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Abstract

The present study estimated the ability of four aquatic macrophytes (Eichhornia crassipes (Mart.) Solms, Ludwigia stolonifera
(Guill. & Perr.) P.H. Raven, Echinochloa stagnina (Retz.) P. Beauv. and Phragmites australis (Cav.) Trin. ex Steud.) to accu-
mulate Cd, Ni and Pb and their use for indicating and phytoremediating these metals in contaminated wetlands. Three sites at five
locations in the Kitchener Drain in Gharbia and Kafr El-Sheikh Governorates (Egypt) were selected for plant, water and sediment
sampling. The water in the Kitchener Drain was polluted with Cd, while Pb and Ni were far below the maximum level of Pb and
Ni in the irrigation water. In comparison to the other species, P. australis accumulated the highest concentrations of Cd and Ni,
while E. crassipes accumulated the highest concentration of Pb in its tissues. The four species had bioaccumulation factors
(BAFs) greater than one, while their translocation factors (TFs) were less than 1 for most heavy metals, except Cd in the leaf and
stem of E. stagnina and L. stolonifera, respectively, and Ni in the stem and leaf of E. stagnina. The BAF and TF results indicated
that the studied species are suitable for phytostabilizing the studied heavy metals, except Ni in E. stagnina and Cd in
L. stolonifera, which are suitable for phytoextracting these metals. Significant positive correlations were found between the
investigated heavy metals in the water or sediment and the plant tissues. Their high BAFs, with significant proportional
correlations, supported the potential of these species to serve as bioindicators and biomonitors of heavy metals in general and
in the investigated metals specifically.
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Aquatic macrophytes are good candidates for
phytoremediation processes due to their potential for accumu-
lating high heavy metal concentrations from sediment and
water (Fawzy et al. 2012). Because of their potential to uptake
pollutants, they can be used in environmental impact assess-
ments, such as in situ water quality assessments (Galal and
Shehata 2014). They play an important role in wetland geo-
chemistry because they are the principal bioaccumulators of
heavy metals through passive and active absorption
(Vodyanitskii and Shoba 2015). Regarding their biomass,
macrophytes are the predominant organisms in highly produc-
tive littoral ecosystems such as coastal arecas and wetlands
(Brix and Schierup 1989). Macrophytes are able to maintain
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aquatic ecosystems and can take up toxic metals via their roots
from sediments and water; different plants tend to transfer
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these metals from the root to the shoot to varying degrees
(Kassaye et al. 2016).

Aquatic pollution can be investigated by analysing aquatic
plants, water and sediments (Dummee et al. 2012). Valipour
and Ahn (2016) and Rezaniaa et al. (2016) suggested that a plant
species used for phytoremediation should be native and adaptable
to different habitats and have a fast growth rate, high biomass
yield, well-developed root system and high tolerance and capa-
bility to accumulate pollutants in its aerial tissues. Aquatic mac-
rophytes have high remediation potential for micro-nutrients be-
cause of their general fast growth and high biomass production.
They are natural filters that mitigate pollutants transported by
water and are considered an effective, low-cost, clean-up option
for improving the quality of surface water; in addition, they have
been globally utilized in the last decades to clean polluted water
(Bello et al. 2018; Bonanno 2013; Eid et al. 2019; Galal et al.
2018). In addition, they are the primary recipients of wetland
heavy metals; thus, remediation of these metals using macro-
phytes (phytoremediation) is an effective strategy (Ahmad et al.
2014; Caselles-Osorio et al. 2017; Sarwar et al. 2017).

Heavy metal pollution in aquatic ecosystems resulting from
anthropogenic activities, such as urbanization and industriali-
zation, can lead to global problems; in addition, this pollution
can transfer through the food chain and pose serious health
hazards due to its mobility and solubility (Yan et al. 2017).
Heavy metals cannot be degraded by chemical or microbial
processes to reduce their toxicity over time (Eid and Shaltout
2014). They are toxic when present in high concentrations and
can accumulate in the environment, and they can pollute and
degrade environmental resources (Bonanno 2013). Generally,
heavy metals inhibit most life processes, but their inhibition
potential depends on several factors, such as their concentra-
tion, degree of oxidation and ability to form complexes
(Szyczewski et al. 2009). The main sources of excessive
heavy metal concentrations are anthropogenic activities, in-
dustrial wastewater, sewage, fossil fuel combustion, fertilizers
and atmospheric deposition (Zhang et al. 2011).

Heavy metal contamination is a common environmental
problem worldwide (Garbisu and Alkorta 2003) and is a seri-
ous threat to agriculture, aquatic ecosystems and human health
(Gupta et al. 2010; Ashraf et al. 2019). Remediation requires
coordinated action among the scientific community, the gen-
eral public and diverse authorities (Saleh et al. 2019).
Inadequate treatment of municipal, agricultural and industrial
wastewater increases wetland pollution by discharging sub-
stantial quantities of nutrients and heavy metals into surface
waters, which, in turn, increases the proliferation of algal
blooms, depletes oxygen, kills fish and results in dead wet-
lands (Caselles-Osorio et al. 2017).

