35 could be suggested for
similar conditions of crop production. This indicates that BFPS can be
used as amendment for reducing plant uptake of Cr and thus might be a
suitable candidate for Cr immobilization. In the scientific literature, fish
pond sediments and their potential for soil fertilization are inadequately
documented. However, Drozdz et al. (2020) demonstrated that fish pond
sediments from organic fish farming may be handled by composting
with certain waste materials, such as wetland grass and wheat straw.
Further, the relative water content (RWC) in leaves was reduced in the
unamended soil (Table 1), which supports these findings of Raklami
etal. (2021), who indicated that higher metal concentrations reduce the
RWG, particularly in plants grown in unamended soils. The reduction in
the RWC may be due to Cr toxicity affecting the membrane permeability.
However, when FPS-25 and BFPS-25 were added, an increase of 44.03 %
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Fig. 2. Impact of the aquaculture sediments treated and untreated with biochar on the length (a), dry weight (b) and fresh weight (c) of the shoot and root of spinach
seedlings among different treatments. Control (without any treatments); FPS-25 & -35 (fishpond sediments applied at the rate 25 and 35 %); BFPS-25 & -35 (biochar
amended fishpond sediments applied at the rate 25 and 35 %). Bars with different letters above are significantly different at P < 0.05.

and 66.89 % in the RWC was observed, respectively, compared to con-
trol (Table 1). In addition, with the FPS-35 and BFPS-35 applications,
leaves RWC were further increased by 94.45 % and 138.30 %, respec-
tively. The observed responses could be due to the enhancement in
stomatal conductance and total chlorophyll in plants (Raklami et al.,
2021). Application of amendments to metal-stressed plants was found to
suppress oxidative stress and allow a better growth environment for
plants (Rehman et al., 2016), and those improvement may increase the
surface area of roots, thereby enhancing water uptake and ultimately
enhance the plant physiology (Kumar et al., 2020).

Chlorophyll content is considered an indicator of plant productivity.
Chlorophyll is sensitive to metal stress and likely to get damaged by
pollution load (Areington et al., 2017). The exposure of spinach plants to
Cr stress in unamended contaminated soil was found to decrease chll a,
b, carotenoids and consequently decrease the plants greenness (SPAD
index; Fig. 3). However, the addition of FPS-25 and BFPS-25 increased
chll a by 8.0 % and 32.0 %, chll b by 14.3 % and 17.2 %, carotenoids by
11.1 % and 33.3 %, and SPAD index by 6.4 % and 7.5 %, respectively
(Fig. 3a-d). Similarly, FPS-35 and BFPS-35 increased chll a by 40.0 and
66.0 %, chll b by 37.1 % and 68.5 %, carotenoids by 77.8 % and 266.7
%, and SPAD index by 12.1 % and 37.7 %, respectively, as compared

Table 1

Changes in leaf photosynthetic activity (Pn), transpiration rate (E), internal CO,
concentration (Ci), and relative water contents (RWC) of spinach plants grown
in different treatments.

Treatment  Pn E Ci Gs RWC
4.30 + 3.00 + 314.40 + 0.03 + 40.42 +
Control 0.32b 0.22¢ 23.97a 0.002d 3.08d
5.50 + 3.09 + 311.29 + 0.05 + 58.21 +
FPS-25 0.42a 0.23bc 24.09a 0.003c 4.50c
5.60 + 3.85 + 309.98 + 0.06 + 67.45 +
BFPS-25 0.47a 0.32ab 26.05a 0.005¢ 5.66bc
5.08 + 4.02 + 306.98 + 0.08 + 78.59 +
FPS-35 0.40ab 0.32a 24.68a 0.006b 6.32b
5.68 + 4.16 + 305.76 + 0.11 + 96.32 +
BFPS-35 0.43a 0.32a 23.66a 0.008a 7.45a

Control (untreated soils); FPS-25 & -35 (fishpond sediments applied at the rate
25 and 35 %); BFPS-25& -35 (biochar amended fishpond sediments applied at
the rate 25 and 35 %). Different letters within a column indicate significant
differences at p < 0.05 measured by One-way ANOVA followed by Tukey’s test.

control. The HMs stress to plants leads to an excess in reactive oxygen
species (ROS), which may cause osmatic and oxidative stress and de-
stroys chlorophylls (Desoky et al., 2020). The improvement of chloro-
phylls with BFPS addition might be due to a reduction in the magnitude
of oxidative stress to plants (Cervantes et al., 2001).

The BC-induced reduction in oxidative stress could be due to low
MDA and H,05 production levels in the plant (Drozdz et al., 2020;
Giannakoula et al., 2021). This depict that BFPS involves stimulating
one or more of the defense mechanisms of spinach plants under Cr-stress
conditions. These results indicate that BC addition may minimize
oxidative stress in plants and enhance the photosynthetic activity. The
results showed that BFPS-35 was more effective in increasing chll a, b,
carotenoids, and SPAD index than the other treatments.

3.3. Impact of FPS and BFPS on photosynthetic characteristics

The Pn, E, and Ci of spinach plants were evaluated under amended
(FPS and BFPS) and unamended soils, including the response to different
FPS and BFPS application rates. Results showed that the presence of Cr
in soil resulted in a reduction of leaf Pn, E, and Ci (Table 1). In line with
our results, Fattahi et al. (2021) reported that the reduction of Pn, E, and
Ci was quite obvious under HMs stress and the Pn and E of mustard
plants were significantly reduced by increasing Cd concentration in soil
(Kaur et al. (2017). However, application of FPS-25 and BFPS-25 was
effective in increasing Pn by 27.9 % and 30.2 %, E by 3.0 % and 28.3 %,
and Ci by 0.99 % and 1.4 %, respectively. Similarly, the application of
FPS-35 and BFPS-35 was more effective as it increased Pn by 18.1 % and
332.1 %, E by 34.0 % and 38.7 %, and Ci by 2.4 % and 2.8 %, when
compared to respective unamended controls. These observations
demonstrate that the application of BFPS-35 was the most effective in
significantly increasing leaf Pn, E, and Ci. A similar trend was reported in
our previous study where adding BC increased photosynthetic traits
under higher HMs stress, which is possibly due to the increase in chlo-
rophyll contents (Mehmood et al., 2021a, 2021b). These findings are
supported by several reports documenting the positive effect of BC on
photosynthetic rates in HMs stress conditions (e.g., Abideen et al.,
2020).



