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Abstract The aim of this study was to investigate the overall
root/shoot allocation of metal contaminants, the amount of
metal removal by absorption and adsorption within or on the
external root surfaces, the dose-response of water hyacinth
metal uptake, and phytotoxicity. This was examined in a
single-metal tub trial, using arsenic (As), gold (Au), copper
(Cu), iron (Fe), mercury (Hg), manganese (Mn), uranium (U),
and zinc (Zn). Iron and Mn were also used in low-, medium-,
and high-concentration treatments to test their dose effect on
water hyacinth’s metal uptake. Water hyacinth was generally
tolerant to metallotoxicity, except for Cu and Hg. Over 80 %
of the total amount of metals removed was accumulated in the
roots, of which 30–52 % was adsorbed onto the root surfaces.
Furthermore, 73–98% of the total metal assimilation by water
hyacinth was located in the roots. The bioconcentration factor
(BCF) of Cu, Hg, Au, and Zn exceeded the recommended
index of 1000, which is used in selection of phytoremediating
plants, but those of U, As, and Mn did not. Nevertheless, the
BCF for Mn increased with the increase of Mn concentration
in water. This suggests that the use of BCF index alone, with-
out the consideration of plant biomass andmetal concentration
in water, is inadequate to determine the potential of plants for

phytoremediation accurately. Thus, this study confirms that
water hyacinth holds potential for a broad spectrum of
phytoremediation roles. However, knowing whether these
metals are adsorbed on or assimilated within the plant tissues
as well as knowing their allocation between roots and shoots
will inform decisions how to re-treat biomass for metal recov-
ery, or the mode of biomass reduction for safe disposal after
phytoremediation.
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Introduction

Phytoremediation

The innovative technology of phytoremediation dates back
more than three centuries, although its popularity only sur-
faced from the mid-1970s onwards (Henry 2000).
Phytoremediation is broadly defined as the direct use of green
plants to reduce environmental contaminants and render them
safer (Gerhardt 2009; Paz-Alberto and Sigua 2013). Many
aquatic plants have the ability to remove heavy metals and
metalloids from water, and of special interest are those with
a high tolerance to metals in terms of plant growth rate and
biomass production (Sasmaz and Obek 2009). Such growth
characteristics are often associated with alien invasive aquatic
weeds, and thus, some have been utilized to improve water
quality (Malik 2007).

Several aquatic weeds have shown significant ability to
remediate heavy metal contaminants in water. For instance,
duck weed, Lemna gibba L., is used in constructed wetlands
for wastewater treatment and efficiently accumulates large
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amounts of heavy metal pollutants (Vaillant et al. 2004). The
small water fern, Azolla caroliniana, removed about 93 % of
0.1 mg/L mercury (Hg) from polluted water in just 12 days
(Bennicelli et al. 2004), while 99.8 % of 0.5 mg/L Hg was
removed after 3 weeks by parrot’s feather (Myriophyllum
aquaticum), creeping primrose (Ludwigia palustris), and wa-
ter mint (Mentha aquatica) (Kamal et al. 2004).

Eichhornia crassipes (Mart.) Solms is an aquatic plant
originating from South America, which also grows rapidly
in tropical and subtropical regions of the world (Center and
Spencer 1981). It is a notorious aquatic weed that can survive
in a wide range of environmental conditions and possesses an
extremely aggressive and invasive nature in areas where it has
been introduced (Newete and Byrne 2016). Under ideal con-
ditions, E. crassipes has the capacity to double its biomass
within 7–10 days (Malik 2007). A single plant of
E. crassipes with six to seven leaves produces a single new
leaf per week on average (Center and Spencer 1981; Byrne
et al. 2010). Despite its weedy status, this species is one of the
most researched aquatic macrophytes for phytoremediation of
both eutrophic waters and heavy metal-polluted waters and
has been used as such in a number of water resources and
wetlands (Liao and Chang 2004; Malik 2007; Newete and
Byrne 2016; Mishra et al. 2008). This is largely attributed to
its exceptionally high growth rate and large biomass both
below and above water. Eichhornia crassipes in a constructed
wetland in Taiwan removed large amounts of lead, copper,
and zinc (Liao and Chang 2004). Roldán (2002) reported met-
al removal of over 90 % from aluminum factory effluents by
water hyacinth.

Eichhornia crassipes accumulates higher concentrations of
heavy metals in its roots than in its shoots (Lu et al. 2004; Liao
and Chang 2004; Rahman and Hasegawa 2011). For instance,
Kay et al. (1984) found that the concentrations of Pb, Cu, and
Cd in E. crassipes decreased in a descending order of roots >
stems > leaves after being exposed to varying initial
concentrations of 1, 2.5, or 5 mg/L for 6 weeks. Lu et al.
(2004) also showed that the highest concentration of cadmium
(2044mg/kg) and zinc (9652.1 mg/kg) was sequestered by the
roots of water hyacinth as compared to the shoot system
(113.2 and 1926.7 mg/kg, respectively), from Cd and Zn con-
centrations of 4 mg/L Cd and 40 mg/L Zn in water, respec-
tively. Nevertheless, there is little information on root vs shoot
metal accumulation or adsorption vs absorption of metals in
water hyacinth plant tissues, which are investigated in this
study.

The effects of heavy metals on plant growth

Symptoms of heavymetal phytotoxicity inmost aquatic plants
are more conspicuous on the leaves. This is because excess
heavy metals disrupt photosynthetic and metabolic processes
through the inhibition of electron transport at the redox sites in

photosystems I and II (Fernandes and Henriques 1991). This
generates reactive oxyradicals, leading to Boxidative stress,^
that react and decompose membrane lipid peroxides
(Fernandes and Henriques 1991; Smolders and Roelofs
1996). Heavymetals also interfere with the function of several
metalloenzymes, such as those involved in the dark reaction of
photosynthesis (Stiborová et al. 1986). Severe metal-induced
stress in plants reduces the rate of oxygen consumption and
CO2 and ATP production due to the inhibition of catabolic
pathways in the metabolic processes (Lösch and Köhl 1999).
Mild metal stress, however, often increases the rate of oxygen
consumption. For instance, Prasad et al. (2001) showed that
while the exposure of Lemna trisulca (Araceae) to a concen-
tration of 10 mM cadmium (Cd) significantly decreased the
net photosynthesis and oxygen consumption, exposure to con-
centrations of Cd ranging from 1 to 5 mM resulted in an
increase in the rate of respiration. This is however, associated
to the increased energy demand required for ionic transporta-
tion at the plasma membranes or the production of specific
metal-binding polypeptides and subsequent removal of such
metal-bound chelates from the sensitive organelles in the cy-
toplasm (Lösch and Köhl 1999). Such strategy of metal toler-
ance, however, can cost plants up to 20–50 % reduction in
productivity compared to a non-mettalliferous plant (Lösch
and Köhl 1999).