Heavy metal accumulation by aquatic macrophytes de-
pends mainly upon several factors, such as plant species since
the efficiency of a plant species for accumulating metals is
evaluated by either plant accumulation or translocation factors

of these metals from soil to plant (Ghazi et al. 2019). The
efficiency of a phytoremediation process relies on the selec-
tion of suitable plant species for a specific environment
(Duman et al. 2007). Therefore, detailed baseline information
on the accumulation properties of aquatic macrophytes can
help in the selection of appropriate macrophytes for wetland
phytoremediation systems (Eid and Shaltout 2014). As Harun
et al. (2008) studied the site-related effects of some macro-
phytes in the remediation of heavy metal contaminations, the
present study investigates the capabilities of four aquatic mac-
rophytes: two floating (Eichhornia crassipes (Mart.) Solms
and Ludwigia stolonifera (Guill. & Perr.) P.H. Raven) and
two emergent (Echinochloa stagnina (Retz.) P. Beauv. and
Phragmites australis (Cav.) Trin. ex Steud.), for Cd, Ni and
Pb accumulation and their efficient use as phytoremediators
for these metals in an aquatic ecosystem (Kitchener Drain,
Egypt). Our hypothesis is that the heavy metal accumulation
capabilities and potential to serve as bioindicators and
biomonitors for heavy metal contamination differ among
these four aquatic macrophytes.

Materials and methods
Study area

Kitchener Drain (the width of the drain ranges from 40 to
53 m, its depth is 5 to 6 m, its length is 69 km, and its dis-
charge ranges from 20 to 80 m® s~ '; Aiitta et al. 2019) is one of
the largest drains in the Nile Delta. This drain emerges in
Gharbia Governorate in the middle part of the Nile Delta
and extends to the north in Kafr El-Sheikh Governorate. It
was constructed to transfer agricultural drainage water from
the delta lowlands to the Mediterrancan Sea (El-Amier et al.
2017). It is considered one of the most severely polluted drains
in Egypt that has caused significant economic, social and en-
vironmental hazards. Pollution of the Kitchener Drain ema-
nates from four main sources: (i) domestic wastewater (poorly
treated and/or untreated) from numerous villages, (ii) uncon-
trolled municipal solid waste disposed along the banks and
into the drain, (iii) industrial wastewater discharge and (iv)
fertilizers and pesticides discharged from the agricultural
drainage system (El-Amier et al. 2017).

Sampling design

Four aquatic macrophytes, two floating (E. crassipes and
L. stolonifera) and two emergent (E. stagnina and
P australis), were selected for the present study. Three sites
(50 m from each other) were selected in each of five locations
(Fig. 1, Table 1) along the Kitchener Drain at Gharbia and
Kaftr El-Sheikh Governorates. Locations were selected along
the Kitchener Drain that represented substantial stands of the
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Fig. 1 Map of the study area showing the five sampling locations

study species. At each site, three composite water, sediment
and healthy plant (displaying no signs of stress) samples (9
samples per site) were collected. Samples of E. crassipes were
collected from two locations (n = 18) because it was recorded
only in two locations (locations 3 and 4), while those of
P australis were gathered from four locations (n =36) (loca-
tions 1, 2, 3 and 4); those of L. stolonifera and E. stagnina
were collected from the five locations (n =45). All samples
(plants, water and sediment) were collected during the first
week of July 2018. Plant samples were transferred to the lab-
oratory in plastic bags, washed with running tap water to re-
move debris and then separated into the different tissues as
follows: E. crassipes (roots and leaves), P. australis (below-
ground roots and rhizomes and aboveground stems and
leaves), L. stolonifera and E. stagnina (roots, stems and
leaves). The different plant tissues were oven dried at 65 °C
for 3 days until constant weight for chemical analysis. Plant
species were identified according to Boulos (2000, 2005).
Moreover, three composite samples of the surface water (1 1
each) from each site were collected for chemical analysis.
Three composite samples of the sediment from the profile

Mediterranean Sea

(020 cm depth) were also collected using a stainless steel
grab sampler and then dried and sieved using a 2-mm sieve.

Plant analysis

Plant samples from the different tissues of each of the four
aquatic macrophytes were collected from each site, homoge-
nized by grinding in a metal-free plastic mill and then sieved
through a 2-mm mesh size sieve. A 1-g sample of each plant
tissue was digested in a 20-ml tri-acid mixture of
HNO;:H,SO4:HCIO, (5:1:1, v/v/v) until a transparent colour
appeared; then, the mixture was filtered and completed to
25 ml with double de-ionized water following the procedure
of Lu (2000). The concentrations of Cd, Ni and Pb were de-
termined using an atomic absorption spectrophotometer
(Shimadzu AA-6300; Shimadzu Co. Ltd., Japan).

Water and sediment analyses

For the sediment samples, diethylene-triamine-penta-acetic
acid solution (DTPA) was used for the extraction of Cd, Ni

Table 1 Coordinates of the five sampling locations along the Kitchener Drain in the Nile Delta, Egypt

Location  Coordinates Collected species

1 Lat. 31° 04' 44.57" N, Long. 30° 57" 58.98" E  Echinochloa stagnina, Ludwigia stolonifera, Phragmites australis

2 Lat. 31° 03/ 33.96"” N, Long. 30° 57" 20.38" E  Echinochloa stagnina, Ludwigia stolonifera, Phragmites australis

3 Lat. 31° 02" 33.58" N, Long. 30° 57" 36.61" E  Echinochloa stagnina, Eichhornia crassipes, Ludwigia stolonifera, Phragmites australis
4 Lat. 30° 54" 09.11" N, Long. 31° 01' 02.10" E  Echinochloa stagnina, Eichhornia crassipes, Ludwigia stolonifera, Phragmites australis
5 Lat. 30° 50" 40.18"” N, Long. 31° 00" 54.80" E  Echinochloa stagnina, Ludwigia stolonifera