S. Mehmood et al.

~ ; 1 a
(=] be 0.6 =l
1
e =
w064 , cdEE o0 be
£ d s £ be
= g = 044 C Reias
] Rt i =
< R = Y. bk
= = R
> 0.4 1 oo > R
- 9005008 4 950559
= B = s
[=3 gt = R
e R e B
h 196%%° 0.0.9%9
5 BR8] 502 BR8]
—_ Rt _ ooty
= 0.2 B = f]
; e
Q e @)
K5 [RXXA
[RX%A kR3]
6% %% | 6% %% |
[sate%ss sty
B3 B
[Sodele?) KX
(X% ogegess|
0 0 PXX A 111 O 0 6%%% L |
z I e
y— m
1
=T} [70]
) v 121
£ Q
~0.2 1 £
» =
= E
.-
e & 87
=
g 3
= %, %)
= 0.1 R -
< kS
B2 4+
Q s
P.'
K
K
K3
P.Q
& >
S
S ¢ <

Fig. 3. Impact of the aquaculture sediments treated and untreated with biochar
on the content of (a) chlorophyll a, (b) chlorophyll b, (c) carotenoids and (d)
SPAD index in the spinach plants among different treatments. Control (without
any treatments); FPS-25 & -35 (fishpond sediments applied at the rate 25 and
35 %); BFPS-25& -35 (biochar amended fishpond sediments applied at the rate
25 and 35 %). Bars with different letters above are significantly different at P
< 0.05.

3.4. Impact of FPS and BFPS on antioxidant enzymes

The SOD, POD, CAT, and APX enzymes activity levels in seedlings
under Cr-stress were elevated to counterbalance the generated ROS
(Fig. 4a-d). The increase in antioxidant enzymes activities was previ-
ously reported in other plants such as Oryza sativa (Mehmood et al.,
2021a, 2021b), Salvia nemorosa L., and Salvia reuterana (Bidabadi et al.,
2020). The treatments with FPS and BFPS can trigger enzyme activity
levels in stressed plants further and consequently improve SOD, POD,
and CAT levels which are beneficial for plant growth. Seedlings amen-
ded with FPS-25 and BFPS-25 showed an increase in SOD by 1.37 and
1.80, POD by 1.74 and 2.17, CAT by 2.20 and 2.58-fold changes,
respectively, as compared with the unamended controls. It was also
noted that the APX activities were increased under Cr stress.

The APX activity of seedlings was increased by 3.50 times under
BFPS-35 treatment when compared to the unamended control (Fig. 5).
These findings are in line with the results of Mehmood et al. (2020) who
found that antioxidant activity and gene expression levels were
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Fig. 4. Impact of the aquaculture sediments treated and untreated with biochar
on (a) Superoxide Dismutase (SOD), (b) Peroxidase (POD), (c) Catalase (CAT)
and (d) Ascorbate peroxidase (APX) activities of spinach plants among different
treatments. Control (without any treatments); FPS-25 & -35 (fishpond sedi-
ments applied at the rate 25 and 35 %); BFPS-25 & -35 (biochar amended
fishpond sediments applied at the rate 25 and 35 %). Bars with different letters
are significantly different at P < 0.05.

significantly boosted and enzyme activities in cotton were increased by
amendments application, resulting in plant growth improvements. In
addition, the BFPS-35 increased significantly the expression frequency
of all four genes when related to the control (Fig. 5a-d). Specifically, the
expression level of SoSOD, SoPOD, SoCAT, and SoAPX genes was
significantly up-regulated by 2.5, 2.3, 2.4, and 2.5-folds, respectively, in
spinach plants with BFPS-35 treatment, relative to the unamended
control (Fig. 5a-d). Moreover, these gene expression levels were also
significantly increased in plants grown in soil amended with FPS-25 and
FPS-35, as compared to the unamended control. The highest expression
profile of all four genes was found in spinach plants exposed to BFPS-35
treatments compared to plants from the unamended control.

3.5. Impact of FPS and BFPS on the total protein, soluble sugar, and
proline

The presence of Cr in soil resulted in a reduction of total protein and
soluble sugar in spinach seedlings (Fig. 6a-c). The reduction in total
protein and soluble sugar in response to HMs stress has been also
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Fig. 5. Impact of the aquaculture sediments treated and untreated with biochar
on the changes in relative expressions of (a) SoSOD, (b) SoPOD, (c) SoCAT and
(d) SoAPX of spinach plants among different treatments. Control (without any
treatments); FPS-25 & -35 (fishpond sediments applied at the rate 25 and 35 %);
BFPS-25 & -35 (biochar amended fishpond sediments applied at the rate 25 and
35 %).

reported elsewhere for other crops, e.g., by Singh and Rathore (2019),
who reported a reduction in Triticum aestivum cultivars (LOK-101 and
GW-496), and Capsicum frutescens cultivars (GVC-101 and GVC-121)
under 20 mg kg~! of Cr stress. Although some works reported envi-
ronmental stress, caused by salinity, drought, temperature, and HMs
toxicity, to increase levels of total protein and soluble sugar in plants
(Szabados and Savouré, 2010). In this study, application of FPS-25 and
BFPS-25 effectively increased total protein and soluble sugar, but the
maximum improvement was observed in BFPS-35 treatment which
increased by 65.7 % and 24.9 %, when compared to their respective
unamended controls. Guo et al. (2020) found a 57 % and 44 % increase
in soluble sugar and protein, respectively, with BC application to water
spinach grown under Cr-polluted soil. The increased total protein and
soluble sugar levels might be related to the strategies of plants adapt to
overcome Cr toxicity (Younis et al., 2015). The BFPS probably reduces
the inhibitory effect of Cr phytotoxicity by immobilizing it in the
rhizosphere, reducing its availability/uptake and consequently its
translocation to the aerial parts (Bashir et al., 2021). These results can
help developing appropriate remediation measures to treat Cr-
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contaminated soils using the amendments available locally, such as
those tested here.

The highest proline contents were found in spinach plants that
exposed to unamended Cr contaminated soil, than that from the
amended soils (Fig. 6¢). This finding may be attributed to the strategies
that plants undertake to adapt to Cr toxicity since proline has multiple
functions, such as osmosis, free radical scavenger, protection of cyto-
plasmic enzymes, N and C source for growth after stress, and a stabilizer,
(Rai et al., 2004). Similarly, FPS-35 and BFPS-35 decreased proline by
57.0 % and 74.9 %, respectively, when compared to the unamended
controls. These results denote that BFPS-35 is the most effective in
decreasing proline than other treatments.

3.6. Impact of FPS and BFPS on the hydrogen peroxide and
malondialdehyde

The maximum levels of H,O, and MDA were recorded in the un-
amended control soil (Fig. 7a, b). However, FPS-25 and BFPS-25 treat-
ments lowered HyO2 by 6.84 % and 27.24 %, and the MDA by 29.88 %
and 31.15 %, respectively, when compared to the unamended control
(Fig. 7a, b).

In addition, FPS-35 and BFPS-35 lowered HyO, by 49.56 % and
65.06 %, and MDA by 22.95 % and 65.63 %. This observation demon-
strates that the application of BFPS-35 was the most effective in
lowering the contents of HoO, and MDA in spinach plants grown under
Cr stress. Decreased MDA and H,0, concentrations in BFPS-treated
spinach might be due to lower plant content of Cr, as also reported by
Sehrish et al. (2019) and. Haider et al. (2019).

