
* Corresponding author.

1944-3994/1944-3986 © 2017 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2017.20545

70 (2017) 227–234
April

Response of duckweed to lead exposure: 
phytomining, bioindicators and bioremediation

A.K. Hegazya,*, M.H. Emama, L. Lovett-Doustb, E. Azabc,d, A.A. El-Khatibe

aDepartment of Botany and Microbiology, Faculty of Science, Cairo University, Giza, Egypt, Tel. +202 35676651; 
emails: hegazy@sci.cu.edu.eg (A.K. Hegazy), mona_ecology@yahoo.com (M.H. Emam)
bDepartment of Biology and Chemistry, Nipissing University, North Bay, ON, Canada, email: lld@nipissingu.ca
cDepartment of Botany, Faculty of Science, Zagazig University, Zagazig, Egypt 
dDepartment of Biotechnology, Faculty of Science, Taif University, Taif, Saudi Arabia, email: ehabazab@yahoo.com
eDepartment of Botany, Faculty of Science, Sohag University, Sohag, Egypt, email: aaelkhatib@yahoo.com

Received 13 August 2016; Accepted 26 January 2017

a b s t r a c t
The ability of aquatic macrophytes to bioaccumulate toxic metals relative to the concentrations of 
these metals in wastewater has led to their use as phytoremediators. Lead (Pb) is among the most 
serious environmental contaminants. This study assesses the gibbous duckweed (Lemna gibba L.) as a 
bioaccumulator and bioindicator of Pb pollution. The plant recovery from a 12-d exposure period in 
terms of re-releases of Pb from its tissues, and recovery of pigmentation was monitored. Duckweed 
was exposed to Pb-contaminated water by adding PbCO3 at concentrations from 10 to 100 mg/L. 
At 2-d intervals, bioaccumulation, contaminant removal efficiency, pigment content, and bleaching 
were assessed. The efficiency of Pb removal after 12 d reached nearly 50% at the lowest Pb treatment 
(10 mg/L), but decreased at higher levels of Pb up to 100 mg/L. The highest bioconcentration factors 
(BCF) were achieved at low Pb treatment of 10 mg/L, which increased from nearly 200 mg/L after 2 d, 
to 943 mg/L after 12 d of exposure. Recovery from bleaching was around 50% for all photosynthetic 
pigments in plants exposed to 10–40 mg/L concentrations of Pb. The response of duckweed to Pb 
treatment and recovery from stress suggest its possible use as biosensor or biomonitor of Pb pollution, 
considering that active uptake, rather than low concentration gradient, is driving the absorption of Pb 
from the water medium.

Keywords:  Lemna gibba; Bioaccumulation; Removal efficiency; Photosynthetic pigments; Bleaching; 
Phytoremediation

1. Introduction

Heavy metals, here after “toxic metals”, unlike organic 
pollutants, are elements and therefore not typically degraded 
by chemical or biological processes. They persist in the envi-
ronment and pose a serious health hazard for living organisms 
including humans [1]. Lead (Pb) is one of the most abundant, 
ubiquitously distributed toxic metals that can cause major 
damage to biota [2]. Air, water, and food; dust; and soil can all 
be contaminated as a result of mining and smelting activities, 

solder, lead-containing paints, paper and pulp manufactur-
ing, leaded gasoline, and explosives as well as from landfill 
leachate including old batteries and the disposal of munici-
pal sewage sludge enriched with Pb [3]. The exposure to Pb is 
a serious health hazard that can result in damage to neurons; 
it is especially dangerous for babies, infants, and pregnant 
females. Many of the detrimental effects of lead are due to the 
tendency of Pb++ ions to substitute for Ca++ ions in biological 
systems. According to the World Health Organization [4], the 
maximum acceptable concentration (MAC) of Pb in drinking 
water, measured at the tap, is 0.010 mg/L (i.e., 10 parts per bil-
lion, or 10 mg/L). Traditional technologies such as chemical 
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reduction, precipitation, and ion exchange to remove toxic 
metals from wastewater are often ineffective or very expen-
sive and are significantly affected by changes in the pH and 
alkalinity of the water [1]. 