Among several symptoms ofmetal phytotoxicity, leaf chlo-
rosis and necrosis, stunted growth, and waterlogging of tissues
are very common (Kay et al. 1984; Yruela 2005; Xiong et al.
2006; Burkhead et al. 2009). These, however, depend on the
ion species and concentration of the metal concerned. The
natural concentration of Cu in fresh water does not usually
exceed 0.002 ppm and ranges between 0.05 and 0.2 mg/L in
natural waters contaminated with acid mine drainage
(Fernandes and Henriques 1991). While the normal Cu con-
centration range is 3–20mg/kg dry weight (dw), for most crop
and non-metallophyte plant species (Nriagu 1979; Clarkson
and Hanson 1980), concentrations exceeding this range in
most aquatic plants are toxic. Similarly, Chaney (1989) indi-
cated that the normal range of inorganic arsenic in plants is
0.01–1 mg/kg dw, while the phytotoxic concentration ranges
between 3 and 20 mg/kg dw.

The tolerance mechanism in water hyacinth, as in many
aquatic macrophytes, largely depends on localizing heavy
metals removed from water in their roots and limiting their
transportation to the aerial system particularly from the most
susceptible plant parts, the photosynthetic apparatus in the
shoots (Newete and Byrne 2016). Heavy metals are either
adsorbed on the surface of water hyacinth roots or compart-
mentalized in cell vacuoles and the intercellular wall once
taken in and kept out of reach from the interior cells of the
bundle sheath to prevent their transportation to the shoots
where the damage could be detrimental (Hossain et al.
2012). Metal leakage through the roots of water hyacinth into
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the growth medium and leaf detachment are also among some
of the tolerance mechanisms used by water hyacinth to reduce
metal toxicity.

A plant species’ efficiency for phytoremediation is deter-
mined by the index of their bioconcentration factor (BCF) and
is computed as the final metal concentration in the plant tis-
sues divided by the initial metal concentrations in water (Zhu
et al. 1999). According to Zhu et al. (1999), aquatic plants
capable of accumulating 5000 mg of metals per kilogram of
dry plant biomass or those with BCF >1000 are considered as
good accumulators of heavy metals, and this BCF value wide-
ly has been used as a criterion in several studies to determine
plan ts tha t a re po ten t ia l ly good candida tes for
phytoremediation.

Although the metal uptake and removal capacity of many
aquatic plants have been well documented, most studies are
limited to few metal contaminants such as Cd, Pb, Hg, and Zn
in isolation and conducted in beakers with a single plant or
clonal material. This limits their usefulness for determining
phytoremediation potential. This study used a large container
approach with single metal solutions and used some of these
above metals to benchmark others such as uranium and gold
for the first time to compare their relative uptake by
E. crassipes. Agitation of the growth medium similar to water
movement in slow flowing rivers in the field was used to
determine metal removal by E. crassipes in conditions similar
to those in the natural system. These methods were used to
investigate the root/shoot metal allocation, the ratio of metal
assimilated within to that adsorbed on the external root sur-
faces, the dose effect on the metal uptake by water hyacinth,
and its tolerance to metal toxicity.

Materials and methods

Laboratory experiments were conducted in 65-l plastic tubs,
as single-metal trials. The new plastic tubs were first condi-
tioned with sulfuric acid (pH 1.5) for 7 days then thoroughly
washed with tap water, rinsed, and dried, before the Eichhornia
crassipes were moved into the tubs for the trials. The acidic
water was neutralized with sodium hydroxide (NaOH) after
the tub conditioning and disposed of. The water hyacinth used
in the tubs was transplanted from a pond at the University of
the Witwatersrand, Johannesburg, South Africa, and was orig-
inally obtained from Delta Park, Johannesburg, 2 years prior
to the experiment. Water hyacinth plants were grown with a
single metal or metalloid treatment in each tub. The tubs were
housed under a clear, non-UV screening, greenhouse plastic
tent (UVA CLEAR 200MIC; Vegtech 2000, Cape Town,
South Africa). The trial was run for 3 weeks between late
spring and early summer of 2011, during the active growing
season of water hyacinth. The plants were at the Bbulbous^
phenostage (short, green, and healthy plants) and were left to

grow for a week in the water amended with the nutrient solution
to acclimatize before the addition of the metal treatments.

Experimental setup

Three replicates of a total of 39 tubs in 13 treatments were
arranged randomly in four rows. Tubs were filled with 45 l of
tap water, and one-fourth strength of Hoagland solution, based
on literature reviews (Zhu et al. 1999; Weiss et al. 2006; Rajan
et al. 2008; Hussain et al. 2010), was added to each tub using a
plastic syringe and stirred thoroughly with a plastic rod. Each
tub was equipped with a submersible fish tank pump (flow
rate 400 l/h model PH400; power head pump) to agitate all
treatments.

