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Abstract The study evaluates the phytoremediation
potential of five wild macrophytes —Setaria geminata
(Forssk.) Veldkamp, Ceratophyllum demersum L.,
Myriophyllum spicatum L., Persicaria senegalensis
(Meisn.) Sojak, and Ludwigia adscendens subsp. dif-
fusa (Forssk.) P.H. Raven— for iron (Fe), manganese
(Mn), copper (Cu), and zinc (Zn) on the shore of two
islands in Luxor governorate, Egypt: Armant (sites 1
and 2) and Aqalata (site 3). The study aimed to assess
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how site, season, and species influence heavy metal
accumulation in plant organs, chlorophyll content,
and antioxidant compounds; to evaluate phytoreme-
diation efficiency using bioaccumulation factors; and
to explore the relationship between heavy metals con-
centrations in shoots and the behavior of chlorophyll
and antioxidants. Heavy metal concentrations in water
at all three sites fell within the safe irrigation limits.
However, Cu and Mn levels in sediments exceeded
global freshwater recommendations during summer.
Fe and Mn levels in submerged species (C. demersum
and M. spicatum) and emergent species’belowground
tissues (S. geminata, P. senegalensis, and L. adscen-
dens) surpassed the permissable limits in most sea-
sons. In contrast, Zn levels in all studied species
remained within the acceptable limits, while Cu lev-
els in S. geminata and P. senegalensis roots exceeded
the permissible limits during spring and summer,
respectively. The bioaccumulation factors (BAFs)
for submerged species exceeded one for all metals,
whereas emergent species showed BAFs greater than
one only for Mn. Translocation factors (TFs) for all
metals were less than one, except for Zn in P. senega-
lensis and L. adscendens. Chlorophyll pigments in S.
geminata, M. spicatum and L. adscendens negatively
correlated with most heavy metals in shoots, while
a positive correlation was observed in C. demersum.
Also, heavy metals in shoots negatively correlated
with total phenolics and flavonoids, carotenoids and
phenolics, and phenolics in C. demersum, M. spi-
catum and S. geminate, respectively. In contrast, L.
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adscendens exhibited a positive correlation between
most of these elements and antioxidant compounds.
The differential relationships between the studied
heavy metals in shoots and chlorophyll/antioxidant
compounds suggest species-specific energy allocation
strategies. Our results highlight the potential of these
species for phytoremediation in contaminated aquatic
ecosystems, and indicate that submerged species are
suitable for hyperaccumulation, while emergent mac-
rophytes function as accumulators for Mn and exclud-
ers for Fe, Cu, and Zn.

Keywords Biomonitoring - Phytoremediation -
Macrophytes - Heavy Metals - Water pollution -
Antioxidant compounds - Nile Islands

1 Introduction

The Nile River represents Egypt’s lifeline; the physi-
cal, biological, and chemical qualities of Nile water
have changed since the construction of the Aswan
High Dam. Another factor contributing to the decline
in water quality is the discharge of various anthro-
pogenic activities into the Nile, such as domestic
wastewater, agricultural runoff containing chemical
fertilizers and herbicides, industrial wastes, and river
ship waste (Abdel-Satar et al., 2017; Al-Afify et al.,
2018). Heavy metal contamination of aquatic ecosys-
tems is a major global environmental issue. Due to
their solubility and mobility, heavy metals can accu-
mulate from polluted water and sediments at various
stages of the food chain, resulting in many ecological
and health problems (Yan et al., 2010). Heavy met-
als such as Fe, Mn, Zn, and Cu are essential micro-
nutrients for plant and animal growth but are harmful
at high concentrations. Other heavy elements, such
as Cd, Pb, As, and Hg, are nonessential and toxic to
plants, even at low concentrations (Alloway, 2013).
In Egypt, laws have been issued to reduce industrial
wastewater discharge to the Nile. However, pollution
of the Nile and water scarcity are two major problems
due to population increase, industrial development,
and the construction of dams on the Nile River course
in neighboring countries. Therefore, there is an urgent
need for smart methods of managing available water
and the remediation of contaminated water (Abdelaal
et al., 2021; Abdelhafez et al., 2020; EEAA, 2002;
Fawzy et al., 2012).

@ Springer

Phytoremediation provides a cost-effective, effi-
cient, and environmentally friendly approach to
restore contaminated water bodies, compared to
physical and chemical methods, which are often
associated with high operating costs, complex pro-
cesses, low efficiency, sludge production, and the
risk of secondary pollution (Vardhan et al., 2019;
Liu et al., 2020, 2024). Phytoremediation utilizes
plants to absorb, accumulate, and transform con-
taminants into less harmful forms (Ansari et al.,
2020) which not only restores contaminated ecosys-
tems, but also enables resource recovery. Phytore-
mediation encompasses several strategies, including
phytostabilization, rhizofiltration, phytoextraction,
phytodegradation, and phytovolatilization. Among
these, phytostabilization and phytoextraction are the
most widely used methods. In phytostabilization,
plants reduce the mobility and bioavailability of
pollutants through mechanisms, such as adsorption,
chelation, complex formation with root exudates,
accumulation in root tissue, and immobilization
in the rhizosphere zone (Liu et al., 2024; Sharma
et al., 2023). Root exudates, such as amino acids,
organic acids, enzymes, and polysaccharides, play
a vital role in this strategy. They trap heavy met-
als in the root zone or enhance the concentration of
some minerals that form complexes with heavy met-
als. Additionally, some exudates provide nutrients
to rhizosphere microorganisms, promoting their
growth and further enhancing the mobility of heavy
metals in the environment (Barra Caracciolo & Ter-
enzi, 2021; He et al., 2024; Zhu et al., 2024).

In phytoextraction, plants uptake contaminants
from water and sediments through their roots and
transport them to their aboveground tissues (Rulk-
ens et al., 1998). This process involves metal-chela-
tion, binding of metal to pectin in the cell wall, and
interactions with the negative charge of plasma
membrane. Additionally, heavy metals form stable
complexes with metal-binding peptides such as phy-
tochelatins and metallothionein, followed by seques-
tration in vacuoles or apoplast space (Sabir et al.,
2015; Sarker et al., 2023; Sarwar et al., 2017). The
specific mechanisms of phytoextraction vary depend-
ing on plant species and environmental conditions.
The ideal plants for phytoextraction are characterized
by rapid growth and extensive biomass structures,
making this strategy one of the most efficient and
promising approaches for heavy metal removal from
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contaminated areas (Sarker et al., 2023; Shen et al.,
2022; Suman et al., 2018).

