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1. Introduction

In response to the growing concerns of environmental pollution and its ecological
impacts, this collection of research focuses on the monitoring, behavior, and remedia-
tion of various contaminants in aquatic systems. The studies address a range of toxic
agents—including heavy metals (e.g., As, Cd, Cr, Cu, Pb) [1], endocrine disruptors like 173-
estradiol [2], and petroleum hydrocarbons [3]—originating from industrial, agricultural,
and urban activities. These pollutants enter water bodies, accumulate in aquatic organisms,
alter microbial community structures [4], and influence human health and safety. There
is an increasing emphasis on developing sensitive, rapid, and eco-friendly monitoring
tools, such as electroactive microorganism-based biosensors [5], and on understanding the
underlying mechanisms of toxicity and pollutant migration. Concurrently, bioremediation
and phytoremediation strategies using native plants [6] and microorganisms [7] are being
explored as sustainable solutions to mitigate contamination.

Following a thorough review process, the selected articles collectively highlight in-
novative approaches in environmental toxicology and remediation. Some studies present
novel biosensing techniques using microbial fuel cells for real-time toxicity warning sys-
tems [8], while others investigate the use of marine photoautotrophs—such as mangroves,
seagrasses, and seaweeds—for effective pollutant removal [9]. Several papers analyze the
bioaccumulation of trace metals in marine species and assess ecological risks using bacterial
community biomarkers. Additionally, research on the mitigation of lead toxicity in fish
using plant-based treatments demonstrates practical bioremediation applications. Together,
these contributions represent significant advances in the detection, behavior analysis, and
biological remediation of environmental pollutants, offering valuable tools and insights for
coastal, aquatic, and wastewater management.

2. An Overview of Published Articles

The review article by Xing et al., “Research on the Application and Mechanisms of Elec-
troactive Microorganisms in Toxicants Monitoring: A Review” (contribution 1), presents the
principles, applications, and influencing factors of using electroactive microorganisms in
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microbial fuel cells (MFCs) for toxicity monitoring. The core principle is that electroac-
tive microorganisms generate electrical signals, which immediately decrease when their
activity is inhibited by toxicants. Common MFC configurations include dual-chamber
and single-chamber reactors, and their performance can be enhanced through electrode
material modification [10]. The voltage inhibition rate is the most commonly used indicator
for toxicity assessment [11]. The review identifies that factors such as flow rate, culture
time, substrate concentration, and sodium chloride concentration significantly affect the
sensitivity and stability of the biosensor. The mechanisms of toxicity involve the inhibition
of microbial energy metabolism, key enzymes, and the induction of oxidative stress, which
disrupt extracellular electron transfer. Finally, compared to traditional anaerobic toxic-
ity assays (e.g., based on methane production) or luminescent bacteria tests, MFC-based
biosensors offer the advantages of rapid response and potential for online monitoring,
making them a promising tool for wastewater toxicity early warning systems.

The article by Gao et al., entitled “Effects of 17B-Estradiol Pollution on Microbial Com-
munities and Methane Emissions in Aerobic Water Bodies” (contribution 2), investigates the
impact of the endocrine-disrupting compound 17(3-estradiol (E2) on microbial commu-
nities and greenhouse gas emissions in laboratory-simulated aerobic aquatic systems.
Experiments were conducted with E2 concentrations of 0 ng/L (control), 100 ng/L (low),
and 10,000 ng/L (high). The results showed that E2 contamination stimulated short-term
methane (CHy4) emissions, particularly within the first two days. Using 16S rRNA sequenc-
ing, the study found that E2 increased the stochasticity of bacterial and archaeal community
assembly and weakened microbial interactions. Specifically, E2 pollution significantly
decreased the relative abundance of Proteobacteria (which includes methanotrophs) [12]
and increased the relative abundance of Planctomycetota (which may contribute to aerobic
methane production) [13]. Functional prediction indicated an increase in the methano-
genesis group and a decrease in the methanotrophy group. The study concluded that E2
promotes (CHy4) emissions through three pathways, namely stimulating methanogens like
Methanoregula in anoxic microsites, boosting Planctomycetota capable of methylphospho-
nate utilization, and inhibiting methanotrophic bacteria.

The article by Li et al., entitled “Bioaccumulation of Arsenic, Cadmium, Chromium, Cobalt,
Copper, and Zinc in Uroteuthis edulis from the East China Sea” (contribution 3), analyzes the
concentration and distribution of six trace elements (TEs) in different tissues of the squid
Uroteuthis edulis. The tissues analyzed were the mantle, digestive gland, gonad, and gill.
The study found significant differences in TE concentrations among tissues. The digestive
gland accumulated the highest concentrations of Cu, Zn, and Cd, while the gill showed the
highest levels of Cr and Co. Arsenic (As) was relatively evenly distributed across all tissues.
In terms of the total body burden of TEs, the mantle contributed the highest proportion
due to its large mass. Correlation analysis revealed significant positive correlations among
Cu, Co, and Cd in certain tissues, possibly related to metallothionein binding. Furthermore,
the study compared TE concentrations before and after gonadal maturation. Significant
increases in the concentrations of most TEs (except Zn) were observed in the digestive
gland of mature individuals, and significant increases in Cr, Cu, and As were found in the
gonads, suggesting potential maternal transfer of these elements to offspring.