The ability of some plants to tolerate and even accumu-
late metals offers new strategies for the treatment of soils and 
wastewater through phytoremediation [5]. This offers an eco-
friendly cost-effective technology not just for removal of toxic 
metals but also for removal of other contaminants. The advan-
tages of phytoremediation over traditional treatments include 
lower cost, ease of monitoring plants, and the possibility of the 
recovery and re-use of valuable metals by “phytomining” [1,6]. 
Depending on whether they are floating, rooted, or submersed, 
aquatic plants may be able to accumulate contaminants either 
from the water medium, or from the sediments below or from 
both [7,8].

Generally, plants species are selected for phytoremedia-
tion based on their potential to accumulate and bioconcentrate 
metals, their growth and yield, and the depth of their rooting 
zone. Rhizosphere microorganisms in the rooting zone may 
play an important role in contaminant uptake, and in the case 
of organic contaminants, in the breakdown of these materials 
[9]. Plants have evolved a variety of defenses in response to 
toxic metals. In the case of Pb, once ions enter the plant cytosol, 
chemical chelators such as proteins (e.g., heat shock proteins), 
peptides (e.g., metallothioneins), ligands (e.g., glutathione), 
proline, and polyamines can bind to the metal and reduce its 
toxicity [10,11].

Earlier studies have shown the potential of aquatic plants 
in phytoremediation and monitoring of pollution levels in 
wastewater [8,12–16]. Duckweed has been used as an ecolog-
ical and early warning indicator of the phytotoxicity of pollut-
ants worldwide [17,18]. Some duckweed species, such as Lemna 
gibba L., Lemna minor L. and Spirodela polyrhiza L. (Lemnaceae), 
have received particular attention because of their rapid clonal 
growth and easy propagation, and demonstrated ability to 
remove certain pollutants, such as toxic metals and metalloids 
from water [15,19].

In wastewater treatment plants, episodes of intense 
exposure may be followed by periods of relatively low or no 
exposure to contaminants, allowing exposed organisms to 
recover from toxic injury [20]. Recently, it has been suggested 
that the concept of eco-toxicological risk assessment should be 
modified towards greater attention to “vulnerability analysis”, 
combining susceptibility to exposure, sensitivity to stressor(s), 
and ability to recover from that exposure [21]. Later, the US 
Environmental Protection Agency (US EPA) guidelines [22] for 
ecological risk assessment proposed that not only the nature 
and intensity of potential effects and their spatial and temporal 
scales be considered but also the potential for system recovery 
should be incorporated in the assessment. In most cases, infor-
mation on the dynamics of toxicity and the recovery potential 
or organisms following metal exposure is not available. The 
intent of the present study of L. gibba was to: (a) determine the 
ability of L. gibba to accumulate lead from water under labo-
ratory conditions; (b) characterize the physiological response 
of plants to Pb accumulation; (c) track the process of recovery; 
and (d) assess the potential of L. gibba as an indicator of levels 
of Pb contamination. 

2. Materials and methods

2.1. Study species

The gibbous, or “swollen” duckweed, L. gibba, is found 
in Mediterranean and warm temperate climates, and tropi-
cal mountain zones on all continents except Australia. It is a 
small freshwater floating macrophyte in the Araceae associ-
ated with ponds and lentic (slow-moving) water, becoming 
abundant, largely through vegetative propagation in nutri-
ent-rich or eutrophic conditions. Individual plants are tiny 
and consist of just two leaf-like structures (fronds) connected 
to a fine rootlet [22]. The species is commonly used for waste-
water treatment in the Mediterranean climate [24] and is an 
attractive candidate for phytoremediation of contaminated 
water due to its tolerance of a wide range of temperature, pH, 
and nutrient levels [25]. Duckweed also has a low fibre (5%) 
and high protein (10%–40%) content, which makes it a valu-
able food source for fish and other animals. Due to the sur-
face cover they provide duckweed-based treatment systems 
typically evaporate some 20% less water than other open 
treatment systems do, such as waste stabilization ponds [25].

