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Abstract 
The increasing contamination of aquatic ecosystems by these anthropogenic activities poses a significant threat to biodiversity and human health. Rapid urbanisation has raised a new challenge in managing water as the expansion of industrial activities and increasing population stepped up the demand for more fresh water resources for survival. The present study investigated the uptake and anatomical effects of potentially toxic elements (PTEs) by lotus (Nelumbo nucifera) cultivated in floating streams within Alvan Ikoku Federal University of Education Owerri, Imo State Nigeria. Samples of Water lotus (Nelumbo nucifera) were collected from three different locations within Alvan Ikoku Federal University of Education Owerri and labelled midstream, upstream and downstream respectively and analyzed using standard analytical protocols. The data generated was subjected to analysis of variance using SPSS software (version 22.0) comparison among mean values was calculated using Least Significant Difference (LSD). Results obtained showed Statistically significant (P<0.05) differences were observed in root diameter. The plants of downstream (846 µm) and upstream (746 µm) sites showed higher root diameter as compared to midstream site (557 µm). The higher values of epidermal thickness and cell area were noted in roots collected from upstream area (34.51 µm & 371.5 µm) and midstream (25.61 µm & 150 µm) respectively, while the least epidermal thickness was gotten from downstream (18.00 µm). No significant differences were observed in the thickness of leaf epidermis but the samples of midstream site displayed higher leaf epidermal area (12293) as compared to downstream (11262) and upstream (8790 µm2) sites. Plant samples from downstream site also displayed higher phloem area (325 µm2) as compared to upstream (329 µm2) and midstream site (141 µm2). The highest concentration of Cadmium was obtained from Agric Department with a mean value of 0.370±0.08 mg/L followed by samples gotten from Water lotus downstream (0.215±0.09 mg/L) while the least Cadmium concentration in the study locations was obtained from Nworie midstream with a mean value of 0.078±0.01 mg/L. values obtained for heavy metals were below WHO benchmark. The study provided valuable information on the necessity of continuous monitoring and pollution mitigation strategies to ensure the safety of floating stream garden-derived crops. These results demonstrate marginal contamination of water, with heavy metals, leading to water lotus ability to bio-concentrate and bioaccumulate, all of which are risk factors for aquatic macrophytes and for human health. This could be attributed to the dumping site by most of the inhabitants and discharge of industrial pollutants into the study areas. Public awareness and education about sources and health implications of heavy metals should be improved. Government should enforce the laws that ensure standard waste treatment by industrial plants before it is being discharged into water bodies
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Introduction 
Aquatic ecosystems across the globe are increasingly vulnerable to contamination from anthropogenic activities, particularly those associated with industrialization, oil exploration, agricultural and urban runoff. The increasing contamination of aquatic ecosystems by these anthropogenic activities poses a significant threat to biodiversity and human health. Water    contamination    in    lotus    farming    is influenced   by several   key   factors.   Industrial pollution plays a significant role, as the discharge of chemicals, heavy metals, and toxic waste from nearby  factories  often  finds  its  way  into  water bodies,  leading  to  severe  pollution (Gadekar and Katre, 2025). 
Studies have shown that aquatic ecosystems is crucial for sustaining biodiversity, have positioned the lotus (Nelumbo nucifera) at the forefront of cultural and scientific realms [1]. Nelumbo nucifera stands out not solely for its historical and aesthetic significance but also for the breadth of research elucidating its complex nature [2]. Historically, the lotus has been a prominent feature in ancient civilizations, with its seed pod depicted in Egyptian iconography and Vedic texts, highlighting its ceremonial and utilitarian roles [3]. Beyond its ornamental value, Nelumbo nucifera plays a critical ecological role, contributing significantly to the health of aquatic habitats [4]. The plant has become a focal point in aquatic flora studies, showcasing the broad ecological advantages of comprehensive research [5].
Rapid urbanisation has raised a new challenge in managing water as the expansion of industrial activities and increasing population stepped up the demand for more fresh water resources for survival. Furthermore, the rapid strike of industry, human population, and irrigated agricultural practice has simultaneously led to the increasing of the wastewater discharge, i.e., the run-off fertiliser into the surface water without appropriate treatment. Some of the water is flowing across the surface of the ground and some is already in the network of streams. The rivers are then conveying the water to the oceans or to closed inland seas.



N. nucifera has a good characteristic in phytoremediation system due to the plant anatomy of leaves, stem, and rhizomes that provide a good habitat for bacteria to attach and grow whereby these factors contribute to 79% removal of BOD in Thailand’s domestic wastewater [6]. However, none study has been conducted on using the plant to treat fresh contaminated surface water that causes by the run-off fertilizer of an agriculture sectorsDespite the extensive research on Nelumbo nucifera, a noticeable gap persists in the integration of findings across diverse scientific disciplines.