The article by Roda F. Al-Thani and Bassam T. Yasseen, entitled “Methods Using Marine
Aquatic Photoautotrophs along the Qatari Coastline to Remediate Oil and Gas Industrial Water”
(contribution 4), presents the potential of native marine organisms for remediating pol-
lutants from oil and gas wastewater [14]. The study focused on marine photoautotrophs
including the mangrove Avicennia marina, seagrasses (Halodule uninervis, Halophila ovalis,
Thalassia hemprichii), and various species of green, brown, and red seaweeds. These organ-
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isms and their associated microorganisms were found to remove heavy metals and degrade
petroleum hydrocarbons through mechanisms such as phytoextraction, phytostabilization,
and phycoremediation [15]. The mangrove A. marina proved efficient in accumulating
heavy metals such as Co, Cr, Cu, Fe, Ni, and Zn. Seagrasses were identified as promising
candidates for phytoremediation or as bioindicators. Seaweeds demonstrated a high ca-
pacity for the biosorption and bioaccumulation of common heavy metals like As, Cd, and
Hg [16]. The remediation process was enhanced by the synergistic relationship between
plants and their associated microorganisms, where root exudates stimulated microbial
activity to degrade organic pollutants.

The article by Li et al., entitled “Characteristics and Mechanism of Hematite Dissolution and
Release on Arsenic Migration in Heterogeneous Materials” (contribution 5), presents the impact
of hematite dissolution on the migration and adsorption of arsenic in a heterogeneous
aquifer system. A stratified sand column embedded with a hematite lens at the coarse-to-
medium sand interface was designed to simulate groundwater flow. The medium structure
significantly influenced arsenic migration, where clay layers directed the lateral migration
of arsenic, leading to concentrations in deeper layers up to seven times greater than those
on the surface. Solid-phase extraction revealed that arsenic was primarily adsorbed on
quartz sand surfaces in a specifically adsorbed state (F2) [17] and bound to amorphous
iron-aluminum oxides (F3). Monitoring of aqueous iron (Fe(aq)) showed a rapid increase to
a maximum on day 15, followed by a gradual decline, indicating that hematite dissolution
was not continuous. The released Fe(aq) subsequently contributed to the formation of
fresh iron-aluminum oxides that adsorbed As(V), thereby reducing its concentration and
influencing its spatial distribution within the sand column.

The article by Xia et al., entitled “Using Sediment Bacterial Communities to Predict Trace
Metal Pollution Risk in Coastal Environment Management: Feasibility, Reliability, and Practicalil-
ity” (contribution 6), presents the distribution and accumulation risk of trace metals (Al,
As, Cr, Cu, Fe, Mn, Ni, Sr, Zn) in a tidal gate-controlled coastal river. The study area was
divided into the catchment area (CA), estuarine area (EA), and offshore area (OA). The
enrichment factor and geoaccumulation index identified As and Cr as the key pollutants,
reaching slight-to-moderate pollution levels. The Nemero pollution index was highest
in the EA (14.93), indicating a significant pollution risk near the tidal gates. Although Fe
and Mn dynamics could partially explain trace metal behavior, they showed no linear rela-
tionships with toxic metals. Interestingly, the metabolic abundance of sediment bacterial
communities showed strong correlations with various trace metals [18]. These results indi-
cate that bacterial community characteristics can serve as effective biomarkers for assessing
trace metal pollution and offer a practical tool for coastal environmental management.

The article by Nimai Chandra Saha et al., entitled “Toxic Effects of Lead Exposure on
Freshwater Climbing Perch, Anabas testudineus, and Bioremediation Using Ocimum sanctum Leaf
Powder” (contribution 7), presents the toxic effects of lead (Pb) on fish and its remediation.
The 96 h LC50 value of lead for Anabas testudineus was determined to be 1.08 mg/L
using static replacement bioassay. Chronic exposure to sublethal concentrations (10% and
20% of LC50) significantly lowered growth parameters (hepatosomatic index, specific
growth rate), hematological biomarkers (RBC, hemoglobin), and increased serum enzyme
levels (AST, ALT). Scanning electron microscopy revealed abnormal shapes and surfaces of
erythrocytes in exposed fish. The leaf powder of Ocimum sanctum was administered with
fish food to mitigate lead toxicity. The results showed that fish treated with the mixture of
lead and Ocimum sanctum leaf powder exhibited significant recovery in growth, as well
as hematological and biochemical parameters compared to those exposed to lead alone,
indicating the remedial role of Ocimum sanctum against lead toxicity.
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The article by Porttape Jendanklang et al., entitled “The Contamination of Microplastic
Debris in Blue Swimming Crab Portunus pelagicus from Artisanal Fisheries in the Eastern Gulf of
Thailand” (contribution 8), presents the microplastic (MP) contamination in crabs collected
from the coast of Rayong province. The crab samples were collected from four sites in
January, April, and August 2024, representing different monsoon seasons. MPs were
examined in both external and internal body parts. The overall detection rate of MPs was
72.2% internally and 62.5% externally. The gut was the most contaminated tissue, followed
by the gills, while no MPs were found in the hepatopancreas or muscle. MP abundance
showed significant seasonal variation, with the highest level in August. Fibers were the
dominant shape, blue was the most common color, and the primary polymers identified
were polyethylene terephthalate glycol (PETG), nylon, and polypropylene. The study
indicates that household laundry fibers and damaged fishing gear are major sources of MP
pollution. It is concluded that improving waste management and developing more durable
fishing gear are crucial for mitigating this contamination.
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Abstract