Aquatic phytoremediation is an emerging technol-
ogy that utilizes freshwater-adapted flowering plants,
pteridophytes, and mosses in floating, submerged,
and emergent forms to remove and degrade pollutants
from sediment and water columns (Fletcher et al.,
2020). The effectiveness of this approach depends
on several factors, including physical and chemi-
cal properties of water, the physiological status of
the plants, sediment geochemistry, plant genotype,
and the nature of the pollutant (Prasad, 2006). The
most effective macrophytes for phytoremediation are
characterized by a wide ecological amplitude, rapid
growth, nativeness, the ability to absorb and tolerate
high concentrations of heavy metals, and the capacity
to transport metals from roots to aboveground tissues
(Ali et al., 2020; Cunningham & Ow, 1996; Eid et al.,
2020). However, heavy metals can negatively impact
macrophytes by reducing chlorophyll contents, pho-
tosynthetic efficiency, and overall growth. Macro-
phytes activate antioxidant enzymes and produce
non-enzymatic antioxidant compounds that partici-
pate in heavy metal tolerance in these plants (Radié
et al., 2010; Ansari et al., 2020). Common aquatic
macrophytes used in phytoremediation technology
include members of Ceratophyllaceae, Haloragaceae,
Potamogetonaceae, Typhaceae, Polygonaceae, Ona-
graceae, Cyperaceae, Hydrocharitaceae, and Araceae
families (Fletcher et al., 2020; Prasad, 2006). Beyond
their role in phytoremediation, these aquatic macro-
phytes are valuable as raw material for biofuel pro-
duction, medicinal application, and paper pulp manu-
facturing (Haroon, 2022).

The Nile River has 144 islands between Aswan
and the Mediterranean Sea. The Nile Islands are
regarded as the most fertile soil, a unique source
of biodiversity and natural heritage, and a breath-
ing area for its surrounding cities. The ecosystems
of the Nile islands are threatened by several fac-
tors, including pollution from sewage, agricultural
waste, and trash (Abdel-Satar et al., 2024; Esmail
et al., 2023; Taha, 2014). Two main islands (Armant
and Agqalta) in Luxor governorate are associated
with severe pollution from agriculture runoff, tour-
ism ships, sewage, and industrial and urban runoff.
To our knowledge, macrophytes’pollution status and
phytoremediation potential in these islands remain
unexplored in scientific research. To evaluate the

phytoremediation potential of macrophytes in these
two islands, we selected three emergent (Setaria
geminata, Persicaria senegalensis, and Ludwigia
adscendens) and two submerged macrophytes (Cera-
tophyllum demersum and Mpyriophyllum spicatum)
for this purpose. Although some studies have demon-
strated the phytoremediation potential of these mac-
rophytes species for heavy metals in aquatic environ-
ment across Egypt, Ethiopia, India, China and Turkey
(Fitamo & Leta, 2010; Ahmad et al., 2016; Kassaye
et al., 2016; Abdelaal et al., 2021; Topaldemir et al.,
2023), there is still a significant gap in understanding
the seasonal variations of chlorophyll and antioxidant
compounds in response to heavy metal phytoremedia-
tion in these plants. We hypothesized that the selected
macrophytes can absorb and accumulate heavy met-
als (Fe, Cu, Mn, and Zn) in their tissue. The current
study aimed to: (1) evaluate seasonal and spatial vari-
ations in the concentrations of selected heavy metals
in water, sediments, and roots and shoots of selected
macrophytes from two islands; (2) assess the phytore-
mediation potential of the studied macrophytes based
on bioaccumulation and translocation factors; and
(3) investigate the relationship between heavy metal
concentrations and the behavior chlorophyll pigments
and antioxidant compound (carotenoids, flavonoids
and total phenol) in the studied plants.

2 Materials and Methods
2.1 Study Area

The study was conducted on two sedimentary islands
located in the southern section of the River Nile in
Luxor governorate, Egypt: Armant Island (inhab-
ited) and Jazazirat Al-muz (uninhabited, known as
Aqalata). Three sites were selected to represent both
islands (Fig. 1). Site 1 (25° 36°.21"N; 32° 32°.27°E)
and site 2 (25° 36°.17°N; 32° 32°.26"E) are located
on Armant Island, while site 3 (25° 40°.52"N; 32°
37°.15”E) represents Aqalata island.

2.2 Sampling
This study was conducted from April 2022 to Janu-
ary 2023. Seasonal samples of water, sediments, and

five macrophytes species (Setaria geminata (For-
ssk.) Veldkamp, Ceratophyllum demersum L.,
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Fig. 1 Map of the investigated area showing the Armant and Aqalta (Jazirzat Elmuz) islands

Myriophyllum spicatum L., Persicaria senegalensis
(Meisn.) Sojak, and Ludwigia adscendens subsp. dif-
fusa (Forssk.) P. H. Raven) were collected in triplicate
from the three sites. Water samples were collected in
plastic bottles from the water surface down to a depth
of 30 cm. In situ measurements of water temperature,
dissolved oxygen (DO), total dissolved solids (TDS),
conductivity (EC), and pH values were taken using a
portable pH and conductivity meter.

2.3 Heavy Metals in Water and Sediments

Water samples collected from the sites were acidi-
fied with concentrated HNO;, filtered using Whatman
filters, and refrigerated for heavy metal analysis (Eid
& Shaltout, 2014). Sediment samples were collected
in airtight polyethylene bags to minimize oxidation,
air-dried at room temperature, and sieved through a 2
mm sieves to remove coarse debris and stones. Sedi-
ment samples were digested, followed by microwave-
assisted acid digestion, as described in the United

@ Springer

States Environmental Protection Agency method
3051 (USEPA, 2007). Briefly, 0.25 g of dried sedi-
ment was accurately weighed and dissolved in 10 ml
of concentrated nitric acid (HNO;) and digested using
a Milestone ETHOS UP microwave digestion system
(Milestone Srl, Sorisole, Italy) under controlled con-
ditions according to the manufacturer’ protocols. The
digested solution was diluted with deionized water,
filtered, and adjusted to a final volume of 50 ml with
deionized water. The concentrations of heavy metals
(Fe, Mn, Cu, and Zn) in both water and sediments
samples were measured using the atomic absorption
spectrophotometer (Thermo Scientific iCE 3500,
USA).