Ten short, green, healthy non-clonal individuals of
E. crassipes of the same phenostage with average fresh bio-
mass weight of 1.2 kg were washed and rinsed three times by
dipping plants in a sequence of three glass containers filled
with tap water and then were added to each tub. All metal/
metalloid treatments were added to each tub in the same way
as the Hoagland solution, except that the plants were first
raised out of the water before adding the treatments to facili-
tate the stirring process (and to limit immediate adsorption).
All metal compounds used were of chemically pure (CP) an-
alytical grade from the Associated Chemical Enterprises
(ACE, Southdale, South Africa). The metals added were to a
final concentration of 1 mg/L Au, 2 mg/L Cu, 0.5 mg/L Fe,
1 mg/L Hg, 0.5 mg/LMn, 1 mg/L U, and 4mg/L Zn as well as
the metalloid 1 mg/L As. A nested dose-response experiment
was performed for Fe and Mn only, at concentrations corre-
sponding to low (Mn-L and Fe-L), medium (Mn-M and Fe-
M), and high (Mn-H and Fe-M) of 0.5, 2.0, and 4.0 mg/L,
respectively. Plants in the control treatment were only grown
with the Hoagland solution without the addition of any metal
or metalloid. Water loss from each tub due to evapo-
transpiration was compensated for by topping up each tub
every 4 to 6 days with tap water. The experiment was run
for a total of 3 weeks, starting from the day when first the
metal treatments were added into the tubs.

Sample preparation for water analysis

Water samples were taken at the start of the experiment im-
mediately after adding the metal treatments and again after
3 weeks (at the end of the trial). All water samples were col-
lected in 250-ml plastic jars and were preserved with 1 %
acetic acid and stored in a refrigerator in the lab at a temper-
ature of 4 °C. Before the analysis, all samples were filtered
with filter paper (100 % cotton fiber, 0.19 mm thickness, and
with filtration speed of 29 s/100 ml) (Macherey-Nagel (MN),
GmbH & Co. KG, Düren, Gremany).
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Sample preparation for plant tissue analysis

Plant samples were collected at the end of the experiment
(3 weeks after the addition of the metal treatments) from each
tub (three tubs per treatment). The outer leaves (the petiole and
lamina) from each plant sample were then removed with the
exception of the last three leaves at the center of the plant. This
is because nutrient and other metal elements are concentrated
in the most actively growing young leaves at the center of the
plant. This portion of the plant was separated into roots and
shoots, and then each of these was bisected with a plastic knife
into two halves (resulting in two root samples and two shoot
samples) to determine the root/shoot metal assimilation. One
half of each root and shoot was washed three times in Milli-Q
deionized water, while the other half of each sample was first
washed in deionizedMilli-Q water followed by two washes in
Milli-Q water acidified with acetic acid (CH3OOH) to pH 3.5
and finally rinsed in deionized water, for the analysis of metals
removed only by root or shoot absorption. The four samples
prepared from each three plants per tub were sealed in indi-
vidual plastic bags, labeled, and stored at −20 °C until trans-
ferred to a freeze drier. After 2 weeks in the freeze drier, each
sample was ground and placed in a 40-mL plastic jar, sealed,
and sent for analysis to the chemistry department, at the
University of the Witwatersrand. The inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was used
for the analysis of all the heavy metals, except for Hg which
was analyzed using flow injection atomic spectrometry
(FIAS).

Bioconcentration factor

The BCF in this study was calculated as the final metal con-
centration in plant tissues divided by the initial metal concen-
tration in the medium (water).

Root and shoot adsorption

The adsorption on the surface of the plant tissues was calcu-
lated as the difference between the metal bioaccumulation for
the Milli-Q-washed and the acidified water (pH-3.5)-washed
root or shoot. For the purposes of this assay, the assumption
was made that washing with water acidified to pH 3.5 would
displace surface-bound metal cations.

Plant growth measurements

Different plant growth parameters were recorded at the start of
the experiment and 3 weeks after the addition of specific metal
treatments in each single-element tub trial. The mass of all the
10 plants in each tub was recorded at the start (week 0 or day
0) and end of the experiment (week 3 or day 21). In addition,
the lengths of leaf number 2 (leaf-2 petiole) and of the root

were measured on three randomly selected plants per tub. The
youngest petioles at the center (petiole number 1) of each of
two plants in each tub were tagged at the start of the experi-
ment, and the position of that leaf was recorded at the end of
the experiment to evaluate the rate of leaf production per plant
per week. The numbers of ramets per plant were counted from
all the plants in each tub. A total of nine leaves per treatment
(three leaf-2 from each tub) were also traced in outline onto an
A4 paper, and the area of each leaf was measured from a
cutout of that outline using a LI-3100 Area Meter (LI-COR,
Inc., Lincoln, Nebraska, USA 68504).

Data analysis

Comparisons of the same plant parameters were made be-
tween the start and end of the experiment. These were tested
by one-way ANOVA (analysis of variance) followed by
Fisher’s least significant difference (LSD) post hoc test, ex-
cept for the root length data, where Kruskal–Wallis one-way
ANOVAwas used to test the difference between the two mea-
suring events. This is because the P value for the normality
test was <0.05, unlike in all the other growth plant parameters.
Comparisons of metal treatments with the control treatment
were also analyzed using a Mann–Whitney non-parametric U
test, comparing two independent sets of samples.
STATISTICA and Six Sigma (StatSoft Release 7, 2006) and
Microsoft Office Excel 2007 were the computer packages
used for the data analysis (Table 1).

Results

Removal of metals from the water

Analysis of metal concentrations in the water samples
showed that 7 of the 12 heavy metal treatments showed a
significant decrease in their water concentration after 3 weeks
in contact with water hyacinth, compared to their initial
water concentration at the beginning of the experiment, just
after the addition of the metal treatments (P < 0.001). These
include Au, Cu, Hg, Mn-L, Mn-M, Mn-H, and Zn (Table 2).
The final concentrations of Au, Hg, Zn, and Mn-L in the tub
water were not significantly different from the respective
metal concentrations in the control treatment (Table 2).
The concentrations of the metals initially added to the tubs
dropped by over 79 % in the remaining water after plant
harvest at the end of week 3, with the exception of the iron
dose-response treatments (Fe-L, Fe-M, and Fe-H) and the
arsenic treatment. The greatest percentage reduction was
found for Hg followed by Mn-H, Mn-M, and Mn-L in de-
scending order.
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Adsorption, assimilation, and allocation of metals
by E. crassipes

A significant amount of each metal was removed from
water by precipitation on the surface of the roots. Copper,
with 52 % adsorption on the surface of the roots from the
total amount of metal removed by water hyacinth roots,
ranked the highest of all, while the others, with the excep-
tion of As and Fe, fell between a range of 31 to 47 %

adsorption onto the root surfaces (Table 3). In contrast,
73–98 % of the total amount of metal or metalloid assim-
ilated by the whole plant was sequestered in the roots, with
both Cu and Hg assimilating the highest (97 and 98 %,
respectively). Thus, this study showed that over 80 % of
the metals removed from water were allocated in the roots,
with most of the Au and U metals being accumulated in the
roots, since their concentration in the shoots was below the
detectable limits (Table 3).