Location 1 was ~ 2.6 km north of location 2, location 2 was ~ 2.0 km north of location 3, location 3 was ~ 17.2 km north of location 4 and location 4 was

~ 6.4 km north of location 5
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and Pb (APHA (American Public Health Association) 1998).
Water samples were filtered using Whatman nylon membrane
filters (pore size 0.45 pum, diameter 47 mm) for dissolved
heavy metal analysis (APHA (American Public Health
Association) 1998). The concentrations of Cd, Ni and Pb in
the water and sediment samples were determined using an
atomic absorption spectrophotometer following the standard
methods outlined by Allen (1989).

Quality assurance and control

The instrumental settings and operational conditions were set
in accordance with the manufacturers’ specifications. A certi-
fied reference material (SRM 1573a, tomato leaves) was used
for verification of heavy metal determination accuracy. The
reference material was digested and analysed by the same
methods as those applied to the tissue samples of the study
plants. The digestion and measurement of heavy metals was
performed in triplicate. De-ionized water was used throughout
the study. Cleaned glassware and analytical grade reagents
were properly used. Blank reagents were used to correct the
instrument readings. The variation coefficient of replicate
analysis was determined for different measurements to calcu-
late analytical precision. To calibrate the system, standard so-
lutions with known concentrations of different metals were
used. Accuracy was estimated by comparing the measured
concentration with the certified value and then expressed as
a percentage. The recovery rates were 94.8% for Cd with a
relative standard deviation (RSD)=4.9%, 103.7% for Ni
(RSD =9.0%) and 96.0% for Pb (RSD = 5.3%). The detection
limits for the heavy metals (ug I"') were 0.05 for Cd, 0.2 for
Ni and 0.1 for Pb.

Data analysis

Before performing analysis of variance (ANOVA), the data
for the plant, water and sediment parameters were tested for
their normality of distribution and homogeneity of variance,
and the data were log-transformed when necessary. One-
way ANOVA was applied to test the significant variations
in the water and sediment variables (at P <0.05) between
the different sampling locations. To provide an overview of
the water and sediment heavy metals in the Kitchener Drain,
the mean value of all locations was presented. Tukey’s HSD
test (P <0.05) was used to assess significant differences
between concentrations among the five locations. In addi-
tion, three-way ANOVA was also applied to test the signif-
icance of variation in the heavy metal concentrations in the
different tissues of the study plants. The simple linear cor-
relation coefficient () was calculated to assess the type of
relationship between the estimated water and sediment
heavy metals and the corresponding metals in the plant

tissues. All statistical analyses were performed using
Statistica 7.1 software (Statsoft 2007).

The bioaccumulation factor (BAF) is a useful parameter for
evaluating the potential of plants to accumulate heavy metals.
The translocation factor (TF) shows the ability of a plant to
translocate heavy metals from its roots to its rthizomes, stems
or leaves. The BAF and TF were determined according to Eid
et al. (2019) as follows:

BAF = Croot/ Csediment/water
TFthizome = Crhizome / Croot
TFsem = Cstem/ Croot
TFieat = Cieat /Croot

where Cgedimentwater 1S the heavy metal concentration in the
sediment and water for emergent and floating plants; and
Croots Crhizomes Cstem and Ciear are the heavy metal concen-
trations (mg kgfl) in the roots, rhizomes, stems and leaves,
respectively. Tukey’s HSD test (P < 0.05) was used to assess
the significant differences between the BAFs and TFs
among the four plant species and between the three heavy
metals.

Results
Water heavy metals

The chemical analysis of the water in the Kitchener Drain
showed significant variations in the concentrations of Cd, Ni
and Pb among the different study locations (Fig. 2). The con-
centration of water Cd ranged between 4.7 ug 1! in location 1
and 28.2 ug 1! in location 4, with a mean concentration of
12.3 ug I"!, while that of water Ni ranged between 32.3 pg 1™
and 38.6 pg I"! in locations 5 and 1, respectively, with an
average of 35.9 ug I"'. The maximum concentration of water
Pb (250.1 pg ") was recorded in location 4, while the min-
imum (2.9 pg I"") was recorded in location 5, with an average
concentration of 139.6 ug 1", Notably, the concentration of
water heavy metals in the Kitchener Drain was in the order of
Pb>Ni> Cd.

Sediment heavy metals

The heavy metals analysis of the sediments in the Kitchener
Drain had essentially the same trend as the water heavy
metals, with significant variations among the study locations
(Fig. 3). The highest concentrations of Cd and Pb (4.1 and
83.4 mg kg ', respectively) were recorded in location 4,
while the lowest concentrations (2.3 and 18.4 mgkg ") were
recorded in locations 1 and 5, respectively, with average con-
centrations of 2.8 and 56.6 mg kg '. However, the highest
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concentration of sediment Ni (68.7 mgkg ') was recorded in
location 2, and the lowest concentration (42.9 mg kg™ ') was
in location 5, with an average concentration of 59.6 mg kg "
Generally, the concentration of heavy metals in the sediment
occurred in the following order: Ni> Pb > Cd.