Materials and methods 
Sample collection and preservation
[bookmark: _Hlk204980157][bookmark: _Hlk204980086]Samples of Water lotus (Nelumbo nucifera) collected from three different locations within Alvan Ikoku Federal University of Education Owerri and labelled midstream, upstream and downstream respectively.  The roots and shoots were immediately separated and preserved in FAA (Formalin acetic acid) solution as described by Johansen. (1940). Afterwards, samples were shifted to acetic alcohol solution (one-part acetic acid mixed with three parts ethyl alcohol) for long term preservation until analyses.
[image: Plant Spotlight: Sacred Lotus - Brooklyn Botanic Garden]
Plate 1: water lotus growing in its natural habitat
Anatomical studies
The anatomical analysis was executed on fully developed leaves and roots. Permanent cross sections of leaves and roots were prepared. For that purpose, leaf sections were cut from abaxial side using steel blades and root sections from maturation zone, then washed with sodium hypochlorite (50%) and rinsed in sterile water two to three times. The samples were stained with 1% safranine solution and then mounted on slides by using 50% glycerol (Johansen, 1940). All of the section cuttings were performed using steel blades manually. Double mounting method was used to prepare permanent slides by using Canada balsum in double mounted process. Olympus microscope (Olympus, Tokyo, Japan) was used to observe each slide at different powers objectives viz, X10, X40 and photographed with digital camera.
Statistical analysis
[bookmark: _Hlk204980185]The data generated was subjected to analysis of variance using SPSS software (version 22.0) comparison among mean values was calculated using Least Significant Difference (LSD

Results and discussion
Results 
Root anatomy of water lotus collected from the study areas
[bookmark: _Hlk204980211]The roots of water lotus (Nelumbo nucifera) collected from different study locations revealed modified anatomical features as shown in Figure 1. Statistically significant differences were observed in root diameter (Table 1). The plants of downstream (846 µm) and upstream (746 µm) sites showed higher root diameter as compared to midstream site (557 µm). 
[bookmark: _Hlk204980231][bookmark: _Hlk204980255]Similarly, different study sites influenced significantly on thickness and cell area of root epidermis (Fig. 1b, c). The higher values of epidermal thickness and cell area were noted in roots collected from upstream area (34.51 µm & 371.5 µm) and midstream (25.61 µm & 150 µm) respectively, while the least epidermal thickness was gotten from downstream (18.00 µm). Furthermore, thickness of parenchyma and its cell area was also measured and it showed significant differences among three collection sites. Parenchyma thickness was higher in plants of downstream site (31.72 µm) as compared to plants from other two sites. The parenchyma area was found higher in samples of downstream site (113.5 µm2) then upstream (108.6 µm2) and midstream site (43.03 µm2). 
Furthermore, significant differences were observed in thickness and cell area of metaxylem among three collection sites. Mainly, upstream site showed higher metaxylem thickness (115.3 µm) and cell area (15589 µm2) while minimum metaxylem thickness (104.5 µm) and cell area (800 µm2) was recorded in plants of upstream site. Furthermore, statistically significant differences were observed in phloem thickness and cell area among all samples collected from different study locations. The maximum thickness of phloem was observed in the samples of downstream (23.14 µm) and upstream (19.34 µm) respectively, while lowest thickness of Phloem was observed in plants of midstream site (6.30 µm). Similarly, in case of phloem cell area, higher values were observed in the samples of upstream (107.7 µm2) and downstream (105.9 µm2) as compared to plants of midstrea site (33.70 µm2).
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Fig.1 Anatomical study of root samples collected from (a) midstream (b) upstream  (c) downstream sites 
Table.1 Anatomical characteristics of root tissues in water lotus from different eco-zones
	Study locations
	Root diameter (m)
	Epidermis thickness (m)
	Epidermis Area (m)
	Parenchyma thickness (m)
	Parenchyma area
(m)
	Metaxylem thickness (m)
	Metaxyle m
Area
(m2)
	Phloem Thickness (m)
	Phloem Area (m2)

	Midstream  
	557b
	25.61c
	150b
	18.97b
	43.03b
	104.5a
	800b
	6.30ab
	33.70b

	Upstream 
	746a
	34.51a
	[bookmark: _Hlk197165882]371.5a
	31.72a
	108.6a
	115.3a
	15589a
	19.34a
	107.7a