Microplastics have become a significant concern for human health, primarily because
aquatic animals can ingest these particles, which then enter the human food chain. Crabs
(Portunus pelagicus) were collected along the coastline of Rayong Province in January,
April, and August 2024. Crabs were then examined for MP contamination. Our results
revealed that MPs were present at all sampling sites, with a detection rate of 62.5% in
external body parts and 72.2% in internal body parts. The gut was the most contaminated
tissue, followed by the gills, while no MPs were found in the hepatopancreas or muscle
tissues. Although overall MP detection and contamination levels were similar across sites,
significant differences in abundance were observed between seasons (p < 0.05), with August
showing the highest contamination levels. Polyethylene terephthalate glycol was the most
common polymer detected, followed by nylon, polypropylene, polyethylene, polystyrene,
and polyester. Anthropogenic and fishing activities contribute significantly to MP pollution
in these crabs. Fibers from household laundry, followed by damaged fishing gear, are major
sources of MP pollution. Enhancing the quality and durability of fishing equipment is
crucial to reducing the amount of abandoned fishing gear that may be ingested by marine
organisms, while the proper collection and management of discarded gear in the ocean
should also be emphasized.

Keywords: crab gillnet; fishing gear; microplastic pollution; microplastic migration

1. Introduction

Plastic debris is one of the most serious pollutants contributing to ocean pollution. It
is one of the greatest environmental challenges of the 21st century. Recently, Thailand was
rated as having the sixth highest rate of plastic flow into oceans in the world [1]. Thailand
is also recognized among the nations with challenges in plastic waste management [2]. The
presence of plastic debris of varying sizes, ranging from macroplastics to microplastics,
poses severe threats to marine ecosystems and biodiversity [3]. Plastic debris such as fishing
gear can lead to entanglement and ingestion by organisms [4]. It can cause injury, abnormal
mobility, and mortality [5]. Rapid economic and population expansion, lifestyle changes,

Toxics 2025, 13, 813
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ineffective governance practices, and insufficient awareness and knowledge about proper
waste disposal can contribute to plastic pollution in our environment [6]. The origins of
plastic debris are usually terrestrial and marine. The mismanagement of waste and urban
runoff are terrestrial sources of approximately 80% of plastic debris [7,8], while ocean-based
sources mostly include damaged and discarded fishing gear, litter from vessels near shore,
and offshore industrial activities [9]. Debris can be transported by wind and currents in the
ocean, which can lead to it being spread across the world, including remote areas [10].

Microplastics (MPs) are plastic particles less than 5 mm in size that originate from
the fragmentation of larger plastics produced for products like cosmetics and synthetic
textiles [11-13]. Owing to their small size, these particles can contaminate various ecologies,
such as water and sediment in watercourses [14], water and beach sand along shores [15],
mangrove sediment [16], and sediment in estuarine systems [17], and they can mix with in-
door dust [18] and airborne particulate matter (PMj 5) [19]. Moreover, they can accumulate
in a wide range of marine organisms, including zooplankton [20], fish larvae [21], bivalves
and gastropods [22], pelagic and demersal fishes [23], sea turtles [24], sea birds [25], and
cetaceans [26]. When accumulated in organisms, MPs can cause physical harm and block-
ages, interfere with feeding and respiration, cause malnutrition, and result in exposure
to toxic chemicals leached from them [27,28]. They can associate with pollutants and be
transferred up through the food chain, potentially leading to adverse health effects [29].
These harmful MP particles not only affect the health of aquatic animals [30], but they can
also pose a risk to human health through the consumption of MP-contaminated marine
life [31,32].

Blue swimming crab (Portunus pelagicus) is a carnivorous bottom-dweller, mainly
preying on mollusks, invertebrates, and bony fish [33]. This crab species is found spanning
wide-ranging habitats with high commercial importance in various regions, including
the Indo-West Pacific region with coastal waters from India, Australia, Africa, and Asia,
with particular in Thailand [34]. This crustacean is a commercially important marine
species found in various coastal regions in both the Andaman Sea and the Gulf of Thailand,
including Rayong Province, which is located in the Eastern Gulf of Thailand. Marine
capture by artisanal fisheries in Thailand in 2023 showed the volume of aquatic animals in
crab category was 41,442.02 tons, with blue swimming crabs at 34,899.75 tons, accounting
for 84.21% of the total catch. In addition, 77.98% of blue swimming crabs were caught
by crab gillnets from artisanal fisheries [35]. Crab gillnet is the common fishing gear
for catching this economic crab in this region by local fishermen [36]. According to the
literature on MPs in crabs in Thailand, recent studies have detected MPs in blue swimming
crabs from coastal Chonburi province [37] and Thai vinegar crabs from a mangrove area
in Samut Prakan province [38], revealing pervasive plastic pollution. Marine ecosystems
in the Rayong province were threatened by MP pollution, as evidenced by the presence
of MPs in the environment and organisms around the Rayong province [15,23,39]. This
contamination underscores the importance of implementing strategies to mitigate plastic
pollution and protect marine and human health in this region.