2.2. Experimental procedure

Duckweed and water were collected from the lake of 
Ghadir El-Banat dam, Taif, Saudi Arabia. The Pb level in the 
lake water was 9.3 μg/L, which is below WHO limit for drink-
ing water (10 μg/L). Duckweed plants were collected by mesh 
and placed in open containers containing water taken from the 
lake. The containers were transferred to the laboratory for the 
experimentation. The Canadian phycological culture collec-
tion (CPCC), formerly known as University of Toronto culture 
collection (UTCC) formulation of Hoagland’s solution plus 
ethylenediamine tetraacetic acid (EDTA)-chelated iron was 
used as nutrient medium. Three replicate experimental con-
tainers were set up with six levels of added dissolved lead, as 
Pb carbonate (PbCO3) at 10, 20, 40, 60, 80, and 100 mg/L (corre-
sponding to 10, 20, 40, 60, 80, and 100 ppm, respectively). The 
initial values of Pb in the water and plants, and the bioconcen-
tration factor (BCF), which is calculated as the concentration of 
Pb in plant tissues divided by the concentration of Pb remain-
ing in the water column) were determined at 2-d intervals over 
a period of 12 d. Light was provided by four fluorescent tubes 
(50 cm length) hanged 30 cm above the growth containers. 
Light intensity at the water surface was 6,300 Lux, which was 
provided for 12-h day length and turned off at night. The pH 
of the growth medium ranged between 5.9 ± 0.3 and 6.2 ± 0.2 
(pH ± SE) during the experiment duration.

Recovery was assessed by taking plants that had been 
exposed to contaminated water at various lead concentra-
tions, for 12 d, and placing them in distilled water for 12 
more days to wash out any bound Pb to the cell surface. This 
was intended to simulate the episodic exposure of plants to 
Pb that might occur in a water treatment system. Percent 
recovery was calculated as a relative measure of release of 
absorbed Pb after 12 d in distilled water, that is, as (Pb con-
centration in plants after 12 more days in clean water)/(Pb 
concentration following 12 d of exposure to the treatment – 
original concentration of Pb in the plant tissues) × 100. In each 
case (at each contaminant concentration), five replicate plants 
were used to determine recovery. 
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The physiological response of plants can be assessed in 
terms of such variables as stunted growth, blackening of the 
root systems, and loss of chlorophyll (bleaching). In the pres-
ent study, plant health was assessed in terms of plant colour, 
measured as the total concentration in mg/g of chlorophyll-a, 
chlorophyll-b, and the other accessory pigments, grouped as 
carotenoids. Again that was done for plants in the six levels of 
added Pb, ranging from 10 to 100 mg/L, and at each of six, 2-d 
intervals from 2–12 d after exposure began. The restoration of 
pigment following 12 d in distilled water after the 12-d exposure 
period was also assessed in order to evaluate the ability of plants 
to recover from different levels of exposure to dissolved Pb.

2.3. Measurement of Pb and pigments

The Pb concentrations in water and in acid digested plant 
tissues were measured using the Varian inductively coupled 
plasma atomic emission spectroscopy [15]. The BCF was cal-
culated as the ratio of [Pb] in plant tissue compared with that 
in water. Pigments (chlorophylls a and b and carotenes) were 
extracted in 80% acetone and measured with a spectropho-
tometer at λ = 470, 646.6, and 663.6 nm, respectively [26]. Pb 
concentrations were measured by atomic absorption spectro-
photometry expressed in mg/L in the case of water samples, 
and mg/kg in plant tissues [15]. Concentrations of pigments 
were expressed in terms of mg/g dry mass. Data were calcu-
lated and processed using statistical package for social sci-
ences (SPSS) for windows.

3. Results

3.1. Bioaccumulation and BCF

The lowest level of Pb added (at 10 mg/L) to the natu-
ral water used in the untreated control was over 1,000 times 
this value. The additional contribution of the natural water 
used in the study was negligible relative to the treatments, 
which ranged from 1,000 to 10,000 times background. The 
concentration of Pb remaining in the water in each treatment 
tank over the 12-d study is shown in Fig. 1(a). Accumulation 
of Pb in L. gibba is shown in Fig. 1(b). In general, Pb accu-
mulation in L. gibba increased with increasing levels of Pb in 
the water. After only 2 d of exposure, tissues of L. gibba bio-
mass had accumulated 1.82, 3.71, and 3.91 mg/kg in media 
dosed with 10, 20, and 40 mg/L of Pb, respectively. The Pb 
uptake levelled off at the higher levels of exposure (60, 80, 
and 100 mg/L). As a result the BCF ranged from 195 to 943 at 
lower levels of exposure (10 and 20 mg/L).