	Downstream 
	846a
	18.00b
	144.8c
	25.57ab
	113.5a
	44.60b
	1203c
	23.14a
	105.9a












Leaf anatomy of Nelumbo nucifera collected from the study areas 
[bookmark: _Hlk204980288][bookmark: _Hlk204980305]The leaves of water lotus collected from different study sites displayed modified anatomical characteristics as shown in Figure 2 and Table 2. No significant differences were observed in the thickness of leaf epidermis but the samples of midstream site displayed higher leaf epidermal area (12293) as compared to downstream (11262) and upstream (8790) sites. Furthermore, significant differences were found in mesophyll thickness and cell area. It was deduced from the studies that increase in mesophyll thickness (107 µm) and cell area (11652 µm2) were recorded in samples of upstream site as compared to other two sites. To investigate the changes in anatomy of stomata in different study locations, cell area of stomata was calculated and statistically no significant differences were found in stomatal area. Similarly, non-significant differences are found in the mataxylem thickness and metaxylem area among samples of three sites. The phloem thickness was significantly higher in plants of upstream site (15.80 µm) as compared to downstream (11.30 µm) and midstream (7.32 µm) sites. Plant samples from downstream site also displayed higher phloem area (325 µm2) as compared to upstream (329 µm2) and midstream site (141 µm2).
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Fig.2 Anatomical study of leaf samples collected from (a) midstream (b) upstream (c) downstream sites; ade: Abaxial epidermis; ade: Adaxial epidermis; ae: Aerenchyma; vb: Vascular bundle; pp: Palisade parenchyma








Table.2 Anatomical studies of leaf tissues in Nelumbo nucifera collected from the study areas
	Study locations 
	Epidermis thickness
(m)
	Epidermis area
(m)
	Mesophyll. thickness
(m)
	Mesophyll area
(m)
	stomatal area
(m)
	Metaxylem thickness
(m)
	Metaxylem Area
(m2)
	Phloem Thickness
(m)
	Phloem Area
(m2)

	Midstream  
	115.8a
	12293a
	63.61b
	2040b
	1228a
	35.16a
	1418a
	7.32b
	141b

	Upstream 
	117a
	8790b
	107a
	11652a
	14381a
	36.97a
	1182a
	15.80a
	329a

	Downstream
	118a
	11262ab
	105a
	8630a
	2714.6a
	31.68a
	810a
	11.30ab
	325ab

















Heavy metal concentration in water samples 
[bookmark: _Hlk204980332]Heavy metal concentration detected in water from study locations (Nworie midstream, Nwori Downstream, D hostel, B hostel, Nworie upstream, English 1000 capacity, Agric department, Alvan Nursery, Future hope shell camp, NAS Biology building, Safari club shell attue camp, Water lotus upstream and Water lotus downstream) is shown in Table 3. Results obtained from the aquatic environments revealed variation in concentrations of Cadmium, Lead, Manganese, Copper, Zinc, Iron, Fluoride, Arsenic and Mercury from the study locations. The highest concentration of Cadmium was obtained from Agric Department with a mean value of 0.370±0.08 mg/L followed by samples gotten from Water lotus downstream (0.215±0.09 mg/L) while the least Cadmium concentration in the study locations was obtained from Nworie midstream with a mean value of 0.078±0.01 mg/L. However, the concentrations of Cadmium across the study locations was observed to be within WHO 0.003 mg/L standard for water quality.
There was no statistically significant difference (p<0.05) in mean Pb contents in the water samples in all the study locations. The results revealed that the highest concentration of Pb in water was obtained from Agric Department with a mean value of 0.082±0.06 mg/L while the least value of Pb was gotten from Nwori Downstream with a mean value of 0.011±0.01 mg/L.  The values obtained for Pb was significantly higher than 0.01 mg/L recommended by the WHO. 
There was a significant variation in Manganese of the water samples across the study locations. The highest concentration of Mn was observed from water lotus upstream with a mean value of 1.343±0.19 mg/L followed by safari club shell camp (0.034±0.18 mg/L) while the least value of Mn was obtained from Agric Department with a mean value of 0.370±0.08 mg/L. Concentration of Mn in water was within 0.05 mg/L recommended by the WHO. Similarly, Cu concentration revealed a significant difference (p<0.05) in all the study locations with the highest mean value at Safari club shell camp (0.196±0.06 mg/L) while the least concentration was obtained from Nworie downstream (0.055±0.01 mg/L). The concentration of Cu across the study locations was within 2.0 mg/L recommended by the WHO. The concentration of Zn at Agric Department was observed to be the highest with a mean value of 0.370±0.08 mg/L while the least was gotten from Nworie downstream (0.010±0.01 mg/L). 
The values of Zn as compared with WHO showed that Zn was within recommended limit of 3 mg/L. The highest mean value of Fe was obtained from Water lotus downstream and upstream with mean values of 1.213a±0.16 mg/L and 1.106±0.14 mg/L respectively. However, these value were within 2 mg/L benchmark by the WHO. Fluoride content in water samples varied across the study locations with the highest mean value obtained from NAS Biology building (0.085±0.04 mg/L) while the least value of F was gotten from Nworie midstream 0.010±0.01 mg/L. samples collected from Water lotus downstream recorded the highest value of Arsenic with a mean value of  0.821±0.19 mg/L followed by water lotus downstream (0.801±0.18 mg/L). There was no statistically significant variation (p<0.05) in mean Hg contents in water samples from the study areas. Samples collected from Alvan nursery recorded the highest mean value of Hg 0.793±0.16 mg/L while the least value was gotten from Future hope shell (0.074±0.04 mg/L). 