Due to the characteristics and extent of MPs, the contamination in blue swimming crabs
caught from artisanal fisheries remains unclear. Our study aims to study (i) the detection rate
of MPs, (ii) the abundance and composition of MPs in tissue, and size and sex of crabs, and
(iii) the characteristics of MP contamination in blue swimming crabs along four sampling
sites seasonally in the Rayong province, an important fishing ground of blue swimming
crabs in the Eastern gulf of Thailand. To reach this purpose, we collected blue swimming
crab samples and dissected four parts of the tissue for extracting MPs from internal and
external bodies, including interviewing local fishermen by gathering fishing ground data with
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a semi-structured interview method to estimate the accumulation of MPs between season and
sampling sites to clarify the situation of MP debris in organisms in this area.

2. Materials and Methods
2.1. Study Area and Sampling Sites

Rayong province is located on the eastern coast along the Gulf of Thailand, which
is characterized by its industrial, agricultural, and tourism activities. The coastal area of
this province spans approximately 100 km [40] and harbors diverse fisheries, including the
fishing of blue swimming crab (P. pelagicus) by artisanal fisheries, especially crab gillnet.
Sample collections were conducted in January, April, and August 2024, which represented
the northeast monsoon, transition monsoon, and southwest monsoon, respectively. Crab
samples were collected from four sampling sites, including Phayun (PY), Takuan (TK),
Suanson (SS), and Wangkaew (WK), along the coast of Rayong province (Figure 1).
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Figure 1. Location of sampling sites along the Rayong province.

2.2. Fisheries Data Gathering

Fisheries data were collected by interviewing local fishermen with a semi-structured
interview method using an interview questionnaire form, which is provided in Figure S1.
Details of the interview questionnaire form included vessel and fishermen data, charac-
teristics of fishing gear with lifespan and materials, method of fishing operation, fishing
ground area, environmental data, species composition, and total catch. This study focused
on local fishermen who collected crab samples and were followed up throughout the study
to ensure crab samples were caught in their fishing community area. The sample size of
interviewed and followed-up fishermen throughout the study was twelve samples (N = 12).
However, data on characteristics of fishing gear, materials, lifespan, and fishing grounds of
blue swimming crabs by crab gillnet were only used for further discussion.

2.3. Sampling Method

Blue swimming crabs (P. pelagicus) were collected from small-scale fisheries in Rayong
province from 4 stations, with 12 individuals per station. A total of 48 individuals will be
sampled per season, and a total of 144 individuals of P. pelagicus will be used throughout
the study. The sampling stations include Phayun, Takuan, Suanson, and Wangkaew. Crab
samples were categorized into two size groups: small (6 crabs: 3 males, 3 females) and
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large (6 crabs: 3 males, 3 females). Sizes of crabs were categorized by sold size. Before
analyzed, all samples were measured for outer carapace width and carapace length, and
weighed. Crab samples were stored at —20 °C to preserve the samples before dissection
and extracting MPs in the laboratory.

2.4. Microplastics Digestion and Separation

The MP separation protocol was adapted from the method developed by the National
Oceanic and Atmospheric Administration (NOAA) [41]. Crab samples were individually
washed with 100 mL of distilled deionized water for external MP sampling. Washed water
from the external body of crab samples individually was defined as external MP contami-
nation, which was digested, separated, and filtered using the same procedure as internal
tissues. Procedural and airborne blanks controlled by distilled deionized water were tested
in parallel for each group of crabs categorized by sampling site and sampling time using
the same procedure as internal tissues. All crabs were dissected to analyze internal con-
tamination, focusing on gut, gill, hepatopancreas, and muscle tissue (excluding muscle
tissue of walking and swimming legs) (Figure 2). Each tissue part was weighed separately
and subjected to the wet peroxide oxidation (WPO) method. This involved adding 30%
hydrogen peroxide (Qrec, Auckland, New Zealand) and 1% potassium hydroxide (Qrec,
Auckland, New Zealand) in a 9:1 ratio, increasing the temperature to 75 °C while stirring
until organic gas bubbles disappeared, and then allowing 24 h for the removal of organic
matter. After completing the WPO method, MPs were separated using a density separation
procedure. NaCl solution was added, stirred with a glass rod, and left to settle for 24 h
to collect the supernatant, and the settled solution was also collected to prepare filtration,
which will recover higher-density polymers. The supernatant and settled solution were
filtered separately through a 47 mm diameter glass microfiber filter (Whatman grade GF/C
pore size: 1.2 um) using a vacuum system. The filter paper was dried in an oven at 60 °C
and stored in a Petri dish glass with a glass lid for later visualization and identification.

Female of P. pelagicus Male of P. pelagicus

__________________________ -~
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Figure 2. Dissecting by used part: (A) gut, (B) gill, (C) hepatopancreas, and (D) muscle.

2.5. Microplastics Visualization and Identification

MPs on filter paper were analyzed for quantity, size, shape, and color using a stereo
microscope with total magnification used as 15x (Olympus 5251, Hamburg, Germany). A hot
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needle test was used to distinguish between plastic and non-plastic materials [42]. Although the
hot needle test is a common method for screening plastic and non-plastic materials, it has several
limitations that reduce its discriminative power. These limitations can lead to false positives
and negatives and could affect results, making them less reliable than advanced methods like
FTIR. However, this technique was only used as a preliminary step before identification by
FTIR. MP sizes were measured with Image] version 1.50i and categorized into three ranges:
15-150 pm, 150-330 pm, and 330-5000 um. Particle shapes were classified as fiber, fragment,
film, and net. The study identified MPs in four colors (black, blue, red, and green); clear items
were reported. MP particles were analyzed, 10% from total particles founded in this study.
Polymer classifications were confirmed using Fourier-transform infrared spectrophotometry
(FTIR Type II; Perkin Elmer, High Wycombe, UK).

