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Abstract: The phytoremediation potential of aquatic plants, particularly for Cu, is scarcely reported in
the pertinent literature. In this regard, differential growth behavior and phytoaccumulation ability of
three free-floating Azolla species (A. japonica, A. pinnata, and A. hybrid) were evaluated in a climatically
controlled (a temperature of 25/20 ◦C, light/dark 16/8 h, a light intensity of 60 µmol m−2 s−1, and a
relative humidity of 65%) microcosm study. Azolla plants were exposed to solutions having three
Cu concentrations (0, 3, and 6 mg L−1) under two incubation periods (4 and 8 days). Different Cu
treatments significantly reduced Azolla biomass during both incubation periods and A. pinnata was
the most sensitive species. Azolla plants grown in aqueous solutions showed substantial variations in
Cu removal capacity. Higher bioconcentration values displayed by Azolla plants indicated that these
plants can be deployed as potential plants for Cu removal from Cu contaminated water. Nevertheless,
the plants exposed to higher Cu concentrations displayed color changes and root detachment due
to Cu phytotoxic effects which may also ultimately lead to plant death. Significant correlations
between Cu removed from the aqueous solutions and Cu contents of plant biomass indicated that
Cu phytoremediation by Azolla plants was due to the phytoaccumulation mechanism because the
removed Cu from aqueous solutions was accumulated in plant biomass. Introduced Azolla species,
i.e., A. hybrid, displayed comparable Cu removal efficiency with naturally grown Azolla species,
i.e., A. japonica and A. pinnata. Tested Azolla species proved to be suitable candidates to remediate Cu
contaminated water and can be deployed for phytoremediation.

Keywords: Azolla biomass; bioconcentration factor; Cu removal efficiency; Cu toxicity; translocation
factor

1. Introduction

Environmental pollution due to the substantial release of toxic metals into all envi-
ronmental compartments has been accelerated due to abrupt changes in the processes of
industrial manufacturing and many other anthropogenic activities [1,2]. Among hazardous
inorganic contaminants in the aquatic environment, geologic, as well as anthropogenic
discharges of heavy metals, are the real challenge for aquatic biodiversity because of their
high mobility and potential toxicity. Some of the potential sources of release of heavy metals
include weathering of parent materials/rocks, volcanic eruptions, agricultural activities,
erosion, wastewater, electroplating, mining, milling, urban sewage and waste incineration,
smelting, tanneries, automobile exhaust, and textile and chemical industries [3–5]. Because
of higher persistence and resistance to degradation and biotransformation, pollution caused
by these heavy metals is more problematic than that of organic substances [6–8].
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Water polluted with heavy metals has serious concerns for aquatic biodiversity and
has potential health-related issues for humans, particularly in resource-limited countries [9].
Among heavy metals, the annual average global release of copper (Cu) in different en-
vironmental components is about 939,000 metric tons [10]. Copper as a micronutrient
is required for plant, animal, and human health; however, the same element can accu-
mulate to high concentrations in living organisms and may potentially cause ecological
damage [11,12]. Plant growth is also affected due to its toxic effects on their metabolic and
developmental processes mainly due to photosynthetic inhibition, necrosis, chlorosis of
leaves, hindrance in nutrient acquisition, and transport mechanisms [13,14]. Therefore, the
potentially toxic effects of heavy metals, particularly of Cu on living organisms (animals,
plants, and humans), impel us to treat or detoxify them and to purify our water envi-
ronments. Different methods/protocols such as chemical precipitation and disinfection,
exchange of ions, activated carbon adsorption process, nano-filtering, and electrolytic and
reverse osmotic processes are available for this purpose; however, most of these processes
are costly, less efficient, and not eco-friendly, as reviewed by Xu et al. [15]. Therefore,
cost-effective, safe, and eco-friendly methods/approaches are direly needed to remediate
our environment contaminated with these toxic metals. Phytoremediation is an attractive
solar-driven technique to remediate these toxic metals from the aquatic environment [16].

Phytoremediation is a green technology that serves as an alternative or complemen-
tary biological technique for expensive, invasive, and energy-intensive engineering-based
protocols to clean up the environment [16]. In this technique, highly persistent metals and
contaminants can be remediated from the environment by deploying suitable plants, a
few of which are commonly known as ‘hyperaccumulators’. Xue et al. [5] and Valderrama
et al. [17] reported that these hyperaccumulators possess favorable growth and physi-
ological characteristics, such as better absorption, translocation, and accumulations, as
well as the fact that these plants have a high tolerance against elevated levels of toxic
metals [15,17]. In the plant kingdom, taxonomically widespread natural hyperaccumula-
tors have >400 known species and constitute <0.2% of all angiosperms [18]. Furthermore,
some higher land plants, such as plants of the Brassicaceae family, can produce sufficient
biomass when these plants are exposed to higher metal levels [19]. Nevertheless, such
plant species display low efficacy for phytoremediation due to their slow growth, less
biomass accumulation, and low metal bioaccumulation ability [20,21]. Metal removal is
the resultant product of plant biomass accumulation and plant tissue concentration; hence,
these are the limiting factors for the phytoremediation of metals, as these factors depend
upon the plant growth rate and their phytoaccumulation potential [17,22–24].