3.7. Impact of FPS and BFPS on Cr content in the plants

The spinach grown in the unamended soil accumulated more Cr in
roots than in shoots (Fig. 8). However, the treatments of FPS-25 and
BFPS-25 lowered Cr accumulation in shoots by 28.70 % and 48.46 % and
in roots by 25.14 % and 37.84 %. Still, the application of BFPS-35 was
the most effective in reducing Cr in spinach shoots and roots by 73.26 %
and 51.87 % and could offer a possible solution for soil remediation and
recycling-based sustainable crop production.

3.8. Health risk assessment

Addition of BFPS to the soil decreased the adults ADI significantly (P
< 0.05) by 59.89 % with BFPS-35 treatment (Fig. 9). Khan et al. (2020)
concluded that hardwood BC reduced the ADI values of Cr and mini-
mized the health risks associated with Cr contaminated leafy vegetables.
They further revealed that the decreased levels of Cr in spinach by BC
amendment have particular implications for human health. Spinach
grown in unamended soil pots could provide higher Cr ADI values than
the allowable limits for daily Cr exposure set by the USEPA (2010)
without posing significant health risks over the life cycle. However, the
BFPS-35 treatment could effectively reduce the Cr ADI values via
decreasing its bioavailability and uptake by plants. The health risk in-
dexes (HRIs) are shown in Fig. 9 where the risks level was in the order of
control >FPS-25 > BFPS-25 > FPS-35 > BFPS-35. It indicates that the Cr
was likely to constitute the greatest health risk from the unamended
control while it was likely to constitute the least Cr health risk from the
BFPS-35 treatment. A human health index of > 1 was also reported by
Rehman et al. (2017)and Edogbo et al. (2020) for Cr, Cd, and Pb in some
vegetables.

4. Conclusions

In this study, the potentiality of FPS and BFPS as fertilizers for
vegetable production and their effects on soil nutrients content, reduc-
tion of Cr accumulation by plants, photosynthetic traits, antioxidants,
the ascorbate-glutathione cycle and spinach growth in a Cr-
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Fig. 7. Changes in (a) HxO» and (b) MDA contents of spinach plant among
different treatments. Control (without any treatments); FPS-25 & -35 (fishpond
sediments applied at the rate 25 and 35 %); BFPS-25& -35 (biochar amended
fishpond sediments applied at the rate 25 and 35 %). Bars with different letters
above are significantly different at t P < 0.05.

contaminated soil has been examined. Addition of BFPS at the dose of
25 % and 35 % significantly improved soil nutrients content and the
physiology, biochemistry, antioxidant activity and growth of spinach,
while reduced human health risk via decreasing Cr accumulation in
plants shoots and roots. Therefore, BFPS could be used as a soil fertil-
izer/amendment for oxyanions contaminated soils because it enhances
plant growth, physio-biochemical characteristics, and human health risk
associated with metal consumption through leafy vegetables. The study
results shall allow better understanding of how BC-treated FPS alleviates
toxic elements toxicity and provide an alternative solution to chemical
fertilization for improving soils, and crop production and reducing
human health risks associated with Cr intake. These findings can be a
successful trial for safe management of biowastes and oxyanions
contaminated soils. However, this is the first study on the effects of BC
addition on HMs mobilization in FPS and the potentiality of using BFPS
as a soil fertilizer/amendment in HMs contaminated soils and those
results should be verified with other HMs in the near future.

CRediT authorship contribution statement

Sajid Mehmood: Performing the experiment, data collection and
treatment, creating figures, and writing the draft of the manuscript.

Wagqgas Ahmed: Performing the experiment, investigation, analysis,
and writing.

Mohsin Mahmood: Data analyses, writing, and corrections.

Muhammad Shahid Rizwan: review, editing, and proofreading.

Rana Muhammad Ammar Asghar: review, correction, editing, and
proofreading.

Juha M Alatalo: review, editing, and proofreading.

Muhammad Imtiaz: review, correction, editing and proofreading.



S. Mehmood et al.

0.220

Cr contents (ng g'lDW)

0.000 -

N
Q
CJO&

e ) o) o
v v o >
7/ 7/ %’ %l

&S

Fig. 8. Impact of the aquaculture sediments treated and untreated with biochar
on Cr content in the shoot and root of spinach seedlings among different
treatments. Control (without any treatments); FPS-25 & -35 (fishpond sedi-
ments applied at the rate 25 and 35 %); BFPS-25 & -35 (biochar amended
fishpond sediments applied at the rate 25 and 35 %). Bars with different letters
are significantly different at P < 0.05.

7 Control

BFPS-35 FPS-25

—o— ADI
—a— HRI

FPS-35 BFPS-25

Fig. 9. Human health risk assessment [average daily intake (ADI) and health
risk index (HRI)] among different treatments. Control (without any treatments);
FPS-25 & -35 (fishpond sediments applied at the rate 25 and 35 %); BFPS-25&
-35 (biochar amended fishpond sediments applied at the rate 25 and 35 %).

Muhammad Akmal: accurateness of data analysis, correction, and
editing.

Hamada Abdelrahman, Jifu Ma, Esmat Ali: Editing and proof
reading for the entire manuscript.

Weidong Li: Research idea, concept, supervision, writing, review,
correction, editing and proofreading, and co-corresponding.

Sang Soo Lee: Writing, review, correction, editing and proofreading,

Marine Pollution Bulletin 191 (2023) 114899

and co-corresponding.
Sabry M. Shaheen: Scientific concept, coordination, editing, proof
reading for the entire manuscript, and corresponding author.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The data that has been used is confidential.

Acknowledgments

We thank the National Natural Science Foundation of China for the
financial support of this work (NSFC-31860728). The author Esmat F.
Ali would like to acknowledge the Deanship of Scientific Research, Taif
University, Saudi Arabia, for the financial support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2023.114899.

References

Abideen, Z., Koyro, H.W., Huchzermeyer, B., Gul, B., Khan, M.A., 2020. Impact of a
biochar or a biochar-compost mixture on water relation, nutrient uptake and
photosynthesis of Phragmites karka. Pedosphere 30, 466-477. https://doi.org/
10.1016/51002-0160(17)60362-X.

Aebi, H., 1984. [13] catalase in vitro. Methods Enzymol. 105, 121-126. https://doi.org/
10.1016/50076-6879(84)05016-3.

Ahmad, M., Rajapaksha, A.U., Lim, J.E., Zhang, M., Bolan, N., Mohan, D., Vithanage, M.,
Lee, S.S., Ok, Y.S., 2014. Biochar as a sorbent for contaminant management in soil
and water: a review. Chemosphere. https://doi.org/10.1016/j.
chemosphere.2013.10.071.