Table 2 Comparison of heavy
metal concentrations in water
samples in the single-element
system tub trial collected
immediately after the addition
of the metal and after three
weeks of exposure to water
hyacinth (week 3)

Treatments Metal treatments (mg/L) Control treatments (mg/L) % Removal of metal
by plants

Initial
concentration

Final
concentration

Initial
concentration

Final
concentration

As 0.294 ± 0.083a 0.259 ± 0.103a nd nd 11.90

Au 0.047 ± 0.003b 0.010 ± 0.000a 0.007 ± 0.004a 0.008 ± 0.005a 78.72

Cu 1.61 ± 0.072b 0.27 ± 0.100a – – 83.23

Fe-L 1.337 ± 0.331a 2.873 ± 0.721a – – –114.88

Fe-M 2.787 ± 0.360a 3.065 ± 0.675a – – –9.97

Fe-H 3.957 ± 0.041a 3.31 ± 0.630a – – 16.35

Hg 1.052 ± 0.076b 0.001 ± 0.000a 0.0001a 0.0001a 99.90

Mn-L 0.5 ± 0.321b 0.06 ± 0.000a 0.024 ± 0.014a 0.111 ± 0.064a 88.00

Mn-M 1.903 ± 1.903b 0.105 ± 0.025a – – 94.48

Mn-H 3.7 ± 0.441b 0.05 ± 0.000a – – 98.65

U 2 ± 0.00b 0.765 ± 0.101a nd nd 61.75

Zn 3.387 ± 0.474b 0.517 ± 0.269a 0.056 ± 0.032a 0.026 ± 0.015a 84.74

Means were compared by one-way ANOVA, and means of the same element in a row followed by the same
lowercase letter(s) are not significantly different (P > 0.05; Fisher’s LSD test). Comparison is between initial and
final concentrations of the same heavy metal treatment across the row (including the control). NB: Percent
removal is for the metal treatments only (does not include the control treatment); NB dash indicates not tested,

L low sulfate concentration treatment, M medium sulfate concentration treatment, H high sulfate concentration
treatment, nd below detectable limit

Table 1 Composition of the
Hoagland solution and calculated
concentration of each element per
tub at the start of the experiment

Salt compound Molecular
weight

Conc. of stock
solution
in molarity

Conc. of stock
solution
(g L−1)

Final conc. in tubs

Elements (mg L−1)

KNO3 101.11 8.399 849.24 K 234.57

KH2PO4 136.09 4.20 × 10−2 228.631 N 126.34

CaSO4·2H2O 172.17 8.4004 361.573 P 30.90

MgN2O6·6H2O 256.41 3.360 861.538 S 160.62

Fe-EDTA 367.045 1.805 × 10−2 6.625 Mg 48.64

H3BO3 61.83 7.770 × 10−2 4.804 Ca 200.40

MnSO4·H2O 169.02 1.529 × 10−2 2.584 Fe 0.60

Cu(NO3)2·3H2O 241.6 5.288 × 10−4 0.128 B 0.50

N2O6Zn·6H2O 297.48 1.285 × 10−3 0.382 Mn 0.50

(NH4)6Mo7O24 1235.86 1.751 × 10−4 0.216 Cu 0.02

Zn 0.05

Mo 0.01
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In the case of Fe and Mn dose-response treatments, their
assimilation by the roots and shoots of E. crassipes increased
with the increase of each metal concentration in the water,
although the amount of assimilation of both metals was sig-
nificantly lower in the shoots compared to the roots (Table 4).
No metal was added to the control treatment other than those
included in the Hoagland solution. Nevertheless, the pattern of
Cu, Fe,Mn, and Zn concentrations found in the roots or shoots
of the controls was the same as that in the metal treatments
where the root/shoot allocation of the metals was significantly
higher in the roots than in the shoots, with the exception of Cu
in the control (F(1, 4) = 3.3284, P < 0.142). Arsenic, Au, and U
concentrations in the shoots of the metal treatments were be-
low the detectable limit of the OES-ICP method of analysis
(Table 4).

Bioconcentration factor of E. crassipes

The BCFwas higher in the iron dose-response treatments than
all the other heavy metal treatments in the tubs, despite the fact
that the initial Fe concentration in the water did not show any
significant change even after their exposure to water hyacinth
plants for 3 weeks (see Table 2). Nevertheless, their BCF
pattern decreased with the increase in Fe concentration in
the water and the highest BCF was recorded from the low
(Fe-L) iron treatment (Table 3). In contrast, the BCF in the
manganese dose-response treatment increased with the in-
crease of concentration from low to high (Mn-L to Mn-H)
treatments. In addition, the BCF for Au, Cu, Hg, and Zn treat-
ments was over 1000, whereas that of arsenic was the lowest
of all. Although U concentration in the shoots was below the
detectable limit, the BCF was calculated from the U concen-
tration in the roots, and it was 670 (Table 3).

Metal impact on plant growth parameters

The mean fresh weight of water hyacinth plant biomass in-
creased significantly after 3 weeks of metal treatment between
the different treatments (F(12, 26) = 2.2039, P < 0.045)
(Fig. 1a). An increase in biomass weight of between 41 and
75 % was observed at the end of the experiment in week 3
from the initial weight of 1.2 kg/tub, before the addition of
metal treatments into the tubs at the beginning of the experi-
ment (week 0). However, the increase was significantly less
only in Cu, Hg, and Zn treatments compared to the control
treatment (Fig. 1a). Considering the dose-response treatments
of iron and manganese metals, no significant difference was
found in the fresh biomass weight as a response to the varying
concentrations of the two metal treatments. Similarly, the
mean area of leaf-2 showed a significant difference between
treatments at the end of week 3 after the plant exposure to the
metal/metalloid treatments (F(12, 26) = 4.9338, P < 0.001) and
a leaf area increase of up to 37 % was observed in most
treatments, except in Cu, Hg, Mn-M, and Mn-H treatments,
where a decrease of up to 46 % was found in contrast to their
initial leaf area in the respective treatments before their expo-
sure to the metal treatments in Wk0 (Fig. 1b). Unlike in the
fresh biomass weight, the dose-response treatments of manga-
nese and iron showed significant changes in the mean leaf area
at the end of the experiment in week 3 (Fig. 1b). The leaf area
decreased with the increase of metal concentrations in the
growth medium of the water hyacinth plants.