Among different types of phytoremediation, phytofiltration is a promising type of
phytoremediation in which the sequestration of toxic metals and pollutants from the aquatic
environment can be carried out by deploying suitable aquatic plants. These aquatic plants
can be merged or submerged in water, or they can freely float on water. Merged and
submerged plants clean up the environment by phytoaccumulating the metals on a whole-
plant basis, whereas, free-floating types aquatic plants generally remove metals from water
by absorbing these metals through their roots [25]. More recently, free-floating macrophytes
displayed a substantial capability to deploy these plants as potential phytoremediator plants
to remediate metals from contaminated water. Among free-floating macrophytes, the fast
growth (capable to double their biomass in 3–9 days) [26], and the hyperaccumulation
ability for metals, make the Azolla plants the best phytoremediator plants among different
aquatic macrophytes [6].

It is generally believed that plant species grown in the natural environment are highly
suitable for phytoremediation. However, data about the phytoremediation ability of
introduced aquatic plants, particularly for Cu, is scarcely reported in the pertinent literature.
In the present study, three Azolla ferns, i.e., two naturally growing Azolla species (A. japonica
Fr. et Sav. and A. pinnata R. Br.) and one Azolla hybrid, i.e., A. hybrid (A. cristata x
A. filiculoides) were exposed to different Cu concentration. We conducted microcosm
experiments under climatically controlled environmental conditions to (1) evaluate the



Sustainability 2023, 15, 497 3 of 14

relative growth response and phytofiltration of Cu from aqueous solutions in three Azolla
species, (2) time the course and Cu concentration effects on plant growth characteristics
to estimate the physiological response of Azolla species exposed to different levels of Cu,
and (3) evaluate the effectiveness of removing Cu along with the potential of plants to
accumulate Cu in biomass.

2. Materials and Methods
2.1. Experimental Protocol and Plant Culture Environment
2.1.1. Preparation of Plant Material and Cu Treatments

Freely floating aquatic Azolla plants, commonly known as mosquito ferns, belong to
the monotypic genus, the Azollaceae family, salviniales order, the Polypodiopsida class, and
and pteridophyta phylum [27]. Three Azolla ferns, i.e., naturally growing Azolla species
(i.e., A. japonica Fr. et Sav. and A. pinnata R. Br.), and Azolla hybrid, i.e., A. hybrid (A. cristata
x A. filiculoides) were tested in the present study. Azolla japonica was collected from the
Hyogo prefecture (Toyooka city) (35◦33′ N 134◦49′ E), Japan. Azolla pinnata was taken from
re-cultured laboratory stock of Okayama University, Okayama, (34◦39′ N 133◦55′ E), Japan.
Azolla hybrid was collected from Sasagase river near Kojima Lake (the biggest artificial
lake), Okayama, (34◦28′ N 133◦33′ E), Japan, where this fern forms mats in surrounding
water bodies, as well as in Kojima Lake. A. japonica is characterized by stems having a
thick pinnately branched pattern and leaves with lined tile patterns. It is commonly known
as an endemic fern that is indigenously found in Japan. This fern displays a triangular
pattern (approximately 1.5–7 cm long), is greenish in the summer season, and shows a pink
appearance in the winter season. A. pinnata is adapted in most tropical and subtropical
regions. A. pinnata is characterized by a roughly triangular shape (approximately 1.5–2.5 cm
long with 1–2 mm long leaves) with side branches arranged with a pinnate pattern and it is
longer toward the base.

These three Azolla species were exposed to different copper (Cu) treatments in the
present study. The treatments were prepared in N-free modified 1% Hoagland medium
by using analytical grade CuSO4·5H2O salt to make the Cu concentrations of 0, 3, and
6 mg L−1. These Azolla species were exposed to different Cu solutions during two incuba-
tion periods, i.e., 4 and 8 days after transferring Azolla fronds. Photographic representations
of plant materials, culture conditions, and experimental setups are represented in Figure 1.