Plant heavy metals

The statistical data of the three-way ANOVA indicated signif-
icant variations among the different locations, species and
tissues, as well as the intercept of locations x species, locations
X tissues, species x tissues and locations x species x tissues
(Table 2). The Cd concentration was affected by location,

@ Springer

species and tissues as well as the intercept of these factors;
Ni concentration was significantly affected by all factors ex-
cept locations x tissues, and Pb was significantly affected by
location and the intercept of locations x species. The analysis
of heavy metals in the different tissues of these four plant
species indicated that the study species accumulated higher
concentrations of all heavy metals (except Cd in
E. stagnina) in their roots rather than in the shoots (Fig. 4).
P, australis accumulated higher concentrations of Cd and Ni
than that in the other species, while E. crassipes accumulated
the highest concentration of Pb in their tissues. The highest
concentrations of Cd and Ni (57.5 and 109.0 mg kg, respec-
tively) were recorded in the roots of P. australis, while the
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lowest concentrations (22.3 and 82.8 mg kg ', respectively)
were accumulated in the leaves of E. crassipes. In addition,
the highest concentration of Pb (277.4 mg kg ') was recorded
in the roots of E. crassipes, while the lowest (244.8 mg kg ')
was recorded in the stems of L. stolonifera. Generally, the
study species had mean accumulated heavy metal concentra-
tions in the following orders: P. australis > E. stagnina >
L. stolonifera>E. crassipes for Cd; P. australis >
E. crassipes > L. stolonifera>E. stagnina for Ni; and
E. crassipes > P. australis > E. stagnina > L. stolonifera for
Pb. The heavy metal concentrations in the tissues of the study
plants had the same trend (i.e. Pb >Ni> Cd) of water heavy
metals.

Location

Bioaccumulation and translocation factors

The statistical evaluation of the BAF of heavy metals, from
the sediment to the roots, and the TF, from the roots to the
rhizomes, stems and leaves, showed significant variations
among the different investigated heavy metals and the differ-
ent species (Table 3). The four study species had BAFs greater
than one for the investigated heavy metals. P. australis had the
highest BAF for Cd and Pb (23.58 and 7.95, respectively),
while L. stolonifera had the highest BAF for Ni (2.01).
Moreover, the lowest BAF for Cd (9.15) was recorded in
L. stolonifera, while those of Ni and Pb (1.64 and 5.70) were
recorded in E. crassipes. The study species were arranged in
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Table 2  Three-way analysis of variance (ANOVA-3) indicating the
difference between the investigated heavy metals in the different tissues
of the four plant species collected from five different locations along the
Kitchener Drain in the Nile Delta, Egypt

Test df Heavy metal
Cd Ni Pb

Fiocation 4 51.2%:%% 323 3% 106.5%%*
Fipecies 3 5.0%* 10.9%** 3.6%
Fiissue 3 8 4wk 62,5k 1.7
Flocation x species 8 3.3%% 7.2k 5.3
Flocation x tissue 11 7.9%%% 1.3™ 0.9"
Fipecies x tissue 5 9.8%%% 9.8¥%¥* 0.7"
Fiocation x species x tissue 15 11378 5.2%% 0.7"

df degree of freedom, * P<0.05, ** P<0.01, *** P<0.001, and ns not
significant (i.e. P>0.05)

descending order according to their BAF as follows:
P australis > E. crassipes > E. stagnina> L. stolonifera for
Cd; L. stolonifera> P. australis > E. stagnina > E. crassipes
for Ni; and P. australis > E. stagnina> L. stolonifera >
E. crassipes for Pb. However, the TF of heavy metals from
the roots to the shoots showed that Cd was translocated to the
leaves and stems (TF: 1.59 and 1.17) of E. stagnina and
L. stolonifera, respectively, while Ni was transferred to the
stems and leaves of E. stagnina with TFs of 1.30 and 1.37,
respectively. However, the TF of Pb did not exceed one for
any of the study species.

Plant-water-sediment correlations

The results of the simple linear correlation coefficient between
heavy metals in the plant tissues and the sediment and water
are represented in Table 4. The Cd concentration in the water
was significantly proportional (n =45; P < 0.05) to its concen-
tration in the stem of E. stagnina. However, the concentration
of Ni in the sediment and water was negatively correlated with
its concentration in the tissues of the study species, except
E. crassipes (n=18; P<0.05) roots and leaves (r=10.803
and 0.801, respectively), which were positively correlated
with the Ni water concentration. Moreover, significant posi-
tive correlations were observed between the Pb concentration
in water and its concentration in the leaves, stems and roots of
E. stagnina (r = 0.523, 0.499 and 0.553, respectively); roots of
E. crassipes (r=0.494); leaves, stems and roots (n=45;
P <0.05) of L. stolonifera (r = 0.603, 0.608 and 0.594, respec-
tively) and rhizomes (n=36; P<0.05) of P. australis (r=

0.369). However, sediment Pb was positively correlated with
the roots and rhizomes of P. australis (r=0.359 and 0.371,
respectively). Importantly, the concentration of certain heavy
metals in the plant tissues may have significantly increased or
decreased with the increase in another metal in the water or

@ Springer

sediment, such as water Cd with Ni and Pb in the roots of
E. stagnina (r=0.477 and 0.391, respectively) and sediment
Ni with Cd in the roots and stems of L. stolonifera (r =—0.609
and —0.581, respectively).