The length of leaf-2 also showed a significant increase of
up to 21 % 3 weeks after the metal treatments, except in Cu,
Au, and Fe-L treatments, which showed a decrease contrary to
the other treatments (F(12, 65) = 1.9328, P < 0.046) (Fig. 1c).
The Cu-treated plants have the greatest decrease (by 16 %) of
all the other treatments.

Table 3 Bioconcentration factor
(BCF) of water hyacinth grown in
a single-element system tub trial
at the end of the metal uptake
phase, and the proportion of root-
assimilated metals from the total
amount of metal assimilation in
the whole plant tissues (root +
shoot), three weeks (week 3) after
the addition of metal treatments
into the growth medium

Treatment Initial water
conc. (mg/L)

Final heavy metal concentration

Whole plant
(mg/kg)

Root
system (%)

BCF Root
adsorption (%)

Root
absorption (%)

As 0.29 81 – 275 – –

Au 0.05 49 – 1032 – –

Cu 1.61 2876 99 1786 52 97

Fe-L 1.34 9353 98 6997 32 97

Fe-M 2.79 6822 98 2448 19 98

Fe-H 3.96 8573 98 2166 17 98

Hg 1.05 16,633 98 1579 8 98

Mn-L 0.50 321 91 642 47 85

Mn-M 1.90 1383 81 726 37 73

Mn-H 3.70 3491 83 943. 37 78

U 2.00 1340 – 670 31 –

Zn 3.39 3945 90 1165 40 85
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The roots were the only plant parameter that did not show
any significant change between the treatments, although there
was an increase of between 53 and 152 % in length at the end
of the experiment in week 3 (KW-H(12,78) = 5.382, P > 0.943)
(Fig. 1d). The root length in the Cu treatment increased by
66 % from the initial root length of 16.1 cm (in week 0) as
opposed to 111 % in the control treatment from an initial root
length of 13 cm.

The leaf production recorded per plant at the end of week 3
did not show any significant difference between the treatments
(F(12, 65) = 1.0556, P > 0.411) (Fig. 2a). The mean number of
ramets per plant, however, showed a significant difference
between treatments in week 3 (F(12, 65) = 2.4819, P < 0.009)
(Fig. 2b). The Cu and Hg treatments followed by Au, Mn-M,
and Mn-H treatment revealed significantly lower numbers of
ramets than the control treatment at week 3. The number of
ramets did not show significant differences between the Fe

dose-response treatments, unlike in the manganese treatments.
The number of ramets in the high manganese concentration
(Mn-H) treatment was significantly lower than that in the low
concentration (Mn-L) treatment (Fig. 1b).

Discussion

The phytoremediation capacity of E. crassipes

Removal of metals from the water

Over 62 % of all the initial metal concentrations in the water
were removed by water hyacinth after 3 weeks, with the ex-
ception of Fe, which increased in the water in the low and
medium Fe dose treatments, as opposed to being removed
by water hyacinth. The initial and final pH of the growth
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Fig. 1 The percentage change in plant growth parameters of water
hyacinth before and after the exposure of plants to each metal treatment
in a single-element tub trial for 3 weeks. a Percentage change in mean
fresh weight of plant biomass. b Percentage change in mean area of leaf
number 2. c, d Percentage changes in mean lengths of leaf-2 petiole and

roots, respectively. Means compared by one-way ANOVA and those
followed by the same letter(s) are not significantly different (P > 0.05;
Fisher’s LSD test). Ctrl denotes the control treatment without metal
addition, and the suffixes L, M, and H denote low, medium, and high
concentrations, respectively
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medium was between 6.2 and 7.5 (not presented here), which
is within the suitable range of pH for optimum adsorption of
metal ions on the roots of water hyacinth (Jayaweera et al.
2008). Thus, the increased Fe concentration in the growth
medium after being incubated with water hyacinth for 3 weeks
suggests Fe leakage from the plant to the medium. Eichhornia
crassipes has the ability to leak excess iron into the growth
medium to avoid iron toxicity (Sutcliffe 1962). Iron is a mi-
cronutrient and plants require low concentrations of Fe
(0.6 mg/L in Hoagland solution). Tolerant plants retain most
heavy metals in their roots, where the toxicity is minimal,
while others are adapted to reduce shoot metal toxicity by
active excretion of cations into the medium. Win et al.
(2002) showed an increased rate of an iron uptake in water
hyacinth plants with iron deficiency and a decreased rate as
the plant cells were saturated with iron, with a possible iron
leakage into the medium in the case of iron oversaturation.

The total amount of Fe assimilated to the shoots of
E. crassipes in the control treatment was 13,865 mg/kg (the
sum of total root and shoot up take of Fe-L) (Table 4). This
Fe was taken up into the water hyacinth shoots while they were
still in the common culture pool treated with technical fertilizers
and iron chelates (Fe 11 %), prior to their transfer into the tubs
for the experiment. Jayaweera et al. (2008) found a progressive
decline in the removal of Fe by water hyacinth from a heavy
metal concentration of 9.3 mg/L Fe when the nutrient levels of
total nitrogen (TN) and total phosphorous (TP) in the solution
were altered to six different regimes, from 0 to nutrient concen-
trations of 28 and 7.7 mg/L, respectively. They found a maxi-
mum removal of 6707 mg/kg Fe under the nutrient starving
conditions (no N and P). The current study was conducted
under relatively higher nutrient conditions with concentrations