2.1.2. Experimental Protocol and Culture Conditions

After collection, Azolla plants were re-cultured in a glass house located at the Tsushima
campus, Okayama University, (34◦39′ N 133◦55′ E), Japan. To obtain reasonable biomass
of plants, the collected plants were washed twice with tap water and re-cultured in 50 L
capacity containers filled with 20 L of water and 10 kg of soil. To acclimatize the plants
to a controlled environment before their exposure to the actual treatments, Azolla plants
were re-cultured again in nutrition-free distilled water in a climatically controlled growth
chamber for 3 days. Then, experimental treatments were applied to the plants to estimate
the concentration and time course effects on the Cu removal ability of plants of three
Azolla species.

Azolla fronds of uniform size and age were selected and weighed. Approximately eight
gram fronds were exposed to different Cu concentrations during two different incubation
periods to estimate Cu uptake and removal capacity. Azolla fronds were transferred in 1 L
capacity plastic pots. Approximately, 800 mL of 1% modified Hoagland N-free medium
(pH of 6.5 ± 0.2) was used for the growth of plants under a climatically controlled growth
chamber (Eyela Eyeltron FLI-1001). Plants were grown in light/dark periods of 16/8 h,
respectively, day and night temperatures of 25/20 ◦C, respectively, a light intensity of
60 ± 3 µmol m−2 s−1, and a relative humidity of 65%. The elemental composition of 1%
N-free modified Hoagland nutrient medium is represented in Table 1. Cu was added as
three Cu concentrations, i.e., 0 (control), 3, and 6 mg L−1, respectively, using analytical
grade CuSO4·5H2O salt. Pots containing metal-contaminated solutions without plants
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were considered blank treatments for comparison. To estimate growth characteristics and
the comparison between metal-treated and metal-untreated solutions, Azolla plants were
also grown in demineralized water and 1% modified Hoagland N-free medium. Three
replications of each treatment were arranged in a completely randomized design (CRD).
Plants were exposed to Cu treatments in the growth chamber for two incubation periods,
i.e., 4 and 8 days after exposure to copper solutions. Pierced nylon covers with 200 holes
per cover were used to cover all the experimental pots, including control treatments.
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Figure 1. Experimental steps for phytoremediation of Cu by Azolla species exposed to different Cu
solutions during two incubation periods.

Table 1. Composition of N-free modified (1%) Hoagland medium used in the experiment.

Nutrient Salt/Compound Formula Salt/Compound Names Concentration (mg L−1)

Ca CaCl2·2H2O Calcium chloride dihydrate 2.06
K KCl Potassium chloride 2.00
Mg MgSO4·7H2O Magnesium sulfate heptahydrate 0.48
Mn MnSO4·5H2O Manganese sulfate pentahydrate 0.005
Fe EDTA-Na-Fe·H2O Ethylenediaminetetraacetic acid disodium 0.062
Zn ZnSO4·6H2O Zinc sulfate hexahydrate 0.007
Mo H2MoO4·H2O Molybdic acid monohydrate 0.005
B H3BO3 Boric acid 0.005

2.2. Plant Biomass Measurements and Metal Assay

After exposure of plants to Cu treatments for two incubation durations, i.e., 4 and
8 days, filtration of solution samples was performed with filter paper. Plants without
exposure were considered control plants. All plants of the Azolla species were collected
for further analysis. Plant fresh weights were recorded after washing samples twice with
demineralized water followed by the draining of the excess amount of water. Then, the
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dry mass of plants was recorded after drying the plants at 80 ◦C for one day by using a
forced air-driven oven. After oven drying, these plants were ground into fine powder.
Approximately 0.3 g of finely ground Azolla plant samples were taken into porcelain
crucibles for ashing in a muffle furnace at 550 ◦C for 5 h. Crucibles with samples were taken
out after the cooling process. Then, 5 mL of 2 N hydrochloric acid (HCl) was added to
crucibles containing cooled ash samples and mixing was performed for the dissolution of
plant samples in 2 N HCl. For those samples where digestion was incomplete, evaporation
of solutions containing 5 mL of 2 N HCl was performed at 80 ◦C until the formation of
pellets. Dissolution of obtained pellets was performed by dissolving them again in 5 mL
of 2 N HCl followed by mixing. Filtration of sample solutions was performed into a
100 mL flask followed by three washings of crucibles with demineralized water, and flasks
were filled by making the volume up to the mark. Elemental analysis was performed by
using these filtered samples. An atomic absorption spectrometer (Hitachi Z-6100 Polarized
Zeeman AAS) was used for Cu analysis in solution as well as in plant samples.

2.3. Tested Parameters

Different parameters to determine the potential of macrophytes for copper removal
were estimated by following expressions. The amount of Cu removed was calculated by
the following equation:

Amount of Cu removed
(

mg m–2
)
=

(Vi ×Cui)− (Vf ×Cuf)

Surface area

where Vi = initial volume of water, Cui = initial concentration of Cu, Vf = volume of water
at the end of the experiment, and Cuf = final concentration of Cu.