Discussion

The concentration of Cd (12.3 pg I"") in the water samples
from the five locations in the Kitchener Drain exceeded the
maximum level of Cd (10.0 pg ") in irrigation water stated
by Rowe and Abdel-Magid (1995). In contrast, the concentra-
tions of Ni and Pb (35.9 and 139.6 pg 1", respectively) in the
water samples from the five locations in the Kitchener Drain
were far below the maximum level of heavy metals in the
irrigation water (200.0 pg 1" for Ni and 5000.0 ug 1™ for
Pb) reported by Rowe and Abdel-Magid (1995). Similarly,
the sediment Cd content (2.3-4.1 mg kg ') in the locations
in the Kitchener Drain exceeded the safe range (0.01—
1.1 mg kg "), while Pb (18.4-83.4 mg kg ') and Ni (42.9—
68.7 mg kg ') concentrations were within the safe ranges
(2.0-200.0 mg kg' for Pb and 0.5-100.0 mg kg™ for Ni)
(Kabata-Pendias 2011; Nagajyoti et al. 2010; Samecka-
Cymerman and Kempers 2001).

Generally, the concentrations of heavy metals in aquatic
macrophytes varied considerably according to the type of spe-
cies and their tissues as well as to the type of heavy metal
(Bragato et al. 2006). Comparing the four species in the pres-
ent study, P. australis accumulated the highest concentrations
of Cd and Ni, while E. crassipes accumulated the highest
concentration of Pb in its tissues. This variation in heavy metal
accumulation may be due to the different growth forms of
these species (Kassaye et al. 2016). The concentrations of
Pb in the different tissues of E. stagnina, E. crassipes and
P australis were approximately three-fold higher than the
concentrations in the corresponding species in the canals and
drains of the middle Nile Delta as reported by Shaltout et al.
(2009) and in Lake Burullus as reported by Eid and Shaltout
(2014). Moreover, the Cd and Pb concentrations in the tissues
of L. stolonifera were higher, and the Ni concentration was
lower than those recorded by Abu-Ziada (2007) and Galal
et al. (2019) on the same species. Notably, the study species
accumulated high concentrations of Cd, Ni and Pb, exceeding
the safe range for normal plants (Allen 1989; Nagajyoti et al.
2010). The Cd, Ni and Pb concentrations in the P. australis
tissues, the Ni and Pb concentrations in the E. stagnina tissues
and the Cd concentration in the L. stolonifera tissues in the
Kitchener Drain were higher than the range of concentrations
recorded for the same species in some natural and constructed
wetlands, while the Ni and Pb concentrations in the
L. stolonifera tissues and the Cd, Ni and Pb concentrations
in the E. crassipes tissues (except leaf tissues) were lower than
the average concentrations in mining habitats worldwide
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(Table 5). The variations among the results obtained in the
current investigation and the reported results by other re-
searchers might be related to sampling time, pollution levels,
physico-chemical characteristics of water at the sampling
sites, and the analytical methods used in the digestion of plant
materials (Du Laing et al. 2003, 2009; Kabata-Pendias 2011).

The study species accumulated higher concentrations of all
heavy metals (except Cd in E. stagnina) in their roots than in
their shoots. This result coincided with that in Abu-Ziada
(2007), Galal et al. (2019) and Mganga et al. (2011) for
L. stolonifera; that in Eid et al. (2019), Kamari et al. (2017),

Root Stem Leaf Rhizome  Total mean

Tissue

Pandey (2016) and Carrion et al. (2012) for E. crassipes; and
that in Bonanno et al. (2017), Ahmad et al. (2014), Eid and
Shaltout (2014), Bonanno and Lo (2010), Duman et al. (2007)
and Abdel-Shafy et al. (1994) for P. australis (Table 5).
According to Ahmad et al. (2014), the accumulation of heavy
metals in plant roots may be an exclusion strategy because the
root is not a photosynthetic organ, and this may increase plant
tolerance to toxic concentrations of these metals. In aquatic
macrophytes, the compartmentalization strategy for heavy
metals is common, and plants sequester high concentrations
of metals in their belowground tissues to protect against the
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Table3  Means + standard errors of bioaccumulation factors (BAFs) from the sediment to roots and translocation factors (TFs) from the roots to stems,
leaves and rhizomes of Cd, Ni and Pb in the four plant species grown in the Kitchener Drain in the Nile Delta, Egypt

Species Factor Heavy metal F-value
Cd Ni Pb

Echinochloa stagnina BAF (n=45) 9.31+0.48 1.68+0.12 7.26+0.70 63.9%%:%
TFiem (n=45) 0.98+0.04 1.30+0.25 0.99+0.01 1.5™
TFjear (1 =45) 1.59+0.29 1.37+0.26 0.97+0.02 2.0™

Eichhornia crassipes BAF (n=18) 9.96+0.84 1.64+0.08 5.70+0.54 51.6%**
TFjear (n=18) 0.98+0.01 0.80+0.01 0.99+0.01 102.1%#%*

Ludwigia stolonifera BAF (n=45) 9.15+£0.52 2.01+0.18 6.99+0.61 59.7%%*
TFgtem (1 =45) 1.17+0.13 0.81+0.01 0.98+0.03 5.2%%
TFjear (n = 45) 0.94+0.03 0.80+0.02 1.00+0.02 19.3%#%