of 126 mg/L N and 31 mg/L P (Table 1) compared to the above
literature. Thus, the insignificant changes in the initial Fe con-
centration of water after its incubation with water hyacinth for
3 weeks could be the result of the nutrient level in the growth
medium and the readily oversaturated Fe level in the tissue of
water hyacinth prior to the start of the experiment. The slight
increase observed in the initial Fe concentration of the water at
the end of the experiment (Table 2) can therefore be due to iron
leakage from the plants into the test medium. Moreover, the
release of iron into the medium could also be from decaying
root and shoot tissues that detached from the mother plant,
either due to metal toxicity or senescence. In another study, a
40 % increase of Fe concentration in water, 4 weeks after water
hyacinth showed effective removal of Fe in the 6th week, was
concluded to be due to effluxing and leaching from tissues
affected by severe necrotic and chlorotic stresses due to Fe
toxicity (Jayaweera et al. 2008). Similarly, Mishra et al.
(2008) found a slight increase in Hg and As concentrations in
the growth medium at 25 days compared to their values at day
20, which, as they also concluded, was a result of metal dis-
charge from the decaying water hyacinth plant tissues. A
prolonged exposure of plants to excess heavy metals eventually
leads to the adoption of different physiological and molecular
mechanisms that enhance plant tolerance to metal toxicity.
Among these are adaptive strategies such as exclusion of heavy
metals from plants, cellular exclusion of heavy metals, and
complexation and compartmentations of heavy metals in cell
walls and cell vacuoles, respectively (Hossain et al. 2012).
Thus, it was no surprise to see a spike in the Fe concentration
as opposed to their removal in the Fe dose-response treatment
of this study as a result of Fe leakage through the roots or
leaching from decayed or stressed leaves of water hyacinth.
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The arsenic analysis was repeated by three different
accredited laboratories, which all presented the same results.
The initial concentration of arsenic in the water, collected just
after the addition of the metal, could not be matched to the
amount of arsenic (1 ppm) originally added to the tubs at the
start of the experiment. The initial and final concentrations of
arsenic did not show a significant difference between them.
However, Mishra et al. (2008) found that the removal of arsenic
by water hyacinth exposed to coal mine effluent for 21 days
was 80%. The unchanging arsenic concentrations found in this
study could therefore be due to the ICP-OES analytical method
being inappropriate. The ICP-MS analysis is the generally pre-
ferred method for lower or trace metal concentrations in water
(Dunn 2007). Nevertheless, arsenic analysis, even with ICP-
MS, is fraught with difficulties in establishing accurate results
from samples with concentrations below 1 ppm (Dunn 2007).
In addition, As has a strong affinity towards iron plaques, on
the surface of the water hyacinth roots, and this could impede
its uptake from the surface of the roots of water hyacinth. The
As affinity to the iron plaque, however, depends on its species.
The As(V) species is a characteristic feature of oxic conditions,
unlike the reduced form of As, the arsenite species (As(III)),
which is more soluble and toxic to plants (Kim et al. 2002). The
tubs in this trial were equipped with submersible pumps, ensur-
ing that the water was well aerated, enough to oxidize the
As(III) added to the tubs, to As(V). This would result in ad-
sorption of As(V) by the iron plaques on the detached root and
other plant materials at the base of the tub and the reduction of
the As uptake by plants and its transportation into the aerial
parts (Rahman and Hasegawa 2011).

The root/shoot metal allocation of E. crassipes

Over 80 % of the total amount of metal removed from water
by the whole water hyacinth plant in this study was located in
the roots. For instance, 99 % of the Cu removed was accumu-
lated in or on the roots. This also agrees with the results of Kay
et al. (1984) who found 92 % Cu accumulation in the roots of
water hyacinth after exposure to a concentration of 2.5 mg/L
for 3 weeks. The disparity between the two Cu concentrations
in the roots of water hyacinth could however be due to the
difference in the initial Cu levels that the plants were exposed
to, in the respective growth medium of the two studies. This is
because the overall removal of heavy metals generally in-
creases with the decrease of their concentrations in the growth
medium (Liao and Chang 2004). This can be illustrated by the
removal pattern of Mn observed in Table 3 where its removal
by the roots of water hyacinth decreased with the increase of
Mn concentration in the solution. The bioconcentration of
both Hg and Zn in the roots were also 98 and 90 %, respec-
tively. Riddle et al. (2002) also found an accumulation of 79%
Hg in the roots of water hyacinth when the plant was exposed
to similar Hg (1 L Hg) and nutrient (one fourth of Hoagland

solution) concentration as in the current study, although the
difference in the incubation period could have accounted for
the disparity observed in Hg accumulations between the two
studies. The Zn bioconcentration in the roots also agrees with
those found in the literature. For instance, Liao and Chang
(2004) found that the Zn accumulation in the roots of water
hyacinth was up to five times that of the shoot.

Over 97 % of the overall Cu absorbed by water hyacinth
plant was located inside the roots. According to Vesk et al.
(1999,) heavy metals such as Cu and Zn are localized in cell
walls, cell vacuoles, and epidermal cell granules in association
with the anionic P and/or S elements which eventually are
complexed with phytochelatin, and their further encroach-
ments into the interior cells of the bundle tissue are minimized
or inhibited. Thus, only 3 % of Cu was assimilated by the
shoots of water hyacinth. Furthermore, a record of up to
52 % precipitation of the heavy metals on the root surface
from the total amount of metals removed from water by roots
of water hyacinth was found in this study, and the maximum
adsorption was observed in Cu followed by Mn (up to 47 %)
and Zn (40 %) (Table 3). Although root plaques are the com-
mon characteristics of plants grown in flooded sediments of
wetlands, free-floating aquatic macrophytes such as water hy-
acinth are also known to form iron root plaques (Vesk et al.
1999). Thus, we think that the high amount of Cu, Mn, and Zn
removal by adsorption is partly attributed to the fact that root
plaques are also known to contain these metals besides its
main Fe component (Ye et al. 1997; Otte et al. 1989). This is
also probably true for uranium uptake, whose overall accumu-
lation in the roots of water hyacinth was 1340 mg/kg dw, of
which 31 % was adsorbed on the external root surface
(Tables 3 and 4). There is no literature found on the U uptake
to compare this U concentration in water hyacinth with other
studies. The fact that U accumulation in the shoots was below
the detectable limit and no uranium-induced plant stress was
also observed suggests that water hyacinth exclusion of U or
other metals is part of the plant’s adaptive strategy that enables
it to overcome phytotoxicity from excess metal uptake.