Tracking the process of uptake over time provided a useful 
measure of how long the plants would take to accumulate and 
remove the metal from water. At all levels of exposure, high rates 
of bioaccumulation occurred in the first 2–4 d (Fig. 1(c)). The effi-
ciency of BCF attained high values at low levels of Pb at 10 mg/L 
treatment and decreased with the increased levels of exposure. 
The high concentrations of Pb in plant tissues reached 5.22 mg/kg 
that were found in plants exposed to 40 mg/L of Pb for 12 d.

3.2. Photosynthetic pigments

In comparison with plants that were not exposed to 
increased Pb treatment, pigment concentrations in L. gibba 

declined with the increasing levels and duration of exposure 
(Fig. 2). The most severe effect was seen after 12 d of exposure, 
in the most concentrated Pb treatment (100 mg/L). The values 
measured for chlorophyll-a, chlorophyll-b, and carotenoids 
were 6.38, 7.31, and 7.51 mg/g fresh weight, respectively.

3.3. Recovery after exposure

The recovery potential of L. gibba after 12 d of exposure to 
different Pb concentrations was assessed by transferring the 
exposed plants to untreated water for a further 12 d. The recov-
ery potential of L. gibba from Pb exposure, in terms of re-release 
of lead from their tissues, reached at 57.78%, in plants exposed 
to 10 mg/L Pb (Fig. 3). The level of re-release decreased in plants 
exposed to high Pb concentrations, reaching a recovery rate of 
40.76% for plants exposed to 100 mg/L of Pb.

During the 12-d recovery period in untreated water, the 
pigment content of L. gibba fronds was determined to assess 
their ability to recover from bleaching (Fig. 4). Plants exposed 
to low levels of Pb was recovered in terms of pigment con-
tent, with those experiencing 20 mg/L recovering 59.06%, 
78.67%, and 53.63% of their original levels of chlorophyll-a; 
chlorophyll-b, and carotenoids, respectively. When plants 
exposed to 100 mg/L Pb concentrations, their recovery was 
4.7% for chlorophylls a and b, and 2.25% for carotenoids.

4. Discussion

4.1. Bioaccumulation and BCF

Duckweed was proved to be effective bioconcentrator of 
Pb from the water medium. At all levels of added Pb, early 
uptake is rapid, reaching removal of, on average, 4.25 mg/L 
in all treatments up to 100 mg/L after 12-d duration. This rep-
resents almost half of the Pb in solution at the lowest treatment 
(10 mg/L) but only 3.4% of the Pb in solution at the highest 
Pb treatment (100 mg/L). This pattern suggests that L. gibba 
is the most efficient as a bioremediator when exposure levels 
are lower (10 mg/L or less), and that these plants can only 
remove a maximum of about 4.25 mg/L of Pb independent of 
the concentration of Pb in the surrounding water. This may 
reflect saturation of active sites where Pb can be immobilized 
[27]. In a similar study it was found that uptake of zinc by L. 
gibba was most efficient when zinc concentrations in water 
were low, but the efficiency of removal decreased somewhat 
at higher concentrations [28]. In the present study the dura-
tion of exposure affected the rate of absorption in that the 
concentration of Pb in L. gibba tissues increased with time for 
plants exposed to 10, 20, 40, and 60 mg/L, but declined after 
6 d at 80 mg/L, and after 2 d at 100 mg/L. Similarly, the rate 
of accumulation of silver and gold ions in L. gibba showed a 
significant decrease after 6 d of exposure because the met-
als reached saturation levels in the plant tissues [29]. Earlier 
studies of Pb uptake in L. gibba suggest saturation is achieved 
after 5 d of exposure [30]. The process of Pb uptake in L. gibba 
growing in mine effluent seems to involve mass flow into 
the plant tissues until they are saturated with Pb absorbed 
from the water column; this may occur either via apoplastic 
or symplastic pathways and involve either active or passive 
diffusion [19]. Fig. 1(b) showing Pb concentration in plant 
tissues suggests that final uptake is high and more rapid at 
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low concentrations of Pb treatments. This suggests that active 
uptake, rather than a low concentration gradient, is driving 
the absorption of Pb from the water medium. 