Al-Solaimani, S.G., Abohassan, R.A., Alamri, D.A.,, Yang, X., Rinklebe, J., Shaheen, S.M.,
2022. Assessing the risk of toxic metals contamination and phytoremediation
potential of mangrove in three coastal sites along the Red Sea. Mar. Pollut. Bull. 176,
113412. https://doi.org/10.1016/j.marpolbul.2022.113412.

Antoniadis, V., Shaheen, S.M., Boersch, J., Frohne, T., Du Laing, G., Rinklebe, J., 2017.
Bioavailability and risk assessment of potentially toxic elements in garden edible
vegetables and soils around a highly contaminated former mining area in Germany.
J. Environ. Manag. https://doi.org/10.1016/j.jenvman.2016.04.036.

Antoniadis, V., Zanni, A.A., Levizou, E., Shaheen, S.M., Dimirkou, A., Bolan, N.,
Rinklebe, J., 2018. Modulation of hexavalent chromium toxicity on origanum
vulgare in an acidic soil amended with peat, lime, and zeolite. Chemosphere.
https://doi.org/10.1016/j.chemosphere.2017.12.069.

Ardiyansyah, O., Sudarno, Rosmanida, 2019. Bioaccumulation of Cadmium (Cd) Heavy
Metal on Seaweed (Gracilaria sp.) in Traditional Fishpond of Jabon Subdistrict,
Sidoarjo District. In: IOP Conference Series: Earth and Environmental Science.
https://doi.org/10.1088/1755-1315/236,/1/012059.

Areington, C.A., Varghese, B., Sershen, 2017. The utility of biochemical, physiological
and morphological biomarkers of leaf sulfate levels in establishing Brachylaena
discolor leaves as a bioindicator of SO2 pollution. Plant Physiol. Biochem. 118,
295-305. https://doi.org/10.1016/j.plaphy.2017.06.025.

Bashir, M.A., Wang, X., Naveed, M., Mustafa, A., Ashraf, S., Samreen, T., Nadeem, S.M.,
Jamil, M., 2021. Biochar mediated-alleviation of chromium stress and growth
improvement of different maize cultivars in tannery polluted soils. Int. J. Environ.
Res. Public Health 18. https://doi.org/10.3390/ijerph18094461.

Bates, L.S., Waldren, R.P., Teare, I.D., 1973. Rapid determination of free proline for
water-stress studies. Plant Soil 39, 205-207. https://doi.org/10.1007/BF00018060.

Bidabadi, S.S., VanderWeide, J., Sabbatini, P., 2020. Exogenous melatonin improves
glutathione content, redox state and increases essential oil production in two Salvia
species under drought stress. Sci. Rep. 10 https://doi.org/10.1038/541598-020-
63986-6.

Bista, P., Ghimire, R., Machado, S., Pritchett, L., 2019. Biochar effects on soil properties
and wheat biomass vary with fertility management. Agronomy 9, 623. https://doi.
org/10.3390/agronomy9100623.

Bolan, N., Hoang, S.A., Beiyuan, J., Gupta, S., Hou, D., Karakoti, A., Joseph, S., Jung, S.,
Kim, K.-H., Kirkham, M.B., Kua, H.W., Kumar, M., Kwon, E.E., Ok, Y.S., Perera, V.,
Rinklebe, J., Shaheen, S.M., Sarkar, B., Sarmah, A.K., Singh, B.P., Singh, G.,
Tsang, D.C.W., Vikrant, K., Vithanage, M., Vinu, A., Wang, H., Wijesekara, H.,
Yan, Y., Younis, S.A., Van Zwieten, L., 2022. Multifunctional applications of biochar


https://doi.org/10.1016/j.marpolbul.2023.114899
https://doi.org/10.1016/j.marpolbul.2023.114899
https://doi.org/10.1016/S1002-0160(17)60362-X
https://doi.org/10.1016/S1002-0160(17)60362-X
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1016/j.marpolbul.2022.113412
https://doi.org/10.1016/j.jenvman.2016.04.036
https://doi.org/10.1016/j.chemosphere.2017.12.069
https://doi.org/10.1088/1755-1315/236/1/012059
https://doi.org/10.1016/j.plaphy.2017.06.025
https://doi.org/10.3390/ijerph18094461
https://doi.org/10.1007/BF00018060
https://doi.org/10.1038/s41598-020-63986-6
https://doi.org/10.1038/s41598-020-63986-6
https://doi.org/10.3390/agronomy9100623
https://doi.org/10.3390/agronomy9100623

S. Mehmood et al.

beyond carbon storage. Intern. Mat. Rev. 67 (2), 150-200. https://doi.org/10.1080/
09506608.2021.1922047.

Bradford, M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem.
72, 248-254. https://doi.org/10.1006/abio.1976.9999.

Cervantes, C., Campos-Garcia, J., Devars, S., Gutiérrez-Corona, F., Loza-Tavera, H.,
Torres-Guzman, J.C., Moreno-Sanchez, R., 2001. Interactions of chromium with
microorganisms and plants. FEMS Microbiol. Rev. 25, 335-347. https://doi.org/
10.1111/j.1574-6976.2001.tb00581.x.

Chen, D., Wang, S., Cao, B., Cao, D., Leng, G., Li, H., Yin, L., Shan, L., Deng, X., 2016.
Genotypic variation in growth and physiological response to drought stress and re-
watering reveals the critical role of recovery in drought adaptation in maize
seedlings. Front. Plant Sci. https://doi.org/10.3389/fpls.2015.01241.

Chen, X., Lewis, S., Heal, K.V., Lin, Q., Sohi, S.P., 2021. Biochar engineering and ageing
influence the spatiotemporal dynamics of soil pH in the charosphere. Geoderma 386,
114919. https://doi.org/10.1016/j.geoderma.2020.114919.

Desoky, E.S.M., Merwad, A.R.M., Semida, W.M., Ibrahim, S.A., El-Saadony, M.T.,
Rady, M.M., 2020. Heavy metals-resistant bacteria (HM-RB): potential
bioremediators of heavy metals-stressed Spinacia oleracea plant. Ecotoxicol.
Environ. Saf. 198 https://doi.org/10.1016/j.ecoenv.2020.110685.

Dien, L.D., Hiep, L.H., Hao, N.Van, Sammut, J., Burford, M.A., 2018. Comparing nutrient
budgets in integrated rice-shrimp ponds and shrimp grow-out ponds. Aquaculture
484, 250-258. https://doi.org/10.1016/j.aquaculture.2017.11.037.

Drézdz, D., Maliriska, K., Kacprzak, M., Mrowiec, M., Szczypidr, A., Postawa, P.,
Stachowiak, T., 2020. Potential of fish pond sediments composts as organic
fertilizers. WasteBiomass Valorization 11, 5151-5163. https://doi.org/10.1007/
512649-020-01074-6.