The bioconcentration factor of E. crassipes

Half of the metal treatments in this study exceeded the mini-
mumBCF limit of 1000, as demarcated by Zhu et al. (1999) as
plant selection criteria in terms of feasibility for
phytoremediation, and this includes Au, Cu, Hg, and Zn.
The BCF for Fe in the iron dose treatments shown in
Table 3 does not represent the actual BCF of Fe by water
hyacinth, since no Fe was removed from the water in any of
the three dose-response treatments. In fact, the initial Fe con-
centration in each of the Fe treatments remained either un-
changed or was slightly greater than the originally starting
value in the water. Thus, although the high level of Fe
(13,865 mg/kg) accumulated in the water hyacinth plant
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tissues as indicated in the control plant in Table 4 (the sum of
the last two columns against the Fe-L treatment) indicates the
enormous capacity of water hyacinth in the phytoremediation
of Fe contaminant, it happened prior to the start of the exper-
iment while the plants were still in the growth and preparation
phase in a common iron-fertilized pool.

The BCF of all the manganese dose-response treatments
was below 1000. However, it increased with increasing Mn
concentration in the water, suggesting that the plants could be
an effective accumulator at concentrations greater than those
used in this trial (4 mg/L Mn). This also agrees with the Mn
results of Tejeda et al. (2010), although their Mn concentration
in the solution was lower than those in the current studies
(Table 5). Similarly, the comparison between the BCF results
of Hg in this study and those of Lenka et al. (1992) in Table 5
shows that the BCF for Hg in the literature with an Hg concen-
tration of 0.004 mg/L was 2.5 times greater than that in the
current study with an Hg concentration of 1.05 mg/Lin the
water hyacinth growth medium. This is also true for the
BCFs of As, Cu, and Zn when compared with the respective
BCFs in the literature in Table 5, where lower metal concen-
tration means higher index of BCF. Such trend of BCF is con-
fined not only to water hyacinth but also to other aquatic mac-
rophytes such as Oenanthe javanica (Bl.) DC., which showed
an increasing trend of BCF for Hg with the increase of Hg
concentration in the growth medium (Wang et al. 2002).
Nevertheless, this is not always true and the BCF trend depends
on the target metal species and its concentration in the growth
medium and the period of incubation (Lu et al. 2004). For
instance, the BCF for Cd in water hyacinth and the duckweed,
Lemna minor L., decreased with the increase of Cd concentra-
tion in the solution. Therefore, our results indicate that the

determination of potential aquatic plants for phytoremediation
based on the BCF criteria alone, as set by Zhu et al. (1999), is
not inadequate and unreliable. This is because the
bioconcentration of heavy metals depend on their concentra-
tions as well as the nutrient conditions of the growth medium
among others.

The effect of heavy metals on water hyacinth plant growth

Generally, the water hyacinth plants continued to grow under
most heavy metal treatments, although different levels of
stress were observed. Copper followed by Hg reduced the
growth of E. crassipes. The leaf production, however,
remained unaffected under all the metal treatments with an
average production of one leaf per plant per week.

The prominent consequence of excess heavy metal uptake
by plants is excessive production of reactive oxygen species
(ROS) that destabilizes the overall plant metabolic processes
and leads to severe plant stresses (Fernandes and Henriques
1991). Although plants have adapted to boost the production
of counteractive enzymes such as peroxidase (POX) to elimi-
nate ROS,most of them succumb to the challenges of excessive
ROS generated as a result of enormous amount of heavy metal
uptake (Malar et al. 2014). Thus, different plants have different
tolerance mechanisms. One such example is the exclusion of
heavy metals either from the plant or the inner root cells by
localizing them in root cell walls and epidermal and vacuolar
granules bound to phytochelatins (Jayaweera et al. 2008). The
removal of heavy metals in this study by root surface adsorp-
tion of up to 52 % from the overall metal removal by the roots
and metal removal by root absorption of up to 98 % from the
overall metal assimilated in the whole plant tissues provides

Table 5 A comparison of water hyacinth bioconcentration factors (BCF), in this study and other published studies

Treatment This study Literature Reference

Root conc.
(mg/kg)

Water conc.
(mg/L)

BCF Root conc.
(mg/kg)

Water conc.
(mg/L)

BCF

As 81 0.29 276 15 0.1 150 Zhu et al. 1999

Au 49 0.05 1035 – – – –

Cu 2838 1.61 1763 14 0.008 1750 Tejada et al. 2010

Fe-L 9214 1.34 6893 4732 0.67 7063 Tejada et al. 2010

Fe-M 6670 2.79 2394 2730 1.00 2730 Tejada et al. 2010

Fe-H 8475 3.96 2142 7301 1.27 5748 Tejada et al. 2010

Hg 1634 1.05 1552 15.66 0.004 3915 Lenka et al. 1992

Mn-L 291 0.50 582 131 0.26 502 Tejada et al. 2010

Mn-M 1114 1.90 585 220 0.30 733 Tejada et al. 2010

Mn-H 2901 3.70 784 672 0.83 810 Tejada et al. 2010

U 1340 2.00 670 – – – –

Zn 3544 3.39 1046 91 0.068 1341 Tejada et al. 2010
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evidence of the metal exclusion adaptive strategies of water
hyacinth developed to overcome severe stress from excessive
metal uptake. This particularly makes sense the fact that only
less than 2 and 3% of the total Cu andHg assimilation by water
hyacinth plant, respectively, were translocated in the shoots.
Thus, the water hyacinth plants seem to generally tolerate the
metal uptake in this study, although some symptoms of stress
were observed in some plant parameters. This could however
be partly due to the effect of heavymetals in the uptake of some
nutrient elements, because of competition or their replacement
once they enter the root cells. For instance, uranium and copper
decreased the movement of potassium (K) into Azolla
filiculoides and reduced their content inside the root cells of
the plant, which concluded to be due to leakage of K from
the plant into the growth medium (Sela et al. 1988).