2.4 Plant Analysis

Plant samples of the available species were collected,
washed on-site to remove debris and epiphytes, and
transported to the laboratory. In the lab, the plants
were thoroughly rinsed with running followed by
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distilled water. Each plant was separated into shoots
(aerial parts) and roots (underground part), oven-
dried at 70 °C until constant weight was achieved,
and ground into fine powder using a metal-free plas-
tic mill. For heavy metal analysis, one gram of each
plant sample was digested in a 20 ml mixture of
HNO;. H,SO,. HCIO, (5: 1: 1, v/v/v) until a transpar-
ent solution was obtained. The digested mixture was
then filtered and diluted to a final volume of 25 ml
with double deionized water (Eid et al., 2020). Heavy
metal concentrations were measured using an atomic
absorption spectrophotometer (Thermo Scientific iCE
3500, USA) as described earlier.

Bioaccumulation factor (BF) and translocation fac-
tor (TF) were calculated to evaluate the efficiency of
heavy metal accumulation in roots and shoots, respec-
tively. These parameters were calculated according to
the formulae (Eid et al., 2020):

BAF = Cr{)(}l/c‘

sediment [water

where C | ¢ sediment, and water '€ heavy metal concen-
trations in roots, sediment, or water, respectively.

TF =Cg,00/Cro0ot Cshoot refers to metal concentra-
tion in the shoot or aerial parts.

2.5 Biochemical Parameters

For biochemical analyses, three samples from the
collected plants for each species were used. The fol-
lowing procedure was used to determine chlorophyll
and carotenoid contents. A 0.1 g sample of plant tis-
sue was extracted in 10 ml of 80% acetone and centri-
fuged at 5000 rpm for 15 min. The absorbance of the
supernatant was measured at 645 and 663 nm for Chl
a and b. and at 480 and 510 nm for carotenoids. Cal-
culations were performed using the method described
by MacLachlan and Zalik (1963).

The total phenol was determined using the Bray
and Thorpe (1954) method. A 0.25 g shoot sample
was extracted in 25 ml of 80% ethanol and centri-
fuged at 5000 rpm for 10 min. To 1 ml of supernatant,
1 ml of Folin-Ciocalteu reagent (FCR) and 2 ml of
15% sodium carbonate were added and the absorb-
ance was measured at 650 nm.

Also, the total flavonoids were quantified using the
method described by Miliauskas et al. (2004). 2.5 ml
of AICl; in 90% ethanol (20.0 mg/ml) were added to
1 ml of the extract. The mixtures were incubated for

40 min. at room temperature, and the absorbance was
measured at 415 nm.

All absorbances were measured using a Jenway
7315 spectrophotometer (Jenway Scientific Instru-
mental Company, UK).

2.6 Data Analysis

All data were presented as means of three replicates
with standard error. Levene’s test was used to assess
the homogeneity of variances. A two-way analysis
of variance ANOVA was used to evaluate the effects
of site, season, and their interactions on the physico-
chemical properties of water, and heavy metal con-
centrations in water and sediments. Additionally, a
three-way ANOVA was used to examine the effects of
site, season, species, and their interactions on heavy
metal concentrations in plant tissues, and biochemical
parameters of the studied macrophytes. Tukey HSD
tests (P <0.05) were applied to analyze the signifi-
cant differences in the studied parameters across sites
and seasons. Principal component analysis (PCA)
was performed to investigate the correlations between
studied parameters for each plant species. All statis-
tical analyses were performed using SPSS 16.0 sta-
tistical software (SPSS Inc. version 16.0, IBM Corp.,
Armonk, NY). Values denoted by the same letter
were considered not significantly different.

3 Results
3.1 Physicochemical Parameters of Water

Two-way ANOVA revealed that both season and site
significantly influenced all water physicochemical
parameters (temperature, pH, electrical conductiv-
ity [EC], total dissolved salts [TDS], and dissolved
oxygen [DO]). However, their interaction had signifi-
cant influences on EC, TDS, and DO only (Table 1).
Regarding seasons, the highest pH, EC, and TDS
values in all sites were recorded in autumn, while
the maximum values of temperature and DO were
recorded in summer and winter, respectively. Among
the sites, Site 2 recorded the highest maximum tem-
perature compared to the other sites. Site 1 exhibited
the highest EC and TDS values during spring, while
Site 3 had the highest DO and pH values in winter
and autumn, respectively (Table 2).

@ Springer
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Table 1 Two-way ANOVA showing F and the significant lev-
els of the effect of site, season and their interaction on water
physicochemical properties in the studied sites

Table 3 Two-way ANOVA showing F and the significant lev-
els of the effect of site, season and their interactions on heavy
metal concentrations in sediments

Parameters Season Sites Season*Sites Parameters Season Sites Season * Sites
Water temperature ~ 574.3%#%* 3.7* 1.35™ Fe 507" 877 0.259™

pH 3.85% 0.29™ 1.43™ Mn 0.500™ 9.21°%%* 1.80"™

EC 2047k 16.3%%* 16.2°%%* Cu 30.69%%* 51.36%** 32,397k
TDS 235.2%%% 191.8%** 192 8% Zn 8.54 % 7.81%* 1.23™

DO 59 2%k 6. 1%k 4 ke

ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001

3.2 Sediment and Water Heavy Metals

Heavy metal concentrations (Fe, Mn, Cu, and Zn) in
sediments varied significantly across the three stud-
ied sites. The two-way ANOVA showed a significant
effect of season on Cu and Zn concentrations, but the
interaction between sites and seasons significantly
influenced Cu concentrations only (Table 3). While
Fe concentrations remained relatively constant in all
studied sites and seasons, the highest concentrations
of Cu and Zn were recorded in site 2, and of Mn in
site 3 during summer (Fig. 2). In water, ANOVA
showed significant influence of season on all studied
heavy metals, and non-significant effect of their inter-
action with site on all studied heavy metals except Cu,
and significant effect of site on Zn and Cu concen-
trations (Table 4). The highest concentrations of Fe
and Mn were recorded in site 3 and site 1 in autumn,
respectively. Site 2 had the highest concentrations of
Zn in summer, and site 3 had the highest level of Cu
during spring (Fig. 2).

ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001

3.3 Plant Heavy Metals

The results of three-way ANOVA showed that sites,
species, seasons, and their interactions had significant
effects on all the studied heavy metals (Table 5). P. sen-
egalensis roots accumulated higher Fe and Mn concen-
trations (2066 and 819 mg kg™, respectively) than other
species in the summer season, while their lowest con-
centrations (31.2 and 44.8 mg kg™, respectively) were
noticed in S. geminata shoots in autumn and summer
(Figs. 3 and 4). In spring, the highest concentrations of
Cu and Zn (36.2 and 32.3 mg kg- 1, respectively) were
recorded in S. geminata roots, while their lowest con-
centrations (1.36 and 3.1 mg kg™!, respectively) were
recorded in S. geminata shoots and L. adscendens roots
in spring and autumn respectively (Figs. 5 and 6). The
heavy metal concentrations in the studied species were
arranged in the order of Fe >Mn > Cu >Zn; their levels
could be arranged based on the pattern: S. geminata> P.
senegalensis> L. adscendens>C. demersum>M. spi-
catum, and they accumulated higher levels of all heavy
metals in root than in shoot tissues, except for Zn in
P. senegalensis and L. adscendens.

Table 2 Water

. . . Seasons  Site Temperature pH EC (uS/cm) TDS DO
physicochemical properties
of the three studied sites Winter 1 166+033d 7.59+0.1a 260.6+17b  130.3+0.87bcd 8.4 +0.18ab
f,‘;tl‘;i f;gf;::;fﬁf;’r?sso ; 11 17+051d 7.69 +0.06a 260.6 +42b  130.3+2.1bcd 8.7 +0.17a
three replicates + standard M 163+033d 8.02+0.03a 269.3+18abc 134.6+0.92abc 8.7 +0.38a
error Spring 1 21+00b  8.06+0.13a 287 +25a  143.5+0.5a 5.1+0.08d
1I 21400b 7.79+034a 252+16cd 1262+08cd 6.4 +0.4c
M 21+00b 7.82+0.la  225+l4e 1125+12¢ 6.8 +0.14c
Summer 1 26+400a  7.9+00a  253+18cd 1265+25cd  6.8+0.12¢
I 26+00a 7.97+0.03a 241.6+13de 121.5+1.1de  7.4+0.lbc
M 26+00a  78+00a 247+10d 1235+14d 6.5 +0.13¢
Autumn I 20 +0.6bc 8 +0.13a 271.3 +2.8abc 135.6 +2.4abc 6.9 +0.47c
i 20+0.0bc  8.1+0.13a 2743 +11.9ab 137.2 +6ab 7.03 +0.06¢
M 19+00c 8.17+0.03a 267.6+26abc 1338 +13abc  7.03 +0.21c

@ Springer
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Fig. 2 Heavy metal concentrations in sediments; (a) Fe, (c)
Mn, (e) Cu, and (g) Zn, and in water; (b) Fe, (d) Mn, (f) Cu,
and (h) Zn from the three selected sites during different sea-

3.4 Bioaccumulation and Translocation Factors

The three studied emergent species (S. geminata, P.
senegalensis, and L. adscendens) had bioaccumu-
lation factors (BFs) lower than one for Fe, Cu, and
Zn, but not for Mn (3.1, 4.3, and 3.6, respectively).

sons. Values represent means of three replicates =+ standard
error. Different letters indicated significant differences among
seasons and sites (Tukey’s HSD, P < 0.05)

Also, the three species had translocation factors (TF)
lower than one except for Zn in P. senegalensis and
L. adscendens, and these values showed the sequence
Zn >Cu >Mn >Fe. On the other hand, submerged
macrophytes (C. demersum and M. spicatum) showed
remarkably high BF values for all studied heavy

@ Springer
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Table 4 Two-way ANOVA showing F and the significant lev-
els of the effect of site, season and their interaction on heavy
metal concentrations in water

Parameters Season Sites Season*Sites
Fe 4.03%* 2.2m 1.69™

Mn 19.7%** 0.381™ 0.224"

Cu 252.7%%%* 8.5%* 12.3%%*%

Zn 3.3%%% 4.3% 1.7%

ns: not significant, *p < 0.05, **p < 0.01, **¥p < 0.001

metals. These BFs are arranged in the order Zn >Mn
>Fe >Cu for C. demersum and as Cu >Zn >Mn
>Fe for M. spicatum (Table 6).

3.5 Biochemical Parameters

Three-way ANOVA confirmed significant effects of
site, season, species, and their interactions on pho-
tosynthetic pigments. except for carotenoids, which
were not significantly influenced by season or the
interaction of site, season, and species (Table 5).
For all pigments, the maximum pigment levels were
observed in spring in S. geminata and L. adscendens
at site 2, in C. demersum and M. spicatum at site 1,
and in winter in P. senegalensis at site 1. Whereas
their minimum pigment values were recorded in
spring at site 3 for S. geminata and in winter at site 2
and site 3 for C. demersum and M. spicatum respec-
tively. Also, in winter, P. senegalensis had the low-
est value at site 1, and L. adscendens accumulated the
minimum pigment contents in summer season at site
2 (Fig. S1). The three-way ANOVA results showed
that flavonoids and total phenolics varied significantly
within sites, seasons, species, the interaction between

seasons and species, and the interaction between
sites and species (Table 5). Maximum total phenolics
were detected during winter in L. adscendens and C.
demersum at site 2 and in P. senegalensis at site 1.
S. geminata and M. spicatum showed significant pro-
motions of phenolic biosynthesis during summer and
spring, respectively. In winter, the highest flavonoid
contents were at site 2 in S. geminata and L. adscen-
dens and at site 3 in M. spicatum. The highest flavo-
noid contents were recorded in summer at site 1 and
in autumn at site 3 in P. senegalensis and C. demer-
sum, respectively (Fig. S2 and S3).