Edogbo, B., Okolocha, E., Maikai, B., Aluwong, T., Uchendu, C., 2020. Risk analysis of
heavy metal contamination in soil, vegetables and fish around Challawa area in Kano
State,Nigeria. Sci. Afr. 7 https://doi.org/10.1016/j.sciaf.2020.e00281.

El-Naggar, A., Lee, S.S., Rinklebe, J., Farooq, M., Song, H., Sarmah, A.K., Zimmerman, A.
R., Ahmad, M., Shaheen, S.M., Ok, Y.S., 2019. Biochar application to low fertility
soils: a review of current status, and future prospects. Geoderma. https://doi.org/
10.1016/j.geoderma.2018.09.034.

FAO, 2019. The State of Food and Agriculture 2019. Moving forward on food loss and waste
reduction. CC BY-NC-SA 3.0 IGO, Rome. Licence.

Fattahi, B., Arzani, K., Souri, M.K., Barzegar, M., 2021. Morphophysiological and
phytochemical responses to cadmium and lead stress in coriander (Coriandrum
sativum L.). Ind. Crop. Prod. 171 https://doi.org/10.1016/j.indcrop.2021.113979.

Fernandez, P.M., Vinarta, S.C., Bernal, A.R., Cruz, E.L., Figueroa, L.I.C., 2018.
Bioremediation strategies for chromium removal: current research, scale-up
approach and future perspectives. Chemosphere. https://doi.org/10.1016/j.
chemosphere.2018.05.166.

Giannakoula, A., Therios, 1., Chatzissavvidis, C., 2021. Effect of lead and copper on
photosynthetic apparatus in citrus (Citrus aurantium 1.) plants. The role of
antioxidants in oxidative damage as a response to heavy metal stress. Plants 10,
1-14. https://doi.org/10.3390/plants10010155.

Giannopolitis, C.N., Ries, S.K., 1977. Superoxide dismutases: I.Occurrence in higher
plants. Plant Physiol. 59, 309-314. https://doi.org/10.1104/pp.59.2.309.

Guo, X., Ji, Q., Rizwan, M., Li, H., Li, D., Chen, G., 2020. Effects of biochar and foliar
application of selenium on the uptake and subcellular distribution of chromium in
Ipomoea aquatica in chromium-polluted soils. Ecotoxicol. Environ. Saf. 206 https://
doi.org/10.1016/j.ecoenv.2020.111184.

Haider, M.Z., Hussain, S., Ramzani, P.M.A., Igbal, Mutahar, Iqgbal, Muhammad,
Shahzad, T., Fatima, M., Khan, S.A., Khan, L., Shahid, M., Ibrahim, M., Haq, H.S.T.U.,
Mahmood, F., 2019. Bentonite and biochar mitigate Pb toxicity in Pisum sativum by
reducing plant oxidative stress and Pb translocation. Plants 8. https://doi.org/
10.3390/plants8120571.

Haque, M.M., Belton, B., Alam, M.M., Ahmed, A.G., Alam, M.R., 2016. Reuse of fish pond
sediments as fertilizer for fodder grass production in Bangladesh: potential for
sustainable intensification and improved nutrition. Agric. Ecosyst. Environ. 216,
226-236. https://doi.org/10.1016/j.agee.2015.10.004.

Heath, R.L., Packer, L., 1968. Photoperoxidation in isolated chloroplasts. I. Kinetics and
stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 125, 189-198.
https://doi.org/10.1016/0003-9861(68)90654-1.

Heid, C.A., Stevens, J., Livak, K.J., Williams, P.M., 1996. Real time quantitative PCR.
Genome Res. https://doi.org/10.1101/gr.6.10.986.

Kaur, P., Bali, S., Sharma, A., Vig, A.P., Bhardwaj, R., 2017. Effect of earthworms on
growth, photosynthetic efficiency and metal uptake in Brassica juncea L. plants
grown in cadmium-polluted soils. Environ. Sci. Pollut. Res. 24, 13452-13465.
https://doi.org/10.1007/s11356-017-8947-z.

Khan, A.Z., Khan, S., Ayaz, T., Brusseau, M.L., Khan, M.A., Nawab, J., Muhammad, S.,
2020. Popular wood and sugarcane bagasse biochars reduced uptake of chromium
and lead by lettuce from mine-contaminated soil. Environ. Pollut. https://doi.org/10
.1016/j.envpol.2020.114446.

Khan, S., Naushad, M., Lima, E.C., Zhang, S., Shaheen, S.M.Rinklebe, 2021. Global soil
pollution by toxic elements: Current status and future perspectives on the risk
assessment and remediation strategies — A review. J. Hazard. Mat. 417, 126039.

Kumar, A., Joseph, S., Tsechansky, L., Schreiter, I.J., Schiith, C., Taherysoosavi, S.,
Mitchell, D.R.G., Graber, E.R., 2020. Mechanistic evaluation of biochar potential for
plant growth promotion and alleviation of chromium-induced phytotoxicity in Ficus
elastica. Chemosphere 243, 125332. https://doi.org/10.1016/j.
chemosphere.2019.125332.

Li, W., Zhou, J., Ding, H., Fu, H., Liu, J., Chen, Y., Dai, T., Lou, Q., Zhong, X., Fan, H.,
Zhong, J., 2020. Low-dose biochar added to sediment improves water quality and

10

Marine Pollution Bulletin 191 (2023) 114899

promotes the growth of submerged macrophytes. Sci. Total Environ. 742, 140602
https://doi.org/10.1016/j.scitotenv.2020.140602.

Lichtenthaler, H.K., Wellburn, A.R., 1983. Determinations of total carotenoids and
chlorophylls a and b of leaf extracts in different solvents. Biochem. Soc. Trans. 11,
591-592. https://doi.org/10.1042/bst0110591.

Ma, J., Li, S.L., Chen, Y., Yue, F.J., Shaheen, S.M., Majrashi, A., Ali, E.F., Antoniadis, V.,
Rinklebe, J., Luo, H., Zheng, Q., 2022. Hazardous toxic metal(loid)s in top-and deep-
soils during the transformation of aquaculture ponds restored to farmland. Sci. Total
Environ. 852, 158569 https://doi.org/10.1016/j.scitotenv.2022.158569.

Matthews, R., 1987. Methods of enzymatic analysis. J. Clin. Pathol. 40 https://doi.org/
10.1136/jcp.40.8.934-a, 934-934.

Mehmood, S., Ahmed, W., Ikram, M., Imtiaz, M., Mahmood, S., Tu, S., Chen, D., 2020.
Chitosan modified biochar increases soybean (Glycine max 1.) resistance to salt-stress
by augmenting root morphology, antioxidant defense mechanisms and the
expression of stress-responsive genes. Plants 9, 1-25. https://doi.org/10.3390/
plants9091173.