Phragmites australis BAF (n=36) 23.58 +6.16 1.98+0.13 7.95+0.88 9.774%
TFhizome (1 =36) 0.83+0.05 0.86+0.01 0.95+0.01 1.9™
TFtem (n=36) 0.86+0.06 0.91+0.01 0.94+0.02 3.3%
TFcar (n=36) 0.96+0.05 0.89+0.01 0.97+0.01 1.3™

F-valuegar 5.2%% 1.5™ L

F-valuergstem 3.4% 3.1% 1.6™

F-valuergiear 3.0% 3.9% 2.5™

F-values represent one-way ANOVA, * P<0.05, ** P<0.01, *** P<0.001, and ns not significant (i.e. P>0.05)

harmful effects of metal toxicity (Bonanno et al. 2017).
Similarly, Eid and Shaltout (2014) and Rezania et al. (2019)
found that P. australis can be used to immobilize some metals,
such as Cd and Pb, and store them in its belowground tissues.
Moreover, Saleh et al. (2019) stated that L. stolonifera is an
efficient aquatic macrophyte for remediating wastewater con-
taining toxic metals, such as Pb, Cd and Cr; in addition, it can
be used as a bioindicator for Cd and Pb in contaminated water
(Mganga et al. 2011). Furthermore, the concentrations of Cd,
Ni and Pb were significantly higher in the leaves than in the
stems of the study species because metals are mainly accumu-
lated in leaf vacuoles (Du Laing et al. 2009).
Bioaccumulation factors (BAFs) and translocation fac-
tors (TFs) can be used to estimate a plant’s potential for
phytoremediation (Eid et al. 2019). The study species had
BAFSs of more than one for Cd, Ni and Pb. P. australis had
the highest BAF for Cd and Pb, while L. stolonifera had the
highest BAF for Ni. However, the TFs of the heavy metals
from the roots to the different plant tissues were generally
lower than one. These results were consistent with the re-
sults of several studies on aquatic macrophytes (e.g.
Baldantoni et al. 2009; Olivares-Rieumont et al. 2007;
Pandey 2016; Kamari et al. 2017; Saha et al. 2017); accord-
ing to their studies, metal concentrations are generally
higher in roots than in shoots. The sequestration of metals
in the cellular compartments (e.g. central vacuoles) is a tol-
erance strategy of aquatic macrophytes (Weis and Weis
2004), and roots are the main tissue for heavy metal uptake
by these plants (Fawzy et al. 2012). According to Bello et al.

@ Springer

(2018), plants with a high BAF value and low TF value
could be suitable for phytostabilization, but plants with
BAF and TF values both greater than 1 could be used for
phytoextraction. Thus, the study species are suitable for
phytostabilization of the tested heavy metals, except
E. stagnina for Ni and L. stolonifera for Cd, which are suit-
able for phytoextraction of these metals.

Globally, more than 500 plant species are known as heavy
metal hyper-accumulators, and the majority of them hyper-
accumulate As, Cu, Hg, Ni and Pb (Baker et al. 2000).
Based on the BAF data, the study species may be considered
hyper-accumulators for Cd, Ni and Pb. Similar results were
reported for P. australis (Cicero-Fernandez et al. 2016;
Rezania et al. 2019) and E. crassipes (Eid et al. 2019).
However, Ahmad et al. (2014) documented that one of the
most empirical and important criteria of hyper-accumulators
is that the plants should withstand very high heavy metal
concentrations (> 1000 mg kg™ ' for Pb and Ni and
100 mg kg_1 for Cd). Therefore, the critical concentrations
of the investigated metals in the different tissues of the study
plants were less than the required values, indicating that these
plants are accumulators rather than hyper-accumulators of
these heavy metals. The study species were arranged in a
descending pattern according to their BAF as follows:
P australis > E. crassipes > E. stagnina > L. stolonifera for
Cd; L. stolonifera> P. australis > E. stagnina > E. crassipes
for Ni; and P. australis > E. stagnina > L. stolonifera>
E. crassipes for Pb. Bonanno and Lo (2010) attributed the
high accumulation potential, particularly in the roots and
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Table 4  Pearson correlation coefficient (-value) between Cd, Ni and Pb concentrations in the water and sediment and four plant species tissues in the
Kitchener Drain in the Nile Delta, Egypt