3.6 Principal Component Analysis

Principal component analysis showed PC1 described
59.6%, 95%, 79.4%, 98.5, and 65.2 of the variances
for the studied parameters for S. geminata, C. demer-
sum, M. spicatum, P. senegalensis, and L. adscendens,
respectively. For the same preceding arrangement, the
second component (PC2) was described as 31%, 3.4%,
18.9%, 1.4%, and 24.4%. For S. geminata, three groups
were predicted from this analysis: Fe, Mn, and Zn in
shoots, Fe and Mn in water, Cu and Zn in sediments,
and carotenoids and flavonoids formed the first group;
Cu in shoots, Cu and Mn in roots, Fe and Mn in sedi-
ments, Cu and Zn in water, chlorophyll pigments (Chl
a and Chl b), and total phenolics constructed the sec-
ond group; and Fe in roots formed the third group. C.
demersum also showed three groups from this analysis:
all heavy metals in shoots (Fe, Mn, Cu, and Zn), Chl a,
Chl b, and carotenoids and Cu in water represented the
first group; phenolics, flavonoids, Mn and Fe in water
formed the second group, while Zn in water formed the
third group. For M. spicatum, three groups were also

Table 5 Three-way ANOVA showing F and the significant levels of the effect of site, species, season and their interactions on heavy
metal concentrations, Chl a, Chl b, carotenoids, phenol, and flavonoids of the studied plants

Variables Fe Mn Cu Zn Chl a Chl b Caro Phenol Flav

Site 5255 47.46™ 2377 6.81%F 4.9% 7.9%% 10.3%%%  [1,03%%% 48 4k
Season 40.84™" 3925 7.68%%* 5188wk §.2kwk [ 7REE (340 5] @HEk 95 kk
Species 5344777 2.24™7 1437w 8332wk 337 1wkx [15.3%k 186,9%% 9093wk 969, (2%
Season * Site 8212 530"  3.71%* 17.23%%%  ]0.3%k%  30.5%k% g [Hkx 1.62" 1.88™
Season * Species 34157 14.98""  14.53%kx  [1736%F 4500k Q5% 78k 4477 08, 1#kx
Site * Species 83.51™" 11.37"" 28.55%#%  2341%%k  [03kwk [2E%EE QOwik DD (k3 3wk
Season * Site * Species  36.43""  14.3177  14.32%%x  7.12%%%  0.,056%*  0.00 1.3m 0.06™ 0.893"

ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 3 Fe concentrations in the studied species (a) Setaria
geminata shoot, (b) S. geminata root, (¢) Ceratophyllum
demersum, (d) Myriophyllum spicatum, (e) Perscaria senega-
lensis shoot, (f) P. senegalensis root, (g) Ludwigia adscendens

observed: chlorophylls, carotenoids, total phenolics,
and Cu in water represented the first group; All heavy
metals in shoots, Zn and Mn in water, Fe in sediments,
and flavonoids constructed the second group; while
Fe in water, Zn and Cu in sediments constructed the
third group. Three groups were also visualized in P.

shoot, and (h) L. adscendens root from the three selected sites
during different seasons. Data are means of three replicates
+SD. Different letters indicated significant differences among
seasons and sites (Tukey’s HSD, P < 0.05)

senegalensis: Cu and Zn in shoots, Fe and Mn in water,
Fe in sediments and phenolics formed the first group;
Fe and Mn in shoots, Zn and Cu in water, Mn and Cu
in sediments, chlorophylls, carotenoids, and flavo-
noids constructed the second group, while Zn in sedi-
ments represents the third group. Three groups were
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Fig. 4 Mn concentrations in the studied species (a) Setaria
geminata shoot, (b) Setaria geminata root, (¢) Ceratophyllum
demersum, (d) Myriophyllum spicatum, (e) Persicaria sen-
egalensis shoot, (f) Persicaria senegalensis root, (g) Ludwigia
adscendens shoot, and (h) Ludwigia adscendens root from the

also noticed from L. adscendens: Most heavy metals
in shoots (Fe, Zn, and Cu), phenolics and flavonoids,
Zn and Cu in sediments and Zn in roots and water
constructed the first group; Chlorophylls, most heavy
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indicated significant differences among seasons and sites (Tuk-
ey’s HSD, P < 0.05)

metals in roots (Fe, Mn, and Cu), Fe in water, Mn in
shoots and sediments constructed the second group;
while carotenoids, Fe in sediments and Mn in water
formed the third group (Fig. 7).
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Fig. 5 Cu concentrations in the studied species (a) Setaria
geminata shoot, (b) Setaria geminate root, (¢) Ceratophyllum
demersum, (d) Myriophyllum spicatum, (e) Persicaria senega-
lensis shoot, (f) Persicaria senegalensis root, (g) L. adscen-
dens shoot, and (h) Ludwigia adscendens root from the three

4 Discussion

Exploring the potential for heavy metal accumulation
in aquatic macrophytes is crucial for environmen-
tal impact assessment. Phytoremediation efficacy of

selected sites during different seasons. Values represent means
of three replicates +standard error. Different letters indicated
significant differences among seasons and sites (Tukey’s HSD,
P<0.05)

macrophytes depends on factors such as plant spe-
cies, research area, seasonality, plant organ, water pH,
light, and pollutant type (Abdelaal et al., 2021; Ansari
et al., 2014; Farahat et al., 2021; Fawzy et al., 2012).
Floating and emergent hydrophytes primarily rely on
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Fig. 6 Zn concentrations in the studied species (a) Setaria
geminata shoot, (b) Setaria geminata root, (¢) C. demer-
sum, (d) Myriophyllum spicatum, (e) Persicaria senegalensis
shoot, (f) Persicaria senegalensis root, (g) Ludwigia adscen-
dens shoot, and (h) Ludwigia adscendens root from the three

their root systems to remove heavy metals from sedi-
ments or water columns, whereas submerged macro-
phyte utilize their stems for contaminants uptake from
the water column (Dhote & Dixit, 2009; Fletcher
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et al., 2020). Heavy metals include both essential and
nonessential elements. Iron (Fe), one of these essen-
tial micronutrients, is essential for chlorophyll syn-
thesis, DNA production, and hormone regulation.
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Table 6 Bioaccumulation factors (BF) from sediments to
roots in Setaria geminata, Persicaria senegalensis, Ludwigia
adscendens, and from water to shoots in Ceratophyllum demer-

sum and Myriophyllum spicatum. Translocation factor (TF)
from the roots to shoots in Setaria geminate, Persicaria sen-
egalensis, Ludwigia adscendens