The Cu removal rate was calculated by using the following expression:

Cu removal rate
(

mg m−2 day−1
)
=

Cui −Cuf
Surface area× Treatment time

where Cui is the initial Cu amount and Cuf is the Cu amount in solution at end of
the experiment.

Cu removal efficiency was estimated by using the expression described by Zabihi et al. [28]:

Cu removal efficiency (%) =

[
Cui −

Cuf
Cui

]
× 100

where Cui is the initial Cu amount and Cuf is the Cu amount in solution at end of
the experiment.

The bioconcentration factor (BCF) is the ratio of Cu accumulated by the plants to
that dissolved in the aquatic medium. The BCF was computed from [Cu], as described by
Zayed et al. [29]:

BCF = Cu concentration in plant biomass
(

mg kg–1 DW
)

/Cu conc. in water
(

mg L–1
)

The translocation factor (TF) was estimated by using the following expression:

TF = Cu in plant tissue (parts)/Cu in the corresponding medium or root

2.4. Quality Control and Quality Assurance

The present study was conducted under strict quality control and quality assurance by
following standard protocols to ensure the reliability and accuracy of the laboratory tests
and the results obtained. First of all, the experimental design included a blank containing
contaminated water treatments without any plant and control with plants in the absence of
Cu treatment to nullify any contamination or environmental effect. Each treatment was
tested in three biological replicates. For different copper treatments and other experiment
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work, the salts used were of analytical grade purchased from Sigma-Aldrich, St. Louis,
MO, USA. During Cu analysis using an atomic absorption spectrometer (Hitachi Z-6100
Polarized Zeeman AAS), standard solutions were run before the sample analysis. Each
sample was analyzed in triplicates and the mean values were accepted if the difference
was within ±10%. To prevent cross-contamination, all laboratory glassware and plastics,
including polypropylene digestion tubes and centrifuge tubes, were soaked in an HNO3
bath (10% v/v) overnight, followed by rinsing three times with deionized water.

2.5. Statistical Analysis

All treatments were carried out in triplicates. Experimental data were subjected
to statistical analysis using MS Excel and SPSS. All data presented in the figures show
averages of three repetitions ± standard deviations. To see the statistical difference among
the treatment, a p-value of 0.05 was set. The difference among the treatment means was
based on the least significant difference (LSD) test. A simple Pearson correlation was also
applied to determine the relationship between different variables.

3. Results and Discussion
3.1. Removed Amounts and Removal Rates of Cu from Solutions

Removed amounts of Cu by three Azolla species exposed to different Cu solutions (0,
3, and 6 mg L−1) for two incubation periods (4 and 8 days) are represented in Figure 2A.
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Figure 2. Removed amounts (A) and removal rates (B) of Cu by three Azolla species exposed to
different Cu solutions for two incubation periods. Error bars show ±SE where n = 3. The letters on
each column represent the statistical difference (p ≤ 0.05) among different Azolla species at each Cu
solution concentration.

Plants of all Azolla species displayed a similar trend in Cu removal rates, i.e., the
higher the solution Cu concentrations, the higher the Cu removal rates from the aqueous
medium. The highest removed amount of Cu (202 mg m−2) was shown by A. japonica and
A. hybrid from an aqueous medium after their exposure to the highest Cu concentration
(6 mg L−1) after 8 days of plant exposure. Cu removal amounts from solutions of the
highest Cu concentrations were slightly but non-significantly increased (p ≤ 0.05) when
the plant’s exposure time was increased from 4 days to 8 days. The Cu removal amount
was increased from 93 mg m–2 on the fourth day to 103 mg m−2 on the eighth day when
plants of A. japonica were exposed to 3 mg L−1 Cu treatment. Similarly, the Cu removal
amount was decreased without any significant difference from 103 mg m−2 on the fourth
day to 100 mg m−2 on the eighth day when plants of A. hybrid were exposed to 3 mg L−1

Cu treatment. However, the Cu removal amount was found to be the same in A. pinnata
for both incubation times at 3 mg L−1 Cu treatment. At 6 mg L−1 Cu treatment, the Cu
removal amount was increased from 197 mg m−2 on the fourth day to 202 mg m−2 on
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the eighth day in A. japonica, 185 mg m−2 on the fourth day to 192 mg m−2 on the eighth
day in A. pinnata, and 199 mg m−2 on the fourth day to 202 mg m−2 on the eighth day in
A. hybrid, respectively. Obtained results showed that Cu treatments, incubation time, and
Azolla species all affected the removed amounts of Cu from the aqueous medium. However,
the removed amounts and removal rates of Cu by three Azolla species exposed to different
Cu solutions for two incubation periods showed no significant difference. Therefore, based
on the above results, the Azolla species might not affect the Cu removal. Previously, Mishra
and Tripathi [13] and Mishra et al. [27] have reported a positive relationship between metal
removal and increasing metal concentration in aquatic plants. Similarly, the Azolla species
tested in our study can be potentially used to remove Cu from Cu contaminated solutions
with varying concentrations.