Species Tissue Metal Water Sediment
Cd Ni Pb Cd Ni Pb
Echinochloa stagnina Root (n=45) Cd 0.179 -0.186 -0.216 0.031 —0.327* -0.156
Ni 0.477%* —0.605°%#* -0.186 0.257 -0.289 0.039
Pb 0.391%* —0.048 0.553 % 0.300* -0.203 —0.044
Stem (n =45) Cd 0.324* —0.313* —0.346* 0.198 —0.437%* 0.090
Ni 0.633%%* —0.573%#* 0.116 0.316* —0.320% 0.030
Pb 0.333* 0.004 0.499%3# 0.355* —0.329* -0.069
Leaf (n=45) Cd 0.112 —0.369* —0.508%*** 0.178 —0.765%** -0.307*
Ni 0.578%* —(.553 %k 0.005 0.280 -0.303* —-0.060
Pb 0.284 —-0.096 0.523 %% 0.241 -0.256 -0.141
Eichhornia crassipes Root (n=18) Cd 0.167 —0.704%* —0.868 %3 0.009 -0418 0.142
Ni 0.436 0.010 0.673%** -0.018 0.803 % 0.169
Pb 0.212 -0.261 0.494* 0.857% 0217 0.166
Leaf (n=18) Cd 0.054 —0.655%* —0.927%%* -0.077 —0.464 0.050
Ni 0.441 -0.120 0.581* 0.032 0.807 0.168
Pb 0.320 —0.498* 0317 0.754 %3 0318 0.197
Ludwigia stolonifera Root (n=45) Cd 0.226 —0.346* -0.357* 0.237 —0.609%** -0.220
Ni 0.427%* —0.622%#* -0.219 0.180 —0.566%** —0.233
Pb 0.398%* —0.006 0.603 % 0.458%* -0.276 —0.049
Stem (n =45) Cd 0.321 —0.462%* -0.208 0.262 — .58 % 0.032
Ni 0.669%** —0.679%#* -0.016 0.348* -0.379* —0.052
Pb 0.320* 0.102 0.608#* 0.233 0.181 0.037
Leaf (n=45) Cd 0.342% —0.368* —0.326% 0.227 -0.266 -0.064
Ni 0.606%** — .55k 0.023 0.270 -0.183 —-0.033
Pb 0.382% 0.014 0.594#x3% 0.352% -0.078 0.000
Phragmites australis Root (n=36) Cd 0.101 -0.256 —0.513%* -0.196 -0.230 —0.380%*
Ni 0.406* -0.328 0.265 0.120 -0.316 0.027
Pb 0.254 -0.269 0.226 0.227 -0.304 0.359*
Stem (n=36) Cd 0.099 -0.204 —0.566%** -0.027 —0.349* —0.498%*
Ni 0.443%* —0.512%* 0.130 0.183 -0.418* —0.095
Pb 0.308 —0.445%* 0.143 0.025 —0.266 0.203
Leaf (n=36) Cd 0.070 —0.063 0.178 -0.078 0.252 0.179
Ni 0.386* —0.446%* -0.039 0.272 —0.537%* —0.048
Pb 0.091 —0.363* —0.087 -0.291 -0.199 -0.097
Rhizome (n=36) Cd 0.047 -0.259 —0.512%* -0.034 —0.460%* -0.370*
Ni 0.580%* —0.518%* 0.183 0.309 -0.357* 0.071
Pb 0.482%* -0.327 0.369* 0.271 -0.104 0.371%*

* P<0.05, ¥ P<0.01 and *** P<0.001

rhizomes of P. australis, to the presence of large intercellular
spaces of the cortical tissue.

The present study recorded significant correlations be-
tween the concentrations of Cd, Ni and Pb in the water and
sediment and plant tissues. For example, significant propor-
tional correlations were found between Cd in the water and the
E. stagnina stems; Ni in the water and Cd in E. crassipes roots

and leaves; and Pb in the water and E. crassipes roots;
L. stolonifera leaves, stems and roots and P. australis rhi-
zomes. These correlations indicated that the study species
can potentially be used as bioindicators and biomonitors of
heavy metals in general and the investigated metals in partic-
ular. Several studies support this conclusion, according to
which heavy metal concentrations in the different plant tissues
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Table 5 Examples of average Cd, Ni and Pb concentrations (mg kg ) in the tissues of the four plant species in the Kitchener Drain in the Nile Delta
(Egypt) compared with those reported in natural and constructed wetlands around the world

Ecosystem Tissue Cd Ni Pb Reference
Echinochloa stagnina
Kitchener Drain, Nile Delta, Egypt Leaf 41.2 89.3 250.1 Present study
Stem 23.6 84.9 256.5
Root 24.0 92.3 258.8
Total mean 29.6 88.8 255.1
Water courses, Nile Delta, Egypt Leaf 59.2 Shaltout et al. (2009)
Lake Koka, Ethiopia Leaf 2.5 0.2 Kassaye et al. (2016)
Eichhornia crassipes
Kitchener Drain, Nile Delta, Egypt Leaf 223 82.8 273.7 Present study
Root 23.0 104.1 2774
Total mean 22.6 93.4 275.6
Irrigation canals, Nile Delta, Egypt Leaf 0.1 39 0.9 Eid et al. (2019)
Root 0.1 352 1.2
Water courses, Nile Delta, Egypt Leaf 64.2 Shaltout et al. (2009)
Lake Koka, Ethiopia Leaf 11.0 0.2 Kassaye et al. (2016)
Ondo coastal area, Nigeria Leaf 0.5 14 0.7 Agunbiade et al. (2009)
Root 0.2 0.7 0.4
Mining pond, Malaysia Leaf 0.4 77.0 473.0 Kamari et al. (2017)
Root 3.8 135.5 362.5
Fly ash pond, India Leaf 55.7 303.0 Pandey (2016)
Root 61.5 356.2
Xochimilco wetland, Mexico Leaf 0.2 42 0.9 Carrion et al. (2012)
Root 0.5 20.3 5.0
Ludwigia stolonifera
Kitchener Drain, Nile Delta, Egypt Leaf 24.0 85.3 2512 Present study
Stem 23.9 87.2 244.8
Root 24.1 107.7 2524
Total mean 24.0 93.4 249.4
Damira Irrigation Canal, Egypt Leaf 0.3 Abu-Ziada (2007)
Stem 04
Root 0.4
Three watercourses, Cairo, Egypt Leaf + 14-2.7  316.4-505.6 8.0-29.1 Galal etal. (2019)
stem
Root 33-4.6 701.4-1286.2 23.0-49.8
North Mara Gold Mine, Tanzania Leaf + 21.0 558.0 459.0 Mganga et al. (2011)
stem
Root 14.0 757.0 506.0
Phragmites australis
Kitchener Drain, Nile Delta, Egypt Leaf 25.5 98.5 2559 Present study
Stem 25.6 93.0 257.5
Rhizome 539 96.0 263.1
Root 57.5 109.0 2724
Total mean 40.6 99.1 262.2
Lake Burullus, Egypt Leaf 11.2-23.8 Eid and Shaltout (2014)
Stem 11.0-21.0
Root 11.5-23.8
Lake Sapanca, Turkey Leaf + 0.1-0.3 1.1-3.1 2.9-20.5 Duman et al. (2007)
stem
Rhizome  0.1-0.3  1.6-3.8 2.5-22.7
Root 0.1-04  7.7-255 9.4-103.3
Scheldt Estuary, Belgium Leaf 0.0-0.2 0.5-5.8 0.5-7.1 Du Laing et al. (2009)
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Table 5 (continued)