The BCF can be used as an indicator of the efficiency 
of contaminant removal in L. gibba. This decreased with 
increasing Pb exposure (Fig. 1(c)). Other studies have 
reported similar results for both lead and other toxic met-
als [19,31,32]. The BCF value of the related species, L. minor, 
decreased significantly with exposure to increasing con-
centrations of chromium [1]. In the present study the BCF 
increased over time when plants were exposed to 10, 20, 
40, and 60 mg/L of lead, but when plants were exposed to 
80 and 100 mg/L, the BCF decreased after 2 d of exposure, 
suggesting damage to the plants. The BCF is a more use-
ful metric of the effectiveness of plants in removing con-
taminants since it provides an index of the ability of the 
plants to accumulate the particular contaminant relative 
to its concentration in the surrounding water [33]. For a 
plant to be regarded as an effective bioaccumulator and 
good candidate for phytoremediation, it needs to show a 
BCF >1,000 [33]. In the present study, L. gibba achieved that 
level of Pb accumulation after 12-d exposure at 10 mg/L of 
Pb treatment. However, it became progressively less effec-
tive at high levels of Pb pollution. In comparison with other 
studies, the levels of Pb found in Pb/zinc mine wastes in 
Ireland reached 0.15 mg/L [34]; the most severe levels of 
Pb detected in homes in Flint, Michigan, reached 12 mg/L 

[35], that is, in the order of the lowest Pb concentration 
applied in this study. In an earlier study of industrial 
wastewater in Sadat city, Egypt, we found Pb concentra-
tions of 20.4 mg/L (0.0204 mg/L), which is about twice the 
WHO standard for maximum acceptable concentration 
(MAC) of 0.01 mg/L [4,15]. Based on our results we con-
clude that L. gibba is an effective and useful bioaccumula-
tor of Pb having significant potential for phytoremediation 
where Pb is present in concentrations up to 10 mg/L, which 
is about 1,000 times the WHO standard for drinking water, 
and may be accepted for the range normally encountered in 
industrial and mine wastewater.

4.2. Photosynthetic pigments

The change in levels of photosynthetic pigments is 
likely to negatively affect the entire metabolism of the plant 
[36]. In the present study, increased exposure to Pb over 
time resulted in negative effects on pigment concentrations 
in L. gibba tissues. Pigment breakdown was responsible 
for chlorosis in the aquatic plants, Ceratophyllum demersum 
and Myriophyllum spicatum [27]. Toxic metal exposure is 
often associated with degradation of chlorophyll and evi-
dence of disrupted chloroplast ultrastructure resulting in 
reduced chlorophyll content and a lower photosynthetic 
rate [15]. Many authors report that Pb exposure inhibits 

Fig. 1. (a) Changes in lead concentration in water (W) over 12 d of exposure; (b) lead concentration in plants (Pb); and (c) bioconcen-
tration factor (BCF) under contrasting lead treatments. 0 = baseline value. Error bars represent the standard error of the mean (±SE).
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chlorophyll biosynthesis and disrupts its structure, lead-
ing to bleaching of photosynthetic pigments [15,27,37,38]. 
Clearly, changes in chlorophyll concentrations, evident as 

bleaching following exposure to Pb, may provide a sim-
ple, visible biomarker of exposure in a biomonitoring 
program. In particular, fluorescence of chlorophyll-a and 
chlorophyll-b was identified as a sensitive biomarker of 
plant exposure to toxic metals [39,40].