Removal rates of Cu by three Azolla species exposed to different Cu solutions (0, 3,
and 6 mg L−1) are presented in Figure 2B. Cu removal rates were significantly different
at two incubation times and different Cu concentrations. The fastest Cu removal rates
were observed during the first four days of the plant’s exposure to all Cu treatments. Cu
removal rates were decreased after the fourth day of the plant’s exposure. At 3 mg L−1

Cu concentration, removal rates decreased from 23 mg m−2 day−1 on the fourth day to
13 mg m−2 day−1 on the eighth day for A. japonica, from 24 mg m−2 day−1 on the fourth
day to 12 mg m−2 day−1 on the eighth day for A. pinnata, and from 26 mg m−2 day−1

on the fourth day to 13 mg m−2 day−1 on the eighth day for A. hybrid. At 6 mg L−1

Cu concentration, removal rates decreased from 49 mg m−2 day−1 on the fourth day to
25 mg m−2 day−1 on the eighth day for A. japonica, from 46 mg m−2 day−1 on the fourth
day to 24 mg m−2 day−1 on the eighth day for A. pinnata, and from 50 mg m−2 day−1

on the fourth day to 25 mg m−2 day−1 on the eighth day for A. hybrid. Higher removal
rates were observed when plants were exposed to treatments with higher Cu concentra-
tions. The Cu removal rate was increased from 23 mg m−2 day−1 at 3 mg L−1 to 49 mg
m−2 day−1 at 6 mg L−1 Cu concentration during 4 days of exposure for A. japonica, from
24 mg m−2 day−1 at 3 mg L−1 to 46 mg m−2 day−1 at 6 mg L−1 Cu concentration during
4 days of exposure for A. pinnata, and from 26 mg m−2 day−1 at 3 mg L−1 to 50 mg m−2 day−1

at 6 mg L−1 Cu concentration during 4 days of exposure for A. hybrid. Similarly, the removal
rate increased from 13 mg m−2 day−1 at 3 mg L−1 to 25 mg m−2 day−1 at 6 mg L−1 Cu
concentration during 8 days of exposure for A. japonica, from 12 mg m−2 day−1 at 3 mg L−1

to 24 mg m−2 day−1 at 6 mg L−1 Cu concentration during 8 days of exposure for A. pinnata,
and from 13 mg m−2 day−1 at 3 mg L−1 to 25 mg m−2 day−1 at 6 mg L−1 Cu concentration
during 8 days of exposure for A. hybrid. The maximum removal rate was shown by A.
japonica and A. hybrid species at 6 mg L−1 Cu concentration during 8 days of exposure
compared to A. pinnata. Upadhyay et al. [28] tested five plant species (Pistia stratiotes, Azolla
pinnata, Eichorium crassipes, Spirodela polyrhizha, and Lemna minor) and reported that these
plant species removed Cu in the metal removal sequence of Fe > Cr > Cu > Cd > Zn > Ni.
In the present study, substantial removal rates by Azolla species exposed to different Cu
concentrations indicated that these plant species have sufficient potential to remove Cu
from aqueous media. The inverse relationship between removal rate and exposure time
for all treatments showed the time-dependent saturation of absorption sites in the roots of
Azolla plants. Many other floating plants have been reported in the literature to remove Cu
from water, e.g., Lemna minor [29], Carex pseudocyperus, Carex riparia [30], Eichhornia crassipes,
Pistia stratiotes [5], and Nasturtium officinale [31].

3.2. Cu Concentration and Content in Azolla Plants

Cu concentrations (mg/g) in three Azolla species exposed to different Cu solutions are
presented in Figure 3A. Incubation time and Cu concentrations in solution had significant
effects on Azolla Cu content. Averaged over all treatments, final Cu concentrations in Azolla
were approximately 15 times higher than initial Cu contents in Azolla plants. Cu concen-
trations in Azolla plants were increased with an increase in solution Cu concentrations, as
well as incubation times. The highest Cu concentration (14.61 mg g−1 dry biomass of Azolla
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fronds) was observed in A. japonica after 8 days of incubation when exposed to 6 mg L−1