Ecosystem Tissue Cd Ni Pb Reference
Stem 0.0-0.1 0.2-4.1 0.2-1.0
Artificial wetlands for the treatment of municipal wastewater, Leaf 0.5-1.0 2.2-4.1 8.0-12.5 Abdel-Shafy et al.
Germany Stem 04-0.5 1.82.0 1.5-6.1 (1994)
Root 0.7-1.7  2.8-7.1 10.4-17.6
Venice lagoon, Italy Leaf + 2.0-60.0 Bragato et al. (2006)
stem
Sicily Wetlands, Italy Leaf 0.8 Bonanno et al. (2017)
Stem 0.6
Rhizome 0.9
Root 1.4
Mouth area of the Imera Meridionale River, Italy Leaf 1.1 1.7 Bonanno and Lo (2010)
Stem 0.7 0.5
Rhizome 1.0 1.7
Root 1.1 9.1
Hokersar wetland, India Leaf + 2.9 1.1 15.5 Ahmad et al. (2014)
stem
Root 3.4 1.6 26.0

increased with increasing concentrations in the environment
(Eid and Shaltout 2014). Moreover, Eid et al. (2012) reported
that plants with strong correlations with environmental heavy
metal concentrations are considered potential bioindicators
and biomonitors of these metals.

Phytoremediation is an efficient technique for removing
heavy metals from the water and sediment, and this technique
is broadly accepted worldwide due to its intrinsic environmen-
tally friendly characteristics, performance and feasibility
(Salawu et al. 2018; Saleh et al. 2019). Qian et al. (1999) de-
termined the following criteria for good heavy metal accumu-
lators: (i) able to accumulate high concentrations of a metal in
its harvestable tissues, (ii) able to grow rapidly and (iii) have a
well-developed root system. Consequently, the study species of
the present study could be regarded as good accumulators for
the studied heavy metals. The rapid growth and reproduction,
as well as the well-developed underwater and belowground
tissues, of the study species make them powerful candidates
for phytoremediation (Abubakar et al. 2014). Overall, to mini-
mize the chances of attaining lethal concentrations, the
phytoremediation efficiency of these species could be amelio-
rated by periodically harvesting them from the remediated lo-
cations. The harvested plants could be converted to ash and
packed in a safe place, and the accumulated heavy metals could
also be recovered for economic purposes (Eid et al. 2019).

Conclusion

The water in the Kitchener Drain was polluted with Cd, while
Pb and Ni were far below the maximum level of Pb and Ni in

the irrigation water. Aquatic macrophytes accumulated high
concentrations of these heavy metals in their roots within the
toxic range. In comparison to the other species, P. australis
accumulated the highest concentrations of Cd and Ni, while
E. crassipes accumulated the highest concentration of Pb in its
tissues. The species can be arranged in the following order
according to their accumulation potential: P. australis >

E. stagnina> L. stolonifera>E. crassipes for Cd;
P australis > E. crassipes > L. stolonifera> E. stagnina for
Ni; and E. crassipes > P. australis > E. stagnina >

L. stolonifera for Pb. The BAFs and TFs indicated that the
study species are suitable for phytostabilizing the investigated
heavy metals, except Ni in E. stagnina and Cd in
L. stolonifera, which are suitable for phytoextracting these
metals. The high BAF of the study species render them good
phytoremediator candidates. In addition, the present study re-
corded significant correlations between the concentrations of
Cd, Ni and Pb in the water and sediment and the plant tissues.
Such correlations indicate that the study species reflect the
cumulative influences of environmental pollution from the
water and sediment, thereby suggesting their potential use in
biomonitoring and bioindicating the investigated metals.
Based on our results, by using manual or mechanical harvest-
ing, which have been used in Egypt for the study species,
these species could be used as an environmentally friendly
filter for the extraction of heavy metals to reduce the pollution
load reaching the drainage and/or irrigation canals. The har-
vested materials could be used as substrate for biogas produc-
tion or carbonization to make charcoal or could be burned to
ash and packed in a safe place. The accumulated heavy metals
could also be recovered for commercial use if desired.
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