Heavy metals Fe Mn Cu Zn
Species BF TF BF TF BF TF BF TF
S. geminata 0.13+0.02 0.12+0.02 3.1 £0.29 0.22 +£0.05 0.82 +0.1 0.35+0.1 0.29+0.1 0.91+£0.16
C. demersum 10739 £4175 20219.5 5648.9 21409.4
+6255.3 +3528.7 +11527
M. spicatum 9373 £227.6 20485.2 31880.6 21906.9
+1231 +14598.7 +5138
P. senegalen- 0.12+0.07  0.15+0.03 4.3 +2.40 0.25 +0.04 0.92 +0.32 0.51 +0.26 0.39 +0.1 1.07 £0.36
Sis
L. adscendens ~ 0.07 £0.00  0.17 +£0.05 3.6 +0.62 0.29+£0.04 0313 £0.07  0.65+0.13 0.14 +0.02 1.4 £0.27

Values are expressed as mean +SE

However, excessive Fe concentrations are potentially
toxic to plants (Coelho et al., 2023; Rout & Sahoo,
2015). In the present study, Fe concentrations in
water and sediments at the three sites were below
both WHO/FAO (2007) irrigation water guidelines (5
mg/1) and EPA (2006) benchmarks for freshwater sed-
iment (20 mg/kg). However, concentrations in sub-
merged macrophytes and emergent plant roots exceed
the upper limit of 500 mg/kg), as defined by Kabata-
Pendias (2011). Similar findings were reported by
Harguinteguy et al. (2016) in the Ctalamochita River,
Argentina, where Fe concentrations in water were
within the permissible irrigation limits, but sediments
and submerged macrophytes (Myriophyllum aquati-
cum and Potamogeton pusillus) Fe levels exceeded
guideline values for sediments and plants. Compara-
ble Fe accumulation patterns were observed in other
hydrophytes (Eichhirnia crasslpes, Pisitia stratiotes
and Jussiaea reppens) in floating island system near
riversides in China (Zhao et al., 2012).

Interestingly, the maximum Fe concentration was
recorded in the roots of the studied species during
summer, the high root-zone temperature enhances
iron and nutrient uptake (Baghour et al., 2016; Falah
et al., 2005). A number of studies had been published
about the presence of iron plaque around the roots of
many hydrophytes (Eid & Shaltout, 2014; Farahat
et al., 2021; Wang & Peverly, 1996). These findings
suggest that iron accumulation in the root system
may be attributed to iron aggregation around the root
surface of the studied macrophytes, together with
high root temperatures during the summer. Another
interesting finding is that the submerged hydrophytes

C. demersum and M. spicatum have higher con-
centrations of Fe in their tissues than the emergent
macrophytes’shoots (S. geminata, P. senegalensis,
and L. adscendens). Many submerged macrophytes,
such as C. demersum and Rotala rotundifolia (Buch.-
Ham. ex Roxb.) Koehne exhibited the same heavy
metal accumulation trend compared to the emergent
hydrophyte Bacopa monnieri (L.) Wettst., as well as
C. demersum and M. spicatum compared to Phrag-
mites australis (Cav.) Trin. ex Steud. (Dogan et al.,
2015; Fawzy et al., 2012). The submerged macro-
phytes’ efficiency may be attributed to their high sur-
face area to biomass ratio (Xing et al., 2013).
Manganese (Mn) is an essential micronutrient for
plant development and growth due to its vital role
in photosynthesis, respiration, antioxidant enzymes,
hormone signaling, and pathogen defense. Manga-
nese is a cofactor in the oxygen-evolving complex,
MnSOD enzymes, and isoprenoid biosynthesis (Ale-
jandro et al., 2020). However, excessive Mn levels
inhibit plant growth and development. The present
study showed that Mn concentrations in the water
from all three sites were below the WHO acceptable
limit for irrigation water (200 pg/L), and Mn levels
in the sediment are within the EPA’s safe limit (400
pg/g) except for site 3 during the summer. However,
Mn levels in submerged macrophytes and emergent
plant roots exceed the maximum limit of 400 mg/
kg established by Kabata-Pendias (2011). Similarly,
Mn concentrations in water and macrophytes (Echi-
nochloa stagnina, Paspalidium geminatum and Nym-
phaea nouchalli) were below acceptable limits in
Ethiopian lakes (Koka, Ziway, and Awassa), but its
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Fig. 7 Biplot of Principal components 1 and 2 in the studied
species (A: Setaria geminata, B: Ceratophyllum demersum,
C: Myriophyllum spicatum, D: Persicaria senegalensis and E:
Ludwigia adscendens from the three selected sites during dif-
ferent seasons. Fe: Fe in the shoot, Mn: Mn in the shoot, Cu:
Cu in the shoot, Zn: Zn in the shoot, Fer: Fe in the root, Mnr:

concentrations in sediments surpassed the permit-
ted limits at some sites (Kassaye et al., 2016). Also,
Sojitra et al. (2024) reported that Mn concentrations
in sediments and plants (Paspailidium geminatum and
Typha angustata) of the Uben River in India exceeded
the permitted limits. Even many anthropogenic
sources of manganese exist, such as mining, industrial
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Mn in the root, Cur: Cu in the root, Few: Fe in water, Mnr: Mn
in water, Cuw: Cu in water, Znw: Zn in water, Fes, Fe in sedi-
ments, Mns: Mn in sediments, Cus: Cu in sediments, Zns: Zn
in sediments, Chl a: chlorophyll a, Chl b: chlorophyll b, Car:
carotenoids, Flav: Flavonoids; Phe: total phenol

wastes, fertilizers, fungicides, and antiknock com-
pounds in petrol (Gerber et al., 2002; Huang et al.,
2021), considerable amounts of Mn in sediments at
site 3 during the summer may be attributed to waste-
water and agricultural discharges from nearby settle-
ments and farmland, and the elevated Mn concen-
tration in the water at the three sites during autumn
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could attributed to fall turnover. Mn concentrations
increased remarkably during summer in S. geminata
roots, and in P. senegalensis shoots and roots. But
during spring, it increased in S. geminata shoot, and
in C. demersum, M. spicatum, and L. adscendens
shoots and roots. These increases may be due to dis-
solved oxygen depletion during both seasons and
low pH levels in the summer. It is well-known that
Mn?* is the available form of manganese for plants,
and this Mn species is the dominating form in low pH
and anoxic conditions (Huang et al., 2021; Johansson,
2005).