A similar response related to the decrease in carot-
enoid concentrations was observed in Ceratophyllum demer-
sum growing under toxic metal stress [10,27]. Toxic metals 
cause a reduction in chlorophyll, and this is accompanied 
by an increase in peroxidase activity and the depletion of 
other antioxidants such as carotenoids [41]. It is known that 
carotenoids protect photosystems from oxidative stress as, 
in addition to being accessory pigments for photosynthe-
sis, they act as reactive oxygen species scavengers (ROS). 
Under intense toxic metal stress, the imbalance between 
carotenoid production and carotenoid oxidation, due to 
ROS activity, results in a decreased carotenoid content. 
Overall, the destruction of photosynthetic pigments by 
toxic metals may be due to interference with the electron 
transport chain, whereby mg2+ ions associated with the 
tetrapyrrole ring of chlorophyll molecules are displaced, 
and reactive oxygen species cause inhibition of import-
ant enzymes associated with chlorophyll biosynthesis 
or peroxidation processes in the lipids of the chloroplast 
membrane [42].

Fig. 2. Changes in pigment content (mg/g fresh mass) of plants exposed to varying levels of lead, tracked over 12 d of exposure. 
Pigments are shown, in sequence, as: (a) chlorophyll-a; (b) chlorophyll-b, and (c) carotenoids (mg/g fresh mass). Error bars represent 
the standard error of the mean (±SE).

Fig. 3. Relative recovery from lead exposure (re-release of 
absorbed lead after 12 d of exposure, followed by 12 d in clean 
water). The first point, at 100%, represents the baseline level of 
lead in plants growing in distilled water; contrasting (prior) lead 
treatment levels are shown on the X-axis. Error bars represent 
the standard error of the mean (±SE).
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4.3. Recovery pattern 

Because contaminants often enter a watercourse 
intermittently, rather than steadily, at a single concentra-
tion, it is useful while investigating plants as bioremedia-
tors or bioindicators, to assess their ability to survive, and 
recover from periods of exposure. In the present study, fol-
lowing 12 d of exposure to a given concentration of Pb, L. 
gibba plants placed in distilled water for a further 12 d were 
able to re-release about half of the previously absorbed Pb. 
Rather, they can be re-released to the environment. Similar 
effects were reported for many toxic metals during the recov-
ery phase [20]. This suggests that the absorbed Pb from the 
water during the exposure period is not irreversibly bound 
to any cell structure such as cell walls as suggested elsewhere 
[20]. In principle, two processes may be responsible for the 
decrease in tissue concentrations of toxic metals: (a) active 
or passive excretion of the toxic metal from the plant and (b) 
the effective “dilution” of tissue concentrations of Pb due to 
the increase in total biomass as plants adjust to growth in 
distilled water [20].

During recovery, pigment concentrations was higher in 
plants exposed to low Pb concentration up to 20 mg/L than 
in the plants exposed to higher concentrations. The plants 
exposed to high levels of Pb of 60, 80, and 100 mg/L showed 
lower levels of pigment recovery. This suggests that some 
irreversible damage may have occurred to chloroplasts or to 
enzymes involved in chlorophyll and carotene biosynthesis 
at the high Pb concentrations. These findings suggest that 
phytotoxicity induced by exposure to lower Pb concentra-
tions is reversible, but damage from higher Pb exposure is 
not reversible. 

In other studies, when L. gibba was treated with the her-
bicide atrazine, the bleaching of photosynthetic pigments 
was reversible [43]. Similarly, bleaching in the algal species 
Chlorella fusca was shown to be a temporary effect of nitrogen 
starvation [15]. The ability of L. gibba to respond to short-term 
variation and pulses of exposure to Pb can be an asset for 
phytoremediation and harvest of contaminants from waste-
water, or used to reduce the extremes of variability in Pb 
levels in water discharged from the industrial systems.