2.6. Data Analysis

Average MP abundance was calculated in terms of items/individual and items/g wet
weight with standard deviation values. The Shapiro-Wilk test was used to check for normal
distribution (p < 0.05). Due to the non-normality of the data, nonparametric statistical
methods were applied. The Kruskal-Wallis H test and pairwise comparisons were used to
analyze the variations in MP abundance across different sampling sites and seasons. The
Microplastics Detection Rate (MDR) was also calculated by the quantity of crab samples,
which were contaminated in terms of individuals from all samples and categorized by
sampling sites, seasonality, size groups of crab, type sex of crab, and part of tissues by
Equation (1):

MDR (%) = C/N, x 100, (1)

where:
MDR = Microplastics Detection Rate (%);
C. = total contaminated crabs (individuals);
N, = total crab samples.

2.7. Quality Control

Procedural blank controls were used by distilling deionized water. These processes
were tested as three blank parallel controls for each group of crabs categorized by sampling
site and sampling time using the same procedure as internal tissues. Procedural blank
controls were thirty-six (N = 36). Airborne blank controls were also tested by leaving three
Petri dishes with open cover lids in the laboratory throughout the process, then rinsing with
100 mL of distilled deionized water in the Petri dish to test airborne contamination with
the same method as the procedural blank controls (N = 36). Results from all procedural
and airborne blank controls showed no MP contamination in our laboratory. The blank-
corrected counts were equal to raw MPs counts, as no MP contamination was detected in
all blanks.

3. Results and Discussion
3.1. Blue Swimming Crab Fishing Ground

Our data showed crab gillnet is the most common fishing gear for blue swimming
crab fisheries, especially artisanal fisheries in this study area. Crab gillnets in Rayong
province are specifically designed with larger mesh sizes around 3 inches to catch blue
swimming crabs, which are made from durable materials like nylon and polyethylene to
withstand the coastal environment. Distances from coast to fishing grounds and water
depths were collected by a semi-structured interview method from local fishermen for four
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locations: PY, TK, SS, and WK. In PY, distances were short (0.5-1 km) with water depths of
2-4 m. TK had distances around 5-7 km with deeper waters (15-18 m). SS showed a greater
variability with distances of 10-15 km and water depths of 8-19 m. WK had distances
ranging between 3-5 km and water depths of 8-14 m (Figure 3).
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Figure 3. Crab gillnet fishing grounds at four sampling sites in Rayong province. Green, orange, and
pink circles indicate January, April, and August, respectively; red diamonds mark the sampling sites.

3.2. Crab Characteristics

A total of 144 individuals of P. pelagicus were caught by artisanal fisheries from four
sampling sites in Rayong province. The characteristics of the blue swimming crabs in this
study were shown in Table 1.

Table 1. Summary of the characteristics of blue swimming crab samples.

SITE PY TK SS WK
Crab samples (individual) 36 36 36 36
Carapace width (cm) 11.24 +£0.97 11.02 £+ 1.08 11.33 4+ 0.98 11.15 4+ 0.92
Carapace length (cm) 5.52 £ 0.54 5.38 £ 0.61 5.61 £ 0.60 5.53 £ 0.53
Total weight (g) 103.11 4+ 25.28 97.71 £ 33.77 107.15 £ 27.15 98.89 + 26.18
Gut weight (g) 1.01 £0.53 1.02 + 0.51 1.01 £ 048 1.17 £ 0.56
Gill weight (g) 433 +£1.19 415 £ 1.66 471 +£1.30 454 +1.34
Total external detection
(individuals) 2 2 2 2
Total internal detection
(individuals) 2 29 24 26
Total external MPs (items) 64 100 93 99
Total internal MPs (items) 116 149 132 136
MPs in gut (items) 82 107 100 96
MPs in gill (items) 34 42 32 40

Note: Phayun—PY, Takuan—TK, Suanson—SS, Wangkaew—WK.

3.3. Microplastics Detection Rate

MPs were detected in P. pelagicus across all sampling sites and seasons in Rayong
province, with an overall detection rate of 72.2% (104 individuals). TK station had the
highest detection rates at 83.3%, 75.0%, and 83.3% in January, April, and August 2024,
respectively (Figure 4). When compared to other studies, the overall detection rate of MPs
in crabs from China (89.3%) showed a higher detection rate than our study [43]. However,
a consistent detection rate across seasons and sampling sites indicates contamination is
a persistent issue, not limited to specific times and areas in Rayong province. MPs were
found in all size groups, with larger crabs having a higher detection rate (80.6%) compared
to smaller crabs (63.9%), showing a significant difference (Kruskal-Wallis, p < 0.05). When
considering specific tissues, guts had a higher detection rate (71.5%) than gills (53.5%), with
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a significant difference between them (Kruskal-Wallis, p < 0.05). No MPs were detected in
the hepatopancreas and muscles of crabs, at least not in detectable amounts. While there
was no significant difference in MP detection rates between male and female crabs, males
showed a slightly higher detection rate (76.4%) compared to females (68.1%).
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Figure 4. MP detection rate in blue swimming crab (%) in Rayong province categorized by
(A) internal and external detection rate (%), (B) tissue (%), (C) size (%), and (D) sex in Rayong
province: Phayun—PY, Takuan—TXK, Suanson—SS, Wangkaew—WK.