Copper toxicity is an environmental pollutant that
deleteriously impacts chlorophyll synthesis, photo-
synthesis, electron transport system, and plant devel-
opment and growth (Hossain et al., 2020; Li et al.,
2023). The Cu concentrations at the three sites were
within the WHO/FAO (2007) limit for irrigation
water (0.2 mg/L). The results suggest that Cu increase
may result from Cu release under low pH in sites 2
and 3 during spring and under elevated tempera-
ture at site 2 during summer (Hong et al., 2010; Li
et al., 2013). Site 2 had the highest Cu concentrations
in sediment during the summer, exceeding the EPA
(2006) guideline of (31.6 ug/g). This could be due to
the extensive agricultural drainage from nearby corn
farms (Fawzy et al., 2012). The Cu concentrations in
the examined macrophytes varied according to plant
species and tissues. The Cu concentrations in S. gemi-
nata roots in spring at site 2 and P. senegalensis roots
in summer at site 1 exceeded Alloway’s (2012) safe
range for Cu in plants (4 to 20 mg/kg). This behav-
ior may respond to considerable amounts of soluble
copper, such as free cupric ions, in water at the same
sites and seasons. Globally, Martinez and Shu-Nyam-
boli (2011) reported that Cu concentrations exceeded
the permissible limits in sediments and macrophytes
(Elodea, Potamogeton, and Fontinalis) at some sites
along the Gallinas River, USA. In contrast, Cu con-
centrations were within the safe limit in water and
macrophytes (Paspalidium geminatum and Phrag-
mites karka) in Lake Koka, Ethiopia (Kassaye et al.,
2016).

Zinc is a trace element required for plant growth,
and it is crucial for ion homeostasis, enzyme activ-
ity, and plant physiological and metabolic processes.
However, zinc toxicity disrupts other nutrient absorp-
tion, and high zinc concentrations decrease photosyn-
thetic activity, gas exchange, and plant development

(Bankaji et al., 2019; Chakraborty & Mishra, 2020;
Hamzah Saleem et al., 2022). Zn concentrations
in water and sediments of the three locations were
within the permissible limits (2 mg/L for irriga-
tion water and 121 mg/kg for sediments), according
to WHO/FAO (2007) and EPA (2006) Benchmarks,
respectively. Also, Zn concentrations in the studied
species were within the safe concentrations in plants
(30 to 100 pg/g dry weight). Similarly, Zn concen-
trations in water and macrophytes remained within
permissible limits, however, its levels in sediments
exceeded permissible limits in the Hokersar Wetland,
Kashmir Himalaya, India (Ahmad et al., 2016). Also,
Zn level in water remained within acceptable limits
in the Oued Fez River, Morrocco, while its concen-
trations in macrophytes Pistia stratiotes exceeded
the permissible levels in some sites (Chedadi et al.,
2024). On the other hand, Fe and Zn had a mutual
antagonistic relationship due to the similarity of
their basic transporter proteins (IRT1 and IRT2) and
divalent cations. High available iron concentrations
inhibit zinc uptake in many plants (Rai et al., 2021;
Ray et al., 2014; Saenchai et al., 2016; Sinclair &
Kramer, 2012). This explains the low Zn levels in the
investigated plants, given the high iron concentrations
in both water and sediments.

We also used the translocation factor (TF) and
the bioconcentration factor (BCF) to evaluate the
phytoremediation capacity of the examined species.
Based on the bioconcentration factor (BCF), plant
species are classified into three categories: excluder
or indicator (BCF < 1), accumulator (1 <BCF < 10),
and hyperaccumulator (BCF > 10) plants (Lam et al.,
2023). Perelman (1966) proposed a different scheme
that classified plant species into five categories: very
weak absorption (0.001 <BAC <0.01), weak absorp-
tion (0.01 <BAC <0.1), intermediate absorption
(0.1 <BAC <1), strong absorption (1 <BAC < 10),
and intensive absorption (10 <BAC <100) species.
However, plant species are classified into two cat-
egories according to their translocation factor: effec-
tive translocation (TF > 1) and ineffective transloca-
tion (TF < 1) species (Mocek-Ptociniak et al., 2023).
Nouri et al. (2011) reported that species with a high
BAF and low TF may be suitable for phytostabiliza-
tion. Meanwhile, species with TF and BAF greater
than 1 indicate they are suited for phytoextraction. In
the current study, the BAF and TF values for S. gemi-
nata, P. senegalensis, and L. adscendens were less
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than one for Fe, Cu, and Zn, except the TF of P. sen-
egalensis and L. adscendens for Zn. While the BAFs
were greater than one for these species for Mn. The
limited translocation of Fe, Mn and Cu may result
from their sequestration of these elements in the
root cortex outside the endodermis layer, while the
high translocation of Zn to shoots in P. senegalen-
sis and L. adscendens likely reflects its essential role
in metabolic activities of these plants (Klink, 2017,
Marchand et al., 2014). Based on the preceding clas-
sification, these results suggest that the three species
have intermediate absorption for Fe, Cu, and Zn, fall
within the excluder category, and are suitable for bio-
monitoring and phytostabilization of these elements.
However, the same species had strong absorption and
might be considered an accumulator for Mn. Heavy
metals sequestration in plant roots may be caused by
the expression of many vacuolar transporters in the
root’s cortex and epidermis layers, implying that this
process occurs in outer cell layers (Giehl et al., 2023).
In contrast, the submerged macrophytes C. demersum
and M. spicatum had the highest BF for all metals,
thus indicating their potential role as hyperaccumula-
tors. These results may be attributed to the dissected
leaves of both species, which increase their surface
area. Submerged macrophytes absorb heavy metals
through their entire body, particularly their leaves, via
passive movement followed by active transport into
the vacuoles (Dhir et al., 2009; Rahman & Hasegawa,
2011). Additionally, phytoremediation using macro-
phytes not only cleans up the contaminated sites but
also contributes to carbon dioxide sequestration and
mitigating climate change, reducing energy consump-
tion, and enhancing local biodiversity and ecosystem
health by improving water quality (Guidi Nissim
et al., 2023; Pandey et al., 2022). Also, macrophytes
promote biodiversity by increasing animal assem-
blage and biodiversity due to their role in providing
stable habitats, shelter, and feeding sites for aquatic
organisms (Thomaz & Cunha, 2010; Bendary et al.,
2023). Therefore, macrophytes play an important role
in the stability and functioning of aquatic Ecosystem
(Manca et al., 2022).