4.4. Potential use of duckweed as bioindicator 

Bioindicator species can provide information on the 
quality of the environment when they are calibrated against 
known levels of contamination [19,44]. In the present study, L. 
gibba accumulated high amounts of Pb and showed potential 
as a phytotoremediator of Pb in aquatic bodies. The observed 
physiological changes in duckweed are reflected in the sim-
ple characteristic of colour, such as bleaching in response to 
Pb exposure. It could therefore be calibrated to provide a 
fairly effective indicator of the level of Pb contamination of 
mine or industrial waste streams, urban wastes, or other con-
taminated aquatic systems. This biological approach offers a 
simple, readily applied measure of pollution that can be used 
for routine monitoring, without the high costs of chemical 
analyses [19,23]. It is still valuable to verify the accuracy of 
bioindicators from time to time, and to calibrate plant colour 
or growth against measured contaminant concentrations, 
as plants may adapt to persistent contaminant exposure. 

Fig. 4. Relative recovery of pigment intensity following lead 
exposure (after 12 d of exposure, followed by 12 d in distilled 
water). The first point, at 100%, represents full pigmentation; 
contrasting (prior) lead treatment levels are shown on the 
X-axis. Error bars represent the standard error of the mean (±SE): 
(a) changes in chlorophyll-a; (b) chlorophyll-b, and (c) carotenoids.
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A significant attraction of this method, however, is the fact 
that local residents can readily be trained to monitor contam-
inants, and draw the attention of water protection agencies 
and local government staff to any unusual observations. 
Some additional biomarkers besides the colour of fronds of 
L. gibba may be useful indicators of contaminated waters. For 
example, levels of antioxidative enzymes such as peroxidase, 
chlorophyll, and soluble protein content could be assessed to 
provide a more complete eco-toxicological risk assessment, 
in addition to other potential ecological indicator species. 

5. Conclusions

Our results show that L. gibba is an effective accumula-
tor of Pb in the water medium, and that this species is able 
to recover from that exposure in terms of re-release of pre-
viously accumulated Pb, and recovery of photosynthetic 
pigments provided exposure levels do not exceed 40 mg/L. 
It therefore can readily be used as a bioaccumulator and 
sensitive bioindicator for Pb. The phenomenon of pigment 
bleaching can readily be calibrated against a standardized 
colour chart such as the Munsell Plant Tissue Colour charts 
(http://www.pantone.com/munsell-plant-tissue-color-
charts), and used in the field with the appropriate training. 
Pigment concentrations can also be measured using more 
precise measurements in the laboratory.

As pointed out by [45,46], the process of phytoaccumu-
lation requires metal absorption followed by translocation 
and accumulation in plant tissues. This bioremoval process 
includes biosorption, which is fast, reversible and a met-
al-binding process, and bioaccumulation, which is slow, 
reversible, and ion-sequestration step. Tolerance and accu-
mulation of pollutants are important plant properties for an 
efficient phytoremediation, which are determined by uptake, 
translocation, intracellular sequestration, chemical modifica-
tion, and degradation, which may result in stress resistance 
of the plant to various contaminants [47,48].

If L. gibba is used in the treatment of contaminated waste-
water, when plants reach their maximum saturation level 
at about 4–5 mg/kg dry mass, they can be harvested and 
replaced with a fresh population of fronds. An interesting 
application of this work has L. gibba “biomining” a polluted 
aquatic environment, where plant tissues are harvested in 
order to recover metal resources. Recycling and recovery of 
Pb from waste materials are contributing a growing fraction 
of the Pb used in industry (~50% worldwide and over 90% in 
the United States, http://www.essentialchemicalindustry.org/
metals/lead.html). According to a 2006 estimate, reserves of 
Pb were thought to be sufficient only for the next 42 years, 
but this was before increases in the level of recycling, and 
improvements in the design of fuel cells [49]. It is quite 
expensive and challenging to separate Pb ore from zinc ore; 
the concentration of Pb in ores is typically from 3% to 8% Pb, 
whereas the exposed plant materials in the present study had 
already concentrated the Pb to about 5 g/kg, or 0.5% by mass. 
It would be much easier to extract the metal from dried plant 
tissues than from complex ores.

Additional benefits of using L. gibba for bioremediation of 
water contaminated with toxic metals would be the reduction 
of evaporative losses from treatment lagoons, and the ability 
of this species to tolerate relatively high concentrations of 

Pb. The present study also clearly demonstrates the value of 
including recovery studies as well as exposure treatments to 
provide a more complete assessment of an ecological hazard, 
in this case, high levels of Pb in water.
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