Mehmood, S., Ahmed, W., Rizwan, M., Imtiaz, M., Mohamed Ali Elnahal, A.S., Ditta, A.,
Irshad, S., Ikram, M., Li, W., 2021. Comparative efficacy of raw and HNO3-modified
biochar derived from rice straw on vanadium transformation and its uptake by rice
(Oryza sativa L.): Insights from photosynthesis, antioxidative response, and gene-
expression profile. Environ. Pollut. 289, 117916 https://doi.org/10.1016/j.
envpol.2021.117916.

Mehmood, S., Ahmed, W., Rizwan, M., Imtiaz, M., Mohamed Ali Elnahal, A.S., Ditta, A.,
Irshad, S., Ikram, M., Li, W., 2021. Comparative efficacy of raw and HNO3-modified
biochar derived from rice straw on vanadium transformation and its uptake by rice
(Oryza sativa L.): insights from photosynthesis, antioxidative response, and gene-
expression profile. Environ. Pollut. 289 https://doi.org/10.1016/j.
envpol.2021.117916.

Mehmood, S., Ahmed, W., Alatalo, J.M., Mahmood, M., Imtiaz, M., Ditta, A., Ali, E.F.,
Abdelrahman, H., Slany, M., Antoniadis, V., Rinklebe, J., Shaheen, S.M., Li, W.,
2022. Herbal plants- and rice straw-derived biochars reduced metal mobilization in
fishpond sediments and improved their potential as fertilizers. Sci. Total Environ.
826, 154043 https://doi.org/10.1016/j.scitotenv.2022.154043.

Mohan, D., Sarswat, A., Ok, Y.S., Pittman, C.U., 2014. Organic and inorganic
contaminants removal from water with biochar, a renewable, low cost and
sustainable adsorbent - a critical review. Bioresour. Technol. https://doi.org/
10.1016/j.biortech.2014.01.120.

Mokhtari, E., Farhadnejad, H., Salehi-Sahlabadi, A., Najibi, N., Azadi, M., Teymoori, F.,
Mirmiran, P., 2021. Spinach consumption and nonalcoholic fatty liver disease
among adults: a case—control study. BMC Gastroenterol. 21 https://doi.org/
10.1186/512876-021-01784-8.

Mosa, A., Selim, E.M., El-Kadi, S.M., Abdelhamid, A., Khedr, A.A., et al., 2022.
Ecotoxicological assessment of toxic elements contamination in mangrove ecosystem
along the Red Sea coast, Egypt. Marine Pollution Bulletin 176, 113446. https://doi.
org/10.1016/j.marpolbul.2022.113446.

Murphy, S.I., Chen, R., Belias, A.M., Chen, W., Zhang, L.Q., Sunil, S., Bulut, E., Li, Y.,
Wiedmann, M., Ivanek, R., 2022. Growth and survival of aerobic and Gram-negative
bacteria on fresh spinach in a Chinese supply chain from harvest through
distribution and refrigerated storage. Int. J. Food Microbiol. 370, 109639 https://
doi.org/10.1016/j.ijfoodmicro.2022.109639.

Nakano, Y., Asada, K., 1981. Hydrogen peroxide is scavenged by ascorbate-specific
peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867-880. https://doi.org/
10.1093/oxfordjournals.pcp.a076232.

Palansooriya, K.N., Shaheen, S.M., Chen, S.S., Tsang, D.C.W., Hashimoto, Y., Hou, D.,
Bolan, N.S., Rinklebe, J., Ok, Y.S., 2020. Soil amendments for immobilization of
potentially toxic elements in contaminated soils: A critical review. Environ. Int. https
://doi.org/10.1016/j.envint.2019.105046.

Pavesi, T., Moreira, J.C., 2020. Mechanisms and individuality in chromium toxicity in
humans. J. Appl. Toxicol. https://doi.org/10.1002/jat.3965.

Prasad, S., Yadav, K.K., Kumar, S., Gupta, N., Cabral-Pinto, M.M.S., Rezania, S.,
Radwan, N., Alam, J., 2021. Chromium contamination and effect on environmental
health and its remediation: a sustainable approaches. J. Environ. Manag. https://doi.
org/10.1016/j.jenvman.2021.112174.

Rai, V., Vajpayee, P., Singh, S.N., Mehrotra, S., 2004. Effect of chromium accumulation
on photosynthetic pigments, oxidative stress defense system, nitrate reduction,
proline level and eugenol content of Ocimum tenuiflorum L. Plant Sci. 167,
1159-1169. https://doi.org/10.1016/j.plantsci.2004.06.016.

Raklami, A., El Gharmali, A., Ait Rahou, Y., Oufdou, K., Meddich, A., 2021. Compost and
mycorrhizae application as a technique to alleviate Cd and Zn stress in Medicago
sativa. Int. J. Phytoremediation 23, 190-201. https://doi.org/10.1080/
15226514.2020.1803206.

Rastall, R.A., 2007. Methods in plant biochemistry. volume 2 carbohydrates edited by P.
M. Dey, Academic Press, London, 1990, pp. ix + 675, price £79.00; US$149.0. ISBN
012 461012 9. J. Chem. Technol. Biotechnol. 52, 588-589. https://doi.org/
10.1002/jctb.280520417.

Rehman, M.Z.U., Rizwan, M., Ali, S., Fatima, N., Yousaf, B., Naeem, A., Sabir, M.,
Ahmad, H.R., Ok, Y.S., 2016. Contrasting effects of biochar, compost and farm
manure on alleviation of nickel toxicity in maize (Zea mays L.) in relation to plant
growth, photosynthesis and metal uptake. Ecotoxicol. Environ. Saf. 133, 218-225.
https://doi.org/10.1016/j.ecoenv.2016.07.023.

Rehman, Z.U., Khan, S., Brusseau, M.L., Shah, M.T., 2017. Lead and cadmium
contamination and exposure risk assessment via consumption of vegetables grown in
agricultural soils of five-selected regions of Pakistan. Chemosphere 168, 1589-1596.
https://doi.org/10.1016/j.chemosphere.2016.11.152.