3.4. Abundance of MPs

MP contamination in blue swimming crabs varied between internal and external
samples, with 533 items found internally and 356 items found externally. The average
abundance of MPs within the crabs ranged from 3.38 =+ 2.45 to 8.63 + 2.56 items/individual
across all sampling sites and seasonal, and from 0.58 £ 0.41 to 1.70 £ 0.42 items/g wet
weight for January, April, and August 2024 (Figure 5). For external contamination, the
average abundance ranged from 2.00 &= 1.41 to 5.88 & 2.70 items/individual over the same
periods. The highest internal contamination was recorded at SS in August 2024, with an
average of 8.63 & 2.56 items/individual, while the lowest was found at PY in April 2024,
with 3.38 + 2.45 items/individual. Externally, the highest contamination was observed
at WK in August 2024, with 5.88 £ 2.70 items/individual, and the lowest at PY in April
2024, with 2.00 £ 1.41 items/individual. PY is characterized by few beachside seafood
restaurants, hotels, and small-scale fishing communities. On the other hand, TK is located
near the Nam Hu canal within the industrial zone of Map Ta Phut Industrial Estate, with a
densely populated area, and features beachside seafood restaurants, hotels, and small-scale
fisheries communities. The SS site is located in a densely populated coastal community,
where the mouth of the canal discharges land-based waste into the sea. In addition, this
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area is a major tourist destination, with intensive recreational activities, and it also hosts
a pier that serves as the main transit point for tourists traveling to Samed Island. These
factors likely contribute to the high abundance of microplastic debris observed at this
station. Although WK has some tourist activities, including hotels and beachside seafood
restaurants similar to other sites, the residential area around WK is less densely populated
than SS. These varying environmental conditions, levels of anthropogenic activities, tourist
activities from shore [44], and fishing activities around fishing grounds could influence
the extent of MP contamination in blue swimming crabs. However, a spatial distribution
showed no significant differences in MP contamination between sampling sites. In con-
trast, the seasonal variation was found to be significant, with the highest contamination
in August for both internal and external samples (Kruskal-Wallis, p < 0.05). The season
also plays a critical role in MP abundance. These differences could be attributed to several
factors, including the variations in fishing activity, water currents, and weather patterns in
each sampling time that affect the abundance and breakdown of plastic debris and fishing
gear. During August 2024, which represents the wet season or southwest monsoon, with
a high rainfall and runoff, more MP debris from terrestrial areas might be washed into
nearby rivers, increasing MPs concentrations, then flow out into the ocean [14]. When
compared to other studies, our study’s results were higher than P. pelagicus from Chonburi
province, Thailand (0.72 items/individual) [37], Portunus trituberculatus from Liaohe Es-
tuary, China (1.33 items/individual) [45], Panopeus herbsti from the Indian River Lagoon
system, USA (4.2 items/individual) [46], Carcinus aestuarii from the Northern Adriatic coast,
Italy (1.1 & 0.7 items/individual) [47], and Emerita analoga from the Beaches of California,
USA (1.39 £ 0.79 items/individual) [48], and, in terms of items/g wet weight, Portunus
sanguinolentus from Gujarat state, India (0.67 £ 0.62 items/g wet weight) [49].
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Figure 5. Average abundance of MP contamination of P. pelagicus: (A) internal contamination in
terms of items/individual, (B) external contamination in terms of items/individual, and (C) internal
contamination in terms of items/g wet weight along Rayong province: Phayun—PY, Takuan—TK,
Suanson—SS, Wangkaew—WK.

3.4.1. Crab Tissue

MP contamination can expose organisms in four main ways: direct contact, ingestion,
inhalation, and entanglement [50]. MPs were found in the gut and gill of crabs, with no
contamination detected in the hepatopancreas and muscle tissues (Figure 6A). The gut was the
primary site of MP accumulation, accounting for 72.2% of the total contamination, while gill
tissue contributed 27.8%. The difference in MP contamination between the gut and gill tissues
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was found to be significant (Kruskal-Wallis, p < 0.05), which indicates the gut plays a major
role in MP ingestion and retention. Similarly to previous studies, MPs in P. sanguinolentus [49]
and Carcinus maenas [51] were recorded to be higher in guts than in gills. The role of the gut in
processing food makes it a likely location for the accumulation of ingested MPs. Moreover,
crabs use their claws to break fishing nets to free themselves. Many of these severed lines,
which are fiber and net, can be ingested by crabs and enter their digestive system [43]. In
contrast, the gill showed less accumulation. The primary function of the gill is respiration
by water flowed through their body, which might make it less prone to high levels of MP
accumulation compared to the gut. The absence of MPs in the hepatopancreas and muscle
tissues indicates that these organs are less involved in the direct processing and accumulation,
and translocate effectively from the gut to these tissues.

Crab tissue Crab size Crab sex

A

27.8% 37.0%

50.7% 49.3%

72.2%

Gut Gill Small-sized M Large-sized Male Female

Figure 6. Internal composition of MP contamination in P. pelagicus categorized by (A) tissue (%),
(B) size (%), and (C) sex (%) in Rayong province.