Table 3: Concentration of heavy metals in water from the study locations 
	Locations
	Heavy metals (ppm)

	
	Cd
	Pb
	Mn
	Cu 
	Zn
	Fe 
	F
	As
	Hg 

	Nworie midstream
	0.078c±0.01
	0.041c±0.01
	0.472c±0.11
	0.056c±0.01
	0.011d±0.01
	0.431e±0.11
	0.010d±0.01
	0.016e±0.01
	0.331d±0.12

	Nwori Downstream
	0.077c±0.01
	0.011c±0.01
	0.472c±0.11
	0.055c±0.01
	0.010d±0.01
	0.431e±0.11
	0.013d±0.01
	0.016e±0.01
	0.331d±0.12

	D hostel
	0.088c±0.02
	0.021c±0.01
	0.588c±0.12
	0.067c±0.01
	0.011d±0.01
	0.455e±0.12
	0.013d±0.01
	0.019d±0.01
	0.355d±0.13

	B hostel
	0.089c±0.02
	0.013c±0.01
	0.588c±0.12
	0.068c±0.01
	0.012d±0.01
	0.457e±0.12
	0.032c±0.02
	0.060c±0.02
	0.509c±0.14

	Nworie upstream
	0.088c±0.02
	0.015c±0.01
	0.682c±0.13
	0.068c±0.01
	0.013d±0.01
	0.458e±0.12
	0.033c±0.02
	0.060c±0.03
	0.514c±0.14

	English 1000 capacity
	0.088c±0.02
	0.025c±0.01
	0.691c±0.14
	0.068c±0.01
	0.013d±0.01
	0.458e±0.12
	0.048b±0.02
	0.064b±0.03
	0.523c±0.14

	Agric department
	0.370e±0.08
	0.052d±0.01
	0.370e±0.08
	0.052d±0.01
	0.370e±0.08
	0.052d±0.01
	0.048b±0.02
	0.066b±0.03
	0.789b±0.14

	Alvan Nursery
	0.087c±0.02
	0.031b±0.02
	0.662c±0.14
	0.077b±0.01
	0.019c±0.01
	0.509d±0.13
	0.050a±0.03
	0.070a±0.04
	0.793a±0.16

	Future hope shell camp
	0.169b±0.03
	0.033b±0.02
	0.692c±0.15
	0.147b±0.03
	0.023c±0.02
	0.514d±0.13
	0.074c±0.04
	0.645c±0.13
	0.074c±0.04

	NAS Biology building
	0.177b±0.03
	0.031b±0.02
	0.888c±0.16
	0.143b±0.03
	0.026c±0.02
	0.723d±0.14
	0.085b±0.04
	0.723c±0.14
	0.085b±0.04

	Safari club shell attue camp
	0.189b±0.04
	0.042b±0.03
	1.034b±0.18
	0.157b±0.03
	0.035b±0.02
	1.000c±0.11
	0.084b±0.05
	0.778c±0.17
	0.084b±0.05

	Water  lotus upstream
	0.201a±0.07
	0.063ab±0.04
	1.343a±0.19
	0.196a±0.06
	0.057a±0.04
	1.106b±0.14
	ND
	0.801b±0.18
	0.096a±0.06

	Water lotus down stream
	0.215a±0.09
	0.082a±0.06
	1.079a±0.20
	0.099a±0.07
	0.062a±0.04
	1.213a±0.16
	ND
	0.821b±0.19
	0.097a±0.06


Mean along the column having different superscript of alphabets differ significantly at P < 0.05 using Duncan Multiple Range Test (DMRT) 