Cu solution. At 3 mg L−1 Cu, A. japonica, A. pinnata, and A. hybrid showed 2.5, 1.9, and
2.3 times more Cu concentration after 8 days of exposure than after 4 days of exposure.
Similarly, at 6 mg L−1 Cu, A. japonica, A. pinnata, and A. hybrid showed 2.9, 2.1, and 2.2 times
more Cu concentration after 8 days of exposure compared to Cu concentration after 4 days
of exposure.
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Cu contents (mg/pot) of three Azolla species exposed to different Cu treatments are
shown in Figure 3B. Averaged over all treatments, Cu contents in Azolla were approximately
18 times higher than initial Cu contents in Azolla plants. Cu contents in Azolla plants were
increased with an increase in solution Cu concentration, as well as with incubation time.
The highest Cu content (18.1 mg pot−1 of Azolla fronds) was observed in A. hybrid after
8 days of incubation period when exposed to 6 mg L−1 Cu solution. When comparing the
incubation times, A. japonica, A. pinnata, and A. hybrid, respectively, showed 2, 2.1, and
2.2 times more Cu content at 8 days of exposure to 3 mg L−1 Cu solution and 1.9, 2.1, and
2.3 times more Cu content at 8 days of exposure to 6 mg L−1 Cu solution. On average,
A. hybrid retained more amounts of Cu when exposed to higher Cu concentration, which
can be attributed to its larger biomass accumulation. Metal tolerance and better metal
accumulation by Azolla can be ascribed to suitable attributes, such as fast growth and better
biomass accumulation ability of these floating ferns [22]. A plant’s metal uptake efficiency
is affected by metal concentration in the environment and that ultimately affects the plant’s
phytoremediation ability [32]. Results obtained in the present study are in agreement
with Sela et al. [33] and Pandey [23] who exposed two Azolla species, A.caroliniana and A.
filliculoides, to Zn and Cu solutions and reported that both plants substantially accumulated
metal amounts in their biomass.

3.3. The Bioconcentration Factor (BCF) and the Translocation Factor (TF)

The bioconcentration factor (BCF) is a relative indicator determining the metal accumu-
lation ability of plants to the metal concentration in the surrounding environment. Values
of bioconcentration factors (BCFs) of three Azolla species exposed to different Cu solutions
are presented in Figure 4A. Dry biomass was used to estimate BCF values. Interspecific
variations were observed when plants were exposed to different Cu concentrations at two
incubation periods. The highest BCF values 2250 and 2435 were found for A. pinnata when
plants were exposed to 3 and 6 mg L−1 Cu solutions, respectively, for 8 days. During 4 days
of incubation, BCF values of A. hybrid were higher than A. japonica. A. pinnata displayed the
highest BCF values when exposed to Cu solutions at both concentration levels and both
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incubation times (i.e., 4 days and 8 days), indicating its potential to accumulate metals.
Nevertheless, a differential response of plants was observed in BCF values after their
exposure to Cu.
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The BCF is an indicative parameter to estimate the suitability of plants for the phy-
toremediation of metals [23]. Higher BCF values (>1000) are indicating better suitability of
plants to remediate contaminants from the environment [34,35]. The results of the present
study are in agreement with Pandey (2012) who investigated that A. caroliniana plants
showed better performance for phytoremediation of Cu and Zn because of their high BCF
values. Plants displaying high BCF values are hyperaccumulators that can remediate even
small amounts of contaminants by extracting these contaminants. The BCF values in the
present study showed that plants of tested species can be deployed effectively for metal
phytoremediation because of their high BCF values.

Translocation factor (TF) values of three different Azolla species exposed to different
Cu solutions are shown in Figure 4B. The translocation factor is an indicator of metal
translocation from rooting media to plant parts. Dry biomass was used to estimate TF
values. Interspecific variations between plant species were observed when plants were
exposed to different Cu solutions during two incubation periods. The highest TF values of
126,363 and 67,164 were observed in A. japonica when plants were exposed to 3 mg L−1 for
4 days and to 6 mg L−1 Cu treatments for 8 days, respectively. The TF values of 47,200 and
269,461 were observed in A. hybrid when plants were exposed to 3 mg L−1 Cu solution for
4 days and 6 mg L−1 Cu treatments for 8 days, respectively. Among Cu treatments and
incubation periods, A. pinnata showed lower translocation values compared to the other
two species. Results of the present study showed that different TF values are indicating the
existence of substantial interspecific variations among tested Azolla species.