3.4.2. Crab Size

An analysis of crabs by size revealed a significant disparity in MP contamination
between small and large crabs. Small crabs accounted for 37.0% of the contamination,
whereas large crabs made up 63.0% (Figure 6B). This difference was significant across all
sampling sites and seasons (Kruskal-Wallis, p < 0.05), indicating that larger crabs are more
likely to have higher levels of MP contamination. According to a previous study, the size of
P. pelagicus was found to have a small correlation to the abundance of MPs in their digestive
tract [52]. However, our result shows a high Spearman’s rank correlation between crab
size and the abundance of MPs that are contaminated in the internal body (rs = 0.434,
p < 0.01) and external body (rs = 0.724, p < 0.01). This might be due to larger crabs having a
greater food intake and feeding activity when compared to smaller crabs. Crabs require
food to retain their metabolic demands in their body [53], which, consequently, increases
their exposure to MPs in their habitat and environment.

3.4.3. Crab Sex

When comparing male and female crabs, MPs were contaminated in females at a
slightly higher rate than males, 49.3% in males and 50.7% in females (Figure 6C), with
no significant difference in MP contamination between sexes across any sampling sites
or seasons, which indicates that sex does not play a significant role in the differential ac-
cumulation of MPs. However, in a previous study in P. pelagicus, female crabs were
also found to be slightly more contaminated than males [37], in contrast to MPs in
P. sanguinolentus, which were found to be higher in males than in females [49]. The sex of
crab samples and MP contamination with long-term effects in their internal tissue might
be studied further in the future. As a result, the size and tissue parts are more critical in
determining the levels of contamination rather than sex-specific differences.
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3.5. Characteristics of MPs
3.5.1. MP Size

Our study highlights that MPs in P. pelagicus are predominantly larger in size, partic-
ularly those ranging between 330-5000 pm, which were consistently the most common
across all seasons and sampling sites. This size category was notably more prevalent in
internal contamination, especially in the gut, reflecting that larger MPs are more frequently
ingested by crabs, as larger particles might be less likely to degrade or be filtered out of
the digestive tract. Their prevalence in internal contamination indicates these MPs are
effectively ingested and retained within the digestive systems of blue swimming crabs.
While compared to external contamination, MPs sized 150-330 um were more frequent,
with the exception of SS, where smaller MPs (15-150 um) were predominant (Figure 7).
Seasonal variations in MP size distribution were observed, with larger MPs being more
common in April, while MPs sized 150-330 pm were more prevalent in January and Au-
gust. This variation might be influenced by seasonal changes in MP sources, such as an
increased runoff during rainy seasons, and waste management, which could introduce
different sizes of MPs into the environment. Site-specific trends showed that larger MPs
were dominant in internal contamination across all sites, while external contamination
varied, with different sites showing preferences for either smaller or larger MPs. A tissue
analysis revealed that the gut primarily accumulated larger MPs (330-5000 pm), while
the gills had a higher proportion of MPs sized 150-330 um (Figure 8). This indicates that
different tissues filter and retain MPs differently. The gut has a larger capacity for holding
MPs, and its role in digestion could explain the accumulation of larger particles, while
gills are involved in filtering water for respiration, and it may capture smaller MPs more
effectively. This disparity seems to be linked to the anatomical position of the gill within
the crabs and their pathway for gas exchange occurring by seawater flow through their
narrow openings. This structure might prevent larger plastic particles from entering their
gills [54]. According to a previous study, the size of MPs was found to be higher than
P. pelagicus from 100-200 pm [55]. Additionally, the size of MPs in the internal body, espe-
cially in the range of 330-5000 pum (r = 0.506, p < 0.01) and 150-330 pm (r = 0.392, p < 0.01),
was found to be related to size of the crabs, with larger crabs accumulating larger MPs and
smaller crabs containing a lower composition of large-sized MPs. This could be due to
larger crabs having a broader feeding range and being exposed to different environmental
conditions compared to smaller crabs. It also underscores how MPs of different sizes may
be selectively ingested and retained based on the size of the organism. However, the size
composition of MPs between male and female crabs did not show significant differences.

3.5.2. MP Shape

Our study revealed that MPs in P. pelagicus were primarily found in four shapes: fibers,
fragments, films, and nets (Figure 9). Fibers were the most prevalent type of MPs, observed
in both internal and external contamination across all seasons, with a significantly higher
abundance (Kruskal-Wallis, p < 0.05) compared to other shapes, accounting for 38.5% to
52.1% of internal MPs and 44.5% to 58.1% of external MPs (Figure 10). The net type was
found in the second highest abundance, especially from the internal body, at 23.2% to 40.4%
across all seasons, highlighting its dominance and indicating that fibers and nets were
major components of MP pollution in P. pelagicus. The high contamination across sampling
times and sampling sites indicates a widespread source of fiber contamination. Fibers
are often associated with textiles, fishing gear, and industrial processes. The presence of
fibers could be linked to common sources such as marine litter from fishing activities [56]
and the breakdown of synthetic textiles from households [57]. Nets were predominantly
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found in the internal body, with a significantly higher abundance than the external body. In
contrast, fragments were more frequently found externally, significantly higher compared
to internal contamination. Films were found at a lower amount, showing similar abundance
in both internal and external bodies. A sampling site analysis showed that fibers were the
dominant shape at all sampling stations. PY had a high fiber prevalence in both internal
and external contamination, while TK exhibited a higher proportion of nets internally and
fragments externally. SS showed external contamination was predominantly fragments,
while WK also had a high prevalence of fibers.
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Figure 7. Composition of MP size range (%) (A) internally and (B) externally along Rayong province:
Phayun—PY, Takuan—TK, Suanson—SS, Wangkaew—WK.
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Figure 8. Size composition of MP internal contamination (%) in (A) gut and (B) gill of P. pelagicus;
and (C) small-sized, (D) large-sized, (E) male, and (F) female P. pelagicus in Rayong province.