PCA analyses were performed for the studied spe-
cies. For S. geminata, PCA revealed that chlorophyll
and total phenolic contents were associated with the
positive X-axis. However, in shoots, flavonoids, carot-
enoids, Fe, Zn, and Mn correlated with the nega-
tive X-axis. In C. demersum, chlorophyll and heavy
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metals in the shoot were shown to be associated with
the positive X-axis, while antioxidant compounds
were associated with the negative X-axis. However,
in L. adscendens, most heavy metals in shoots and
antioxidant compounds (phenolics and flavonoids)
were grouped on the negative X-axis, and photosyn-
thetic pigments and most heavy metals in water were
grouped on the positive X-axis. For M. spicatum, the
group of heavy metals in shoot, sediment, and water
were negatively correlated with chlorophyll, carot-
enoids, and phenolic, but in P. senegalensis, chloro-
phyll, flavonoids, Fe, and Mn in shoots were grouped
on the positive X-axis. In contrast, total phenolics,
Cu, and Zn in shoots were observed on the opposite
negative axis. These results suggest four differen-
tial strategies: (1) the phytoremediation potential of
C. demersum due to the investment of energy in the
maintenance of chlorophyll content rather than using
it in the biosynthesis of antioxidant compounds; (2)
the phytoremediation potential of L. adscendens con-
current with an investment of energy in antioxidant
compound biosynthesis; and (3) the phytoremediation
potential of M. spicatum adversely correlated with
chlorophyll, carotenoids, and phenolic compounds.
Also, S. geminata showed a similar trend in the rela-
tion between most heavy metals in the shoot with
chlorophyll and phenolic contents. (4) The behavior
of chlorophyll and antioxidant compounds in P. sen-
egalensis based on the type of heavy metals. In the
present study, non-enzymatic antioxidant responses
differed between the studied plants. According to
Bhaduri and Fulekar (2012), antioxidant enzymes
play a significant role in phytoremediation; hence,
more research is needed to determine their role in
macrophytes’tolerance under heavy metal stress
conditions.

Although phytoremediation offers an environ-
mentally friendly approach to pollutant removal
from the aquatic environment, it faces several limita-
tions concerning time consumption, specificity, and
contaminated biomass disposal. Phytoremediation
is time consuming process, and it can take several
years, especially in highly contaminated areas due
to the slow growth of such plants. Also, the process
has high specificity, i.e., it depends on plant species,
contaminant type, site physiochemical properties,
and plant—microbe interactions in rhizosphere area.
On the other hand, proper disposal methods of plants
with high contaminant levels at the end of the process
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must be carefully selected. These challenges can be
addressed through proper design, plant species selec-
tion, and advanced techniques (Aryal, 2024; Kafle
et al., 2022). For example, in the present study, explo-
ration of cosmopolitan species, such as C. demersum
and M. spicatum is crucial for global application.
Also, perennial species with creeping rhizomes, such
as S. geminate, offer a continuous phytoremediation
system and sufficient biomass for analysis.

Understanding phytoremediation mechanisms can
aid genetic engineering to enhance plant resilience,
growth rate, and pollutant tolerance and accumula-
tion under varying climatic conditions. Also, inves-
tigating associated microorganisms is very important
as they promote plant growth, nutrient uptake, and
stress tolerance, thereby enhancing phytoremedia-
tion efficiency (Sarker et al., 2023; Yan et al., 2020).
Long-term field studies on macrophytes biodiversity,
phytoremediation potential, and associated microor-
ganisms will provide insights into unique information
about the recovery period of these plants under con-
taminated areas and identify plant species suitable for
water quality restoration systems such as ecological
floating bed and constructed wetland. Contaminated
plant biomass can be managed through incinera-
tions or pyrolysis, with potential recovery of useful
chemicals (Jaramillo et al., 2019; Liu et al., 2024,
Shen et al., 2022). Finally, phytoremediation holds a
promising solution for restoring heavy metal-polluted
aquatic system in the Nile. However, extensive long-
term studies are needed to enhance its efficiency,
elucidate molecular mechanism, and explore the rela-
tionship between the remediation efficiency and bio-
diversity in these ecosystems.

In conclusion, we confirm that the selected macro-
phytes have phytoremediation potential for the heavy
metals investigated in the Nile River islands ecosys-
tem, and except for Zn, emergent macrophytes (S.
geminata, P. senegalensis, and L. adscendens) accu-
mulated higher concentrations of all studied heavy
metals in their root tissues than in aboveground tis-
sues. Furthermore, these species accumulated larger
quantities of Mn in their belowground tissues than
in sediments. Therefore, based on the type of heavy
metals, these emergent macrophytes are suitable for
biomonitoring and phytostabilization. Submerged

macrophytes are ideal for accumulation and phyto-
extraction. The results suggest a dynamic interaction
between heavy metals in shoots, chlorophyll, and
antioxidant compounds. There are species-specific
differences in the energy allocation behavior between
heavy metals and biochemical parameters. Our
results suggest that the selected species can be used
as a unique green solution for removing heavy metals
from polluted islands.
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