https://doi.org/10.1080/09506608.2021.1922047
https://doi.org/10.1080/09506608.2021.1922047
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1111/j.1574-6976.2001.tb00581.x
https://doi.org/10.1111/j.1574-6976.2001.tb00581.x
https://doi.org/10.3389/fpls.2015.01241
https://doi.org/10.1016/j.geoderma.2020.114919
https://doi.org/10.1016/j.ecoenv.2020.110685
https://doi.org/10.1016/j.aquaculture.2017.11.037
https://doi.org/10.1007/s12649-020-01074-6
https://doi.org/10.1007/s12649-020-01074-6
https://doi.org/10.1016/j.sciaf.2020.e00281
https://doi.org/10.1016/j.geoderma.2018.09.034
https://doi.org/10.1016/j.geoderma.2018.09.034
http://refhub.elsevier.com/S0025-326X(23)00330-2/rf9020
http://refhub.elsevier.com/S0025-326X(23)00330-2/rf9020
https://doi.org/10.1016/j.indcrop.2021.113979
https://doi.org/10.1016/j.chemosphere.2018.05.166
https://doi.org/10.1016/j.chemosphere.2018.05.166
https://doi.org/10.3390/plants10010155
https://doi.org/10.1104/pp.59.2.309
https://doi.org/10.1016/j.ecoenv.2020.111184
https://doi.org/10.1016/j.ecoenv.2020.111184
https://doi.org/10.3390/plants8120571
https://doi.org/10.3390/plants8120571
https://doi.org/10.1016/j.agee.2015.10.004
https://doi.org/10.1016/0003-9861(68)90654-1
https://doi.org/10.1101/gr.6.10.986
https://doi.org/10.1007/s11356-017-8947-z
https://doi.org/10.1016/j.envpol.2020.114446
https://doi.org/10.1016/j.envpol.2020.114446
http://refhub.elsevier.com/S0025-326X(23)00330-2/rf202304032246122125
http://refhub.elsevier.com/S0025-326X(23)00330-2/rf202304032246122125
http://refhub.elsevier.com/S0025-326X(23)00330-2/rf202304032246122125
https://doi.org/10.1016/j.chemosphere.2019.125332
https://doi.org/10.1016/j.chemosphere.2019.125332
https://doi.org/10.1016/j.scitotenv.2020.140602
https://doi.org/10.1042/bst0110591
https://doi.org/10.1016/j.scitotenv.2022.158569
https://doi.org/10.1136/jcp.40.8.934-a
https://doi.org/10.1136/jcp.40.8.934-a
https://doi.org/10.3390/plants9091173
https://doi.org/10.3390/plants9091173
https://doi.org/10.1016/j.envpol.2021.117916
https://doi.org/10.1016/j.envpol.2021.117916
https://doi.org/10.1016/j.envpol.2021.117916
https://doi.org/10.1016/j.envpol.2021.117916
https://doi.org/10.1016/j.scitotenv.2022.154043
https://doi.org/10.1016/j.biortech.2014.01.120
https://doi.org/10.1016/j.biortech.2014.01.120
https://doi.org/10.1186/s12876-021-01784-8
https://doi.org/10.1186/s12876-021-01784-8
https://doi.org/10.1016/j.marpolbul.2022.113446
https://doi.org/10.1016/j.marpolbul.2022.113446
https://doi.org/10.1016/j.ijfoodmicro.2022.109639
https://doi.org/10.1016/j.ijfoodmicro.2022.109639
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1016/j.envint.2019.105046
https://doi.org/10.1016/j.envint.2019.105046
https://doi.org/10.1002/jat.3965
https://doi.org/10.1016/j.jenvman.2021.112174
https://doi.org/10.1016/j.jenvman.2021.112174
https://doi.org/10.1016/j.plantsci.2004.06.016
https://doi.org/10.1080/15226514.2020.1803206
https://doi.org/10.1080/15226514.2020.1803206
https://doi.org/10.1002/jctb.280520417
https://doi.org/10.1002/jctb.280520417
https://doi.org/10.1016/j.ecoenv.2016.07.023
https://doi.org/10.1016/j.chemosphere.2016.11.152

S. Mehmood et al.

Ritchie, S.W., Nguyen, H.T., Holaday, A.S., 1990. Leaf water content and gas-exchange
parameters of two wheat genotypes differing in drought resistance. Crop Sci. 30,
105-111. https://doi.org/10.2135/cropsci1990.0011183x003000010025x.

Sehrish, A.K., Aziz, R., Hussain, M.M., Rafiq, M.T., Rizwan, M., Muhammad, N., Rafiq, M.
K., Sehar, A., Din, J.ud, Al-Wabel, M., Ali, S., 2019. Effect of poultry litter biochar
on chromium (Cr) bioavailability and accumulation in spinach (Spinacia oleracea)
grown in Cr-polluted soil. Arab. J. Geosci. 12 https://doi.org/10.1007/s12517-018-
4213-z.

Shaheen, S.M., Niazi, N.K., Hassan, N.E.E., Bibi, L., et al., 2019. Wood-based biochar for
removal of potentially toxic elements in water and wastewater: a critical review. Int.
Mater. Rev. 64 (4), 216-247. https://doi.org/10.1080/09506608.2018.1473096.

Shaheen, S.M., El-Naggar, A., Antoniadis, V., Moghanm, F.S., Zhang, Z., Tsang, D.C.W.,
Ok, Y.S., Rinklebe, J., 2020. Release of toxic elements in fishpond sediments under
dynamic redox conditions: assessing the potential environmental risk for a safe
management of fisheries systems and degraded waterlogged sediments. J. Environ.
Manag. 255 hitps://doi.org/10.1016/j.jenvman.2019.109778.

Shaheen, S.M., Antoniadis, V., Shahid, M., Yang, Y., Abdelrahman, H., Zhang, T.,
Hassan, N.E.E., Bibi, L., Niazi, N.K., Younis, S.A., Almazroui, M., Tsang, Y.F.,
Sarmah, A.K., Kim, K.H., Rinklebe, J., 2022. Sustainable applications of rice
feedstock in agro-environmental and construction sectors: a global perspective.
Renew. Sustain. Energy Rev. https://doi.org/10.1016/j.rser.2021.111791.

Shaheen, S.M., Mosa, A., Natasha, Jeyasundar, P.G.S.A., Hassan, N.E.E., Yang, X.,
Antoniadis, V., Li, R., Wang, J., et al., 2023. Pros and cons of biochar to soil
potentially toxic element mobilization and phytoavailability: environmental
implications. Earth Syst. Environ. 7, 321-345. https://doi.org/10.1007/541748-022-
00336-8.

Singh, R., Rathore, D., 2019. Impact assessment of azulene and chromium on growth and
metabolites of wheat and chilli cultivars under biosurfactant augmentation.
Ecotoxicol. Environ. Saf. 186, 109789 https://doi.org/10.1016/j.
ecoenv.2019.109789.

Song, X., Razavi, B.S., Ludwig, B., Zamanian, K., Zang, H., Kuzyakov, Y., Dippold, M.A.,
Gunina, A., 2020. Combined biochar and nitrogen application stimulates enzyme
activity and root plasticity. Sci. Total Environ. https://doi.org/10.1016/j.
scitotenv.2020.139393.

Stambulska, U.Y., Bayliak, M.M., Lushchak, V.I., 2018. Chromium(VI) toxicity in legume
plants: modulation effects of rhizobial symbiosis. Biomed. Res. Int. https://doi.org/
10.1155/2018/8031213.

Szabados, L., Savouré, A., 2010. Proline: a multifunctional amino acid. Trends Plant Sci.
15, 89-97. https://doi.org/10.1016/j.tplants.2009.11.009.