The root length in the Hg treatment was significantly re-
duced compared to some of the metal treatments, among
which were Zn, Fe-M, Fe-H, Mn-L, and Mn-H. Unlike these
metals, however, Hg does not have any vital role in plant
metabolism (Dunn 2007). The Hg concentration in the roots
was 58 times greater than the Hg concentration in the shoot
system (Table 4). The roots of water hyacinth have impressive
ability to bind and accumulate Hg (Wolverton and McDonald
1975; Mishra et al. 2008; Chattopadhyay et al. 2012).
Although accumulation of heavy metals in the roots of most
aquatic plants is a strategy for avoiding phytotoxicity, their
effect on the root permeability, by altering the uptake of nu-
trient elements, is unavoidable. Excess Cu in roots can also
damage the cell wall and cell membrane and compromise the
root’s selective permeability, enhancing passive flows of some
metals into the root tissues (Fernandes and Henriques 1991).
After the addition of the metals to the tub water, only plants in
the Cu treatment showed significantly smaller increases in
root length compared to the control treatment. This suggests
that the roots of water hyacinth are sensitive to the toxic effects
of Cu. Kay et al. (1984) also showed similar results where Cu
at concentrations of 2.5 mg/L in water inhibited the growth of
new water hyacinth roots and disrupted the root functions.
Although the concentration of Cu in water in this study was
lower, 2 mg/L, Cu still inhibited the root growth. Such effects
on root growth was also reported by Hasan et al. (2007),
where the growth of new roots was inhibited when water
hyacinth was exposed to Cd and Zn at concentrations of 1
and >4 mg/L, respectively, for 16 days. Thus, this study con-
firms that Cu concentrations less than those used in literature
(≥2.5 mg/L) leads to severe plant stress and inhibits the
growth of water hyacinth plants. However, the zinc
concentrations of 4 mg/L used in this study agree with results
in the literature. For instance, Lu et al. (2004) found an in-
crease in the relative growth rather than symptoms of stress in
water hyacinth plants with treatments of 5 and 10 mg/L Zn
incubated between 8 and 12 days. Nevertheless, the effects of
some metals occur over an extended period of exposure to

plants. A reduction of 30 % in biomass weight was observed
when water hyacinth was incubated at a concentration of
9 mg/L for 24 days (Delgado et al. 1993).

Copper and Hg were the only two treatments that showed a
significant reduction in the mean area of leaf-2 and the plant
biomass fresh weight at the end of the experiment compared to
the control treatments. For instance, the final Cu concentration
in the shoots was more than twice the normal range of 3–20mg
Cu/kg dw for most plant species (Nriagu 1979; Clarkson and
Hanson 1980). Therefore, it was not surprising to see that most
of the plant parameters revealed stunted and stressed water
hyacinth due to the Cu phytotoxicity. These results also agree
with those of Yruela (2005), Xiong et al. (2006), and Burkhead
et al. (2009) who also showed that an increased ionic Cu con-
centration in the shoot system resulted in stunted root growth,
reduced shoot development, leaf chlorosis, and disruption of
plant photosynthesis in different plant species. Nevertheless,
this study gives evidence of Cu toxicity at concentrations less
than those indicated in the above literature. For instance, the
extreme Cu-induced stress observed in the Chinese cabbage,
Brassica pekinensis Rupr., by Xiong et al. (2006) in aquatic
culture experiment was at a concentration 10.3 μmol/L of Cu.

Despite the negative effect of Cu and Hg on several plant
parameters, the leaf production rate was unaffected. The fact
that the water hyacinth plant was able to maintain the normal
rate of leaf production (1 leaf/plant/week (Center and Spencer
1981; Byrne et al. 2010)), across the different heavy metal
treatments regardless of the metal toxicity level, is an evidence
of its wide adaptation and resilience to grow under polluted
water systems. Water hyacinth sheds a leaf (older leaf) with
the growth of a new one every week (Center and Spencer
1981). In addition, metal-contaminated leaves show early
chlorotic and necrotic symptoms which cause decay and
detaching of leaves from the mother plant. This is indicated
by the fact that the fresh weight of plant biomass in the Cu
and Hg treatments in the current trial was the lowest of all the
treatments, which suggests that shedding of more contaminated
leaves was a result of heavy metal toxicity, and probably
shedding of leaves is faster in the severely stressed plants than
those with little or no toxicity stress. This, however, contradicts
with the findings of Xiong et al. (2006) who tested different
plants, where the number of leaves produced per plant was
significantly lower in the Chinese cabbage B. pekinensis ex-
posed to a concentration of 10.3 μmol/L of Cu for 14 days.
This study therefore concludes that different plants have differ-
ent levels of tolerance to metal toxicity and water hyacinth is
generally tolerant to most of the metals tested.

Conclusion

The assimilation of 73–98 % of the total amount of metal
absorbed by E. crassipes was in the roots, of which 30–
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52 % was adsorbed onto the external root surface. This sug-
gests a mechanism by which the plant is generally tolerant to
metal toxicity. Nevertheless, Cu and Hg were the most stress-
ful metals to the plant’s growth because of their toxic effects
on the photosynthetic and metabolic processes even at trace
amounts in the plant shoots. While generally the efficiency
with which water hyacinth removes heavy metals from water
is indicated to increase whenmetal concentrations in water are
low, or in trace amounts, the results of this study from the Mn
dose-response treatments confirm otherwise. Although four
(Cu, Hg, Au, and Zn) out of eight metals for which their
BCFwas calculated showed an index of >1000, a demarcating
criterion for selection of potential phytoremediating plants
according to the literature, the fact that the BCF index for
Mn increased with the increase of their concentration in the
growth medium suggests that using the BCF index alone to
determine potential plants for phytoremediation could be in-
sufficient. Thus, this study indicates that water hyacinth is
generally an effective accumulator of these metals including
U, As, Fe, and Mn and can be used for phytoremediation of
metal-contaminated waters under controlled culture condi-
tions or if the weed infestation already pre-exists in the water
system targeted for phytoremediation. Understanding whether
metals are adsorbed on or assimilated within the plant tissues
and understanding their allocation between root and shoot can
inform on decisions on how to re-treat biomass for metal re-
covery, or the mode of biomass reduction for safe disposal
after phytoremediation.
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