3.4. Biomass Assay

The effects of Cu concentrations and incubation times on the growth characteristics
of three Azolla species (A. pinnata, A. japonica, and A. hybrid) are presented in Figure 5A.
Maximum dry biomass was accumulated by three species under the control treatment
(0 mg L−1 Cu treatment) at both incubation times. There was a decreasing trend in the
biomass of plants with increasing Cu concentrations at both incubation times, except for A.
japonica and A. hybrid at 6 mg L−1 Cu treatments at 8 days of incubation. A. japonica and A.
hybrid accumulated more biomass than A. pinnata when plants were exposed to Cu solution.
At 6 mg L−1 Cu concentration, A. japonica accumulated maximum biomass (47 mg m−2)
and A. hybrid accumulated maximum biomass (43 mg m−2) compared to other species.
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Biomass is an allosteric parameter and an important trait in growth and biomass analysis.
Substantial growth response after exposure to Cu solutions indicated that these free-floating
ferns have substantial potential for phytoremediation of contaminated aquatic medium.
Our results agree with Zhao et al. [36] and Akhtar et al. [37], who reported that these
aquatic ferns showed significant differences in their growth characteristic after exposure
to metals. Cu treatments affected the growth behavior of tested Azolla species because
changes in growth characteristics are the first responses of plants after their exposure
to metals [38]. More biomass of plants at low Cu concentration compared to high Cu
concentration might be due to the fact that Cu is also a micronutrient that can favor growth
and can inhibit growth at higher metal concentrations due to metal stress. This also agrees
with Singh et al. [39] and Hasan et al. [40], who reported similar results when A. microphylla
and A. filiculoides were exposed to metals and plant biomass was compromised at higher
concentrations. Interspecific variations in growth characteristics of Azolla species may
also be attributed to the differential morphology of Azolla fronds. Fronds of A. pinnata
are elongated to a root length of 2.5–7 cm with irregular branching and triangular shapes,
while fronds of A. japonica and A. hybrid are comparatively larger than A. pinnata [41–43]
and might be useful in efficient metal uptake. Fronds of A. pinnata are more impacted due
to their sensitive nature to metals during long incubation periods at high Cu concentrations.
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3.5. Cu Removal Efficiency of Azolla Plants

The removal efficiency (%) of Cu by three Azolla species exposed to two Cu concentra-
tions at two incubation times is depicted in Figure 5B. A. japonica and A. hybrid displayed
higher Cu removal efficiency than A. pinnata after their exposure to both Cu concentrations
at two incubation times. The maximum removal efficiency (98.9%) was depicted by A.
japonica during 4 days of incubation at 3 mg L−1 Cu concentration and removal efficiency of
97.8% at 6 mg L−1 Cu concentration. A. hybrid showed 96.7% removal efficiency at 3 mg L−1

and 95% removal efficiency at 6 mg L−1 Cu concentration during 8 days of incubation.
The decrease in removal efficiencies at higher metal concentrations can be attributed

to the time-dependent saturation of the plant’s active sites with metals that can ultimately
decrease the plant’s capability for metal accumulation [44,45]. Results are in agreement
with Valderma et al. [17] and Pandey [23], who documented that A. caroliniana and A.
filliculoides showed significant variations in metal removal efficiencies. Because of higher
Cu removal efficiencies in the present study, tested Azolla species can be considered better
candidates for metal phytoremediation, and that can be ascribed to their better ability to
absorb and translocate copper.
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Cu concentrations in plant biomass of Azolla species have significant correlations with
Cu removal amounts from solutions (Figure 6). It is plausible to conclude that the amount
of Cu removed from aqueous solutions was accumulated into Azolla biomass because of
highly significant relationships between these parameters. These two parameters were
significantly correlated (R2 = 0.98 ** (p ≤ 0.01) in the case of A. pinnata and R2 = 0.99
** (p ≤ 0.01) for both A. japonica and A. hybrid) for Cu removal and Cu accumulation in
plant biomass in different Cu treatments during two incubation periods. This relationship
indicates that this type of phytoremediation is phytoaccumulation, in which different
inorganics are accumulated in plant biomass. Tested Azolla species displayed significant
potential for phytoremediation of Cu which was evident from highly significant relations
between these two parameters.
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biomass.

Cu concentration in aquatic media had a significant impact on growth, which is
evident from physicochemical changes in the growth characteristics of Azolla when exposed
to high Cu concentrations in longer incubation periods. The color of the Azolla fronds
changed from green to brown after exposure to two Cu treatments (Figure 7).