11

Marine Pollution Bulletin 191 (2023) 114899

Topaldemir, H., Tas, B., Yiiksel, B., Ustaoglu, F., 2022. Potentially hazardous elements in
sediments and Ceratophyllum demersum: an ecotoxicological risk assessment in
Mili¢ Wetland, Samsun, Tiirkiye. Environ. Sci. Pollut. Res. 30, 26397-26416. https://
doi.org/10.1007/s11356-022-23937-2.

Ukhurebor, K.E., Aigbe, U.O., Onyancha, R.B., Nwankwo, W., Osibote, O.A., Paumo, H.
K., Ama, O.M., Adetunji, C.O., Siloko, 1.U., 2021. Effect of hexavalent chromium on
the environment and removal techniques: a review. J. Environ. Manag. https://doi.
org/10.1016/j.jenvman.2020.111809.

USEPA (United States Environmental Protection Agency), 2010. Toxicological Review of
Inorganic Arsenic. Draft Document. EPA/635/R-10/001. USEPA, Washington, DC,
USA, p. 575.

Van Tung, T., Tran, Q.B., Phuong Thao, N.T., Vi, L.Q., Hieu, T.T., Le, S., Tuan, N.Q.,
Sonne, C., Lam, S.S., Hai, L.T., Le, Q.Van, 2021. Recycling of aquaculture wastewater
and sediment for sustainable corn and water spinach production. Chemosphere 268.
https://doi.org/10.1016/j.chemosphere.2020.129329.

Velikova, V., Yordanov, 1., Edreva, A., 2000. Oxidative stress and some antioxidant
systems in acid rain-treated bean plants protective role of exogenous polyamines.
Plant Sci. 151, 59-66. https://doi.org/10.1016/50168-9452(99)00197-1.

Wang, X., Sato, T., Xing, B., Tao, S., 2005. Health risks of heavy metals to the general
public in Tianjin, China via consumption of vegetables and fish. Sci. Total Environ.
https://doi.org/10.1016/j.scitotenv.2004.09.044.

Wang, Y., Liu, Y., Zhan, W., Zheng, K., Wang, J., Zhang, C., Chen, R., 2020. Stabilization
of heavy metal-contaminated soils by biochar: challenges and recommendations. Sci.
Total Environ. 729 https://doi.org/10.1016/j.scitotenv.2020.139060.

Wang, M., Chen, S., Shi, H., Liu, Y., 2022. Redox dependence of manganese controls
cadmium isotope fractionation in a paddy soil-rice system under unsteady pe + pH
conditions. Sci. Total Environ. 806 (Pt 2), 150675. https://doi.org/10.1016/j.
scitotenv.2021.150675.

Witkowska, D., Stowik, J., Chilicka, K., 2021. Review heavy metals and human health:
possible exposure pathways and the competition for protein binding sites. Molecules.
https://doi.org/10.3390/molecules26196060.

Younis, U., Malik, S.A., Qayyum, M.F., Raza Shah, M.H., Shahzad, A.N., Mahmood, S.,
2015. Biochar affects growth and biochemical activities of fenugreek (Trigonella
corniculata) in cadmium polluted soil. J. Appl. Bot. Food Qual. 88, 29-33. https://
doi.org/10.5073/JABFQ.2015.088.006.

Yiiksel, B., Arica, E., S6ylemezoglu, T., 2021. Assessing reference levels of nickel and
chromium in cord blood, maternal blood and placenta specimens from Ankara,
Turkey. J. Turk.Ger. Gynecol. Assoc. https://doi.org/10.4274/jtgga.
galenos.2021.2020.0202.


https://doi.org/10.2135/cropsci1990.0011183x003000010025x
https://doi.org/10.1007/s12517-018-4213-z
https://doi.org/10.1007/s12517-018-4213-z
https://doi.org/10.1080/09506608.2018.1473096
https://doi.org/10.1016/j.jenvman.2019.109778
https://doi.org/10.1016/j.rser.2021.111791
https://doi.org/10.1007/s41748-022-00336-8
https://doi.org/10.1007/s41748-022-00336-8
https://doi.org/10.1016/j.ecoenv.2019.109789
https://doi.org/10.1016/j.ecoenv.2019.109789
https://doi.org/10.1016/j.scitotenv.2020.139393
https://doi.org/10.1016/j.scitotenv.2020.139393
https://doi.org/10.1155/2018/8031213
https://doi.org/10.1155/2018/8031213
https://doi.org/10.1016/j.tplants.2009.11.009
https://doi.org/10.1007/s11356-022-23937-2
https://doi.org/10.1007/s11356-022-23937-2
https://doi.org/10.1016/j.jenvman.2020.111809
https://doi.org/10.1016/j.jenvman.2020.111809
http://refhub.elsevier.com/S0025-326X(23)00330-2/rf9060
http://refhub.elsevier.com/S0025-326X(23)00330-2/rf9060
http://refhub.elsevier.com/S0025-326X(23)00330-2/rf9060
https://doi.org/10.1016/j.chemosphere.2020.129329
https://doi.org/10.1016/S0168-9452(99)00197-1
https://doi.org/10.1016/j.scitotenv.2004.09.044
https://doi.org/10.1016/j.scitotenv.2020.139060
https://doi.org/10.1016/j.scitotenv.2021.150675
https://doi.org/10.1016/j.scitotenv.2021.150675
https://doi.org/10.3390/molecules26196060
https://doi.org/10.5073/JABFQ.2015.088.006
https://doi.org/10.5073/JABFQ.2015.088.006
https://doi.org/10.4274/jtgga.galenos.2021.2020.0202
https://doi.org/10.4274/jtgga.galenos.2021.2020.0202

	Aquaculture sediments amended with biochar improved soil health and plant growth in a degraded soil
	1 Introduction
	2 Materials and methods
	2.1 Preparation of biochar-amended fishpond sediments
	2.2 Soil sampling and experimental setup
	2.3 Soil/sediment analysis
	2.4 Plant analysis
	2.4.1 Growth parameters, photosynthetic pigments, and photosynthesis
	2.4.2 Assay of antioxidant enzymes
	2.4.3 Proline, soluble sugar, total protein, malondialdehyde, and H2O2
	2.4.4 Analysis of metal-related genes expression and Cr content in plants

	2.5 Health risk assessment
	2.6 Quality assurance of the results

	3 Results and discussion
	3.1 Impact of FPS and BFPS on soil characteristics
	3.2 Impact of FPS and BFPS on plant growth and chlorophyll content
	3.3 Impact of FPS and BFPS on photosynthetic characteristics
	3.4 Impact of FPS and BFPS on antioxidant enzymes
	3.5 Impact of FPS and BFPS on the total protein, soluble sugar, and proline
	3.6 Impact of FPS and BFPS on the hydrogen peroxide and malondialdehyde
	3.7 Impact of FPS and BFPS on Cr content in the plants
	3.8 Health risk assessment

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