Discussion
The study established anatomical characteristic of water lotus sampled from different sites within Alvan Ikoku Federal University of Education of Owerri, Imo State Nigeria. The anatomical analysis displayed significant variations in root and leaf anatomical characteristics collected from these sites. Previously, water lotus plants have been exhibited increased stomatal density, and parenchyma thickness of stems under heavy metal stress conditions while roots did not exhibit any vascular system improvement [7]. Alteration in anatomical features of aquatic macrophytes have been reported [8].
In our study, samples from downstream site appeared with increase root diameter, epidermis thickness and area as well as parenchyma thickness as compared to other two sites. The exodermis, endodermis and epidermis of roots are considered as apoplastic barriers to different substances [8]. It suggests that increase in epidermis area and thickness can block the entry of toxic substances towards shoots which can ultimately improve stress tolerance in downstream site plants. The observed increase in root diameter, epidermis and parenchyma from midstream samples is also an indicator of higher contents of metals in this region as compared to other two sites. Xylem and phloem tissues are mainly related to an important phenomenon of biological compound formation known as photo-assimilation transport, which ultimately leads towards better development of root system as well as improved food supply in daughter plants [9]. In our study non-significant differences were observed in stomatal area from all three sites.
Water lotus plants display anatomical modifications in different sites due to presence of heavy metals, contaminants and water quality. Samples collected from downstream site exhibited higher root diameter including thicker epidermis, parenchyma and metaxylem cells while plants from upstream site displayed thicker phloem. Similarly, in study of leaf anatomical characteristics, the samples of downstream site showed more thickness in leaf mesophyll, metaxylem and phloem cells as compared to other two sites. Whereas, stomatal area did not exhibit any significant difference. It suggests that plants from downstream site have developed stress-mediated anatomical modifications in roots and leaves as compared to other areas. However, further studies are required regarding water quality, nature of contaminants and concentrations of heavy metals in these sites.
Heavy metals are a known cause of long-term health effects in humans. Such effects include not only nefarious effects of acute and/or chronic toxicity, but also special cases of toxicity such as carcinogenicity and genotoxicity. Cadmium, lead, Manganese, Copper,  Zinc, Iron, Fluoride,  Arsenic, and Mercury  are major pollutants because of their toxicity, their persistence and their tendency to bioaccumulate in the food chain. They represent a risk for aquatic ecosystems and humans [10]. For this reason, these metals are among the metals, which are the mostly assessed in aquatic environments. 
Results obtained in this study reveal the presence of the assayed heavy metals in the water samples.  Nevertheless, concentrations of these heavy metals were observed to be lower than the WHO benchmark for water quality. Contamination with high levels of arsenic is of concern because arsenic can cause a number of human health effects. Several epidemiological studies have reported a strong association between arsenic exposure and increased risks of both carcinogenic and systemic health effects.  Arsenic exposure affects virtually all organ systems including the cardiovascular, dermatologic, nervous, hepatobilliary, renal, gastro-intestinal, and respiratory systems [11].  Research has also pointed to significantly higher standardized mortality rates for cancers of the bladder, kidney, skin, and liver in many areas of arsenic pollution. 
Chronic exposure to heavy metals has a depressive effect on levels of norepinephrine, serotonin, and acetylcholine. Cadmium compounds are classified as human carcinogens by several regulatory agencies. The International Agency for Research on Cancer [12] and the U.S. National Toxicology Program have concluded that there is adequate evidence that cadmium is a human carcinogen. Carcinogenic metals including arsenic, cadmium, lead, chromium, and nickel have all been associated with DNA damage through base pair mutation, deletion, or oxygen radical attack on DNA [13]. A major proportion of what is absorbed accumulates in the kidneys, neurological tissue and the liver. All forms of mercury are toxic and their effects include gastrointestinal toxicity, neurotoxicity, and nephrotoxicity [14].


Conclusion 
[bookmark: _Hlk204980387]The heavy metal concentrations in water were also within WHO set limits for the survival of aquatic organisms. However, prolonged exposure of these metal could have adverse effects since heavy metals can bioaccumulate overtime.  These results further demonstrates marginal contamination of water, with heavy metals, leading to water lotus ability to bio-concentrate and bioaccumulate, all of which are risk factors for aquatic macrophytes and for human health. This could be attributed to the dumping site by most of the inhabitants and discharge of industrial pollutants into the study areas. Public awareness and education about sources and health implications of heavy metals should be improved. Government should enforce the laws that ensure standard waste treatment by industrial plants before it is being discharged into water bodies
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