Color changes appeared after 4 days of exposure and were more pronounced when
plants were exposed to higher Cu concentration (6 mg L−1 Cu) for a longer period. Nev-
ertheless, changes in frond color were not observed in the plants grown in the control
treatment (0 mg L−1 Cu). Similarly, detaching of plant roots was also pronounced during a
longer incubation period for higher Cu treatment. Detaching of roots and changes in color
were more pronounced in Azolla pinnata compared to other species, which might be due
to the strength of Cu toxicity for plant morphological and physiological growth. Growth
and growth-related parameters (e.g., altered nitrogen metabolism due to a reduced amount
of total nitrogen) of macrophytes are impacted due to metal-induced physicobiochemical
responses, particularly when these plants are exposed to higher metal concentrations for
longer incubation times [7,27,46]. Similar findings were noted in our study where growth
was inhibited during a longer incubation period that might be due to changes in plant
biochemical processes/mechanisms due to excessive Cu accumulation in plant tissues.



Sustainability 2023, 15, 497 12 of 14Sustainability 2023, 15, x FOR PEER REVIEW 13 of 15 
 

 

Figure 7. Three Azolla species were exposed to different Cu solutions during a longer incubation 

period. 

Color changes appeared after 4 days of exposure and were more pronounced when 

plants were exposed to higher Cu concentration (6 mg L−1 Cu) for a longer period. Never-

theless, changes in frond color were not observed in the plants grown in the control treat-

ment (0 mg L−1 Cu). Similarly, detaching of plant roots was also pronounced during a 

longer incubation period for higher Cu treatment. Detaching of roots and changes in color 

were more pronounced in Azolla pinnata compared to other species, which might be due 

to the strength of Cu toxicity for plant morphological and physiological growth. Growth 

and growth-related parameters (e.g., altered nitrogen metabolism due to a reduced 

amount of total nitrogen) of macrophytes are impacted due to metal-induced physicobio-

chemical responses, particularly when these plants are exposed to higher metal concen-

trations for longer incubation times [7,27,46]. Similar findings were noted in our study 

where growth was inhibited during a longer incubation period that might be due to 

changes in plant biochemical processes/mechanisms due to excessive Cu accumulation in 

plant tissues. 

4. Conclusions 

Azolla species displayed substantial interspecific variability in growth characteristics 

and Cu removal efficiency after the plant’s exposure to different Cu concentrations in a 

climatically controlled environment. The higher the Cu concentration in the solutions, the 

higher the Cu removal amount by the Azolla plants at both incubation periods. The Cu 

removal rate was higher at 4 days of the incubation period. Azolla plants exposed to higher 

Cu treatment exhibited higher Cu content in plants. Azolla plants showed a sufficient ca-

pacity for Cu removal due to their high bioconcentration (>1000) values and can be de-

ployed effectively to remove Cu from Cu contaminated solutions. A. hybrid was very sim-

ilar to A. japonica, being superior to A. pinnata, especially in terms of Cu removal efficiency. 

Nevertheless, compared with control plants, Cu concentration inhibited the growth of Az-

olla plants, particularly, of A. pinnata. Phytoaccumulation was the mechanism for phytore-

mediation because the removed Cu amounts were significantly correlated with plant Cu 

contents, indicating that the Cu removed from the solution was accumulated into plant 

biomass. Changes in color and detachment of the roots were more obvious in Azolla plants 

exposed to high Cu concentrations that can induce phytotoxicity. Further field trials are 

needed to validate the phytoremediation potential of these Azolla species. 

Author Contributions: Conceptualization, M.S.A., S.A., A.D., B.F.A.A., Y.O. and Y.N.; Data cura-

tion, M.S.A. and Y.O.; Formal analysis, M.S.A., S.A., A.D., B.F.A.A., Y.O. and Y.N.; Funding 

Figure 7. Three Azolla species were exposed to different Cu solutions during a longer incubation
period.

4. Conclusions

Azolla species displayed substantial interspecific variability in growth characteristics
and Cu removal efficiency after the plant’s exposure to different Cu concentrations in a
climatically controlled environment. The higher the Cu concentration in the solutions,
the higher the Cu removal amount by the Azolla plants at both incubation periods. The
Cu removal rate was higher at 4 days of the incubation period. Azolla plants exposed
to higher Cu treatment exhibited higher Cu content in plants. Azolla plants showed a
sufficient capacity for Cu removal due to their high bioconcentration (>1000) values and
can be deployed effectively to remove Cu from Cu contaminated solutions. A. hybrid was
very similar to A. japonica, being superior to A. pinnata, especially in terms of Cu removal
efficiency. Nevertheless, compared with control plants, Cu concentration inhibited the
growth of Azolla plants, particularly, of A. pinnata. Phytoaccumulation was the mechanism
for phytoremediation because the removed Cu amounts were significantly correlated with
plant Cu contents, indicating that the Cu removed from the solution was accumulated into
plant biomass. Changes in color and detachment of the roots were more obvious in Azolla
plants exposed to high Cu concentrations that can induce phytotoxicity. Further field trials
are needed to validate the phytoremediation potential of these Azolla species.
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