The shape of MPs did not significantly vary with the size and sex of the crabs, indicat-
ing size and sex are not major factors influencing MP shape distribution. However, within
tissues, fibers were the most dominant type in gills, while nets were the most dominant
type in guts, with significant differences in their proportions compared to other shapes.
There was a higher prevalence of nets and fibers in the gut (45.5% and 37.1%) and a high
proportion of fiber and fragments in the gills (58.1% and 29.7%) (Figure 11). A variety of MP
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shapes show the disintegration of larger plastic debris into smaller particles within marine
environments [58]. According to the results, the composition of MPs revealed that fibers
were mostly prevalent, followed by net and films. This pattern of dominance by fibers was
also observed in the environmental area along the coast of Rayong province [15,39]. Simi-
larly, for Carcinus aestuarii, fiber was also found to be the dominant shape in the body [47].
On the other hand, fragments were the most common MP shape found in P. armatus [59].
Furthermore, for other marine fauna such as fishes from the Baltic Sea, we found MPs
accumulated in the digestive tract and gills, with fiber being the most prevalent among
the other forms [60]. This indicates that synthetic microfibers are widely contaminated in
aquatic animals across various habitats and feeding strategies which can pose risks to the
food chain, and to high-trophic-level organisms [61].
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Figure 9. Shape of MPs: (A) fiber, (B) fragment, (C) film, and (D) net.
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Figure 10. Shape composition of MPs (%) (A) internally and (B) externally along Rayong province:
Phayun—PY, Takuan—TK, Suanson—SS, Wangkaew—WK.
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Figure 11. Shape composition of MPs from internal contamination (%) in (A) gut and (B) gill of
P. pelagicus, and (C) small-sized, (D) large-sized, (E) male, and (F) female P. pelagicus in Rayong province.

3.5.3. MP Color

Our study indicates that four colors, black, blue, red, and green, along with clear MPs
were detected in the MP samples (Figure 12), with blue MPs being the most prevalent. Blue
MPs were consistently found in P. pelagicus across all seasons and sampling sites, both
internally and externally (Kruskal-Wallis, p < 0.05), which related to the shape distribution,
with fiber and net shape having significant internal contamination percentages in January,
April, and August 2024. Black MPs were found exclusively in fiber shapes, while red and
green MPs appeared in both fiber and fragment shapes. Clear MPs were mainly detected
as fibers. Analyzing by sampling sites, blue MPs dominated the internal and external
contamination at all sites. At Phayun station, blue MPs were the most abundant, followed
by black, green, red, and clear internally, while red MPs were the second most common
externally, followed by black, green, and clear. Takuan station showed a similar dominance
of blue MPs, with black MPs being the second most common both internally and externally
(Figure 13). Suanson station also had blue MPs as the most prevalent, followed by black
and red internally, while red was the second most common externally. Wangkaew station
exhibited blue MPs as the most common internally, followed by black, red, green, and clear,
whereas red MPs were the most abundant externally, followed by blue, black, green, and
clear. In terms of tissue accumulation, blue MPs were the dominant group in the gut of
P. pelagicus, followed by black, red, green, and clear. Similarly, in gills, blue MPs were the
most common, followed by red, black, green, and clear (Figure 14). Our study did not find
a significant relationship between the color of MPs and the size or sex of P. pelagicus. The
shape of MPs was also linked to their color; blue MPs were mostly found in fiber shapes,
while black and clear MPs were predominantly fibers. Red and green MPs appeared only
in fibers and fragments. According to a previous study, crabs rely on their vision to identify
their food, which might be affected by the size and color of these particles. Due to the
characteristics of MPs that seem to be similar in size to sand and resemble the color of their
prey, this may cause MPs to appear as prey and sand to crabs. Crabs may mistakenly take
these particles, resulting in mistaken consumption [43]. The dominant blue MPs indicate
that they might be originating from common marine activities such as fishing, where blue
nets and ropes are frequently used, and also from terrestrial waste. Recent studies have
demonstrated that blue plastics are a general color of plastic extensively incorporated
into synthetic textiles in our daily lives [62]. Moreover, broken fishing nets from fishing
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activities, which are usually made from blue fiber MPs, were mostly contaminated in the
guts of organisms [56]. The presence of black, red, green, and clear MPs, though less
prevalent, also points to various sources, including textile fibers, packaging materials, and
other consumer products.
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Figure 12. Color of MPs: (A) black, (B) blue, (C) red, (D) green, and (E) clear.

January 2024 April 2024 August 2024
< 100% ] = | |
S B ® BN = - B
S 80%

8 70%
g 60%
A g 50%
5 40%
g 30%
€ 20%
2 10%
2 0%
~100% g B -
< 90% ] l B . B . B A I
8 80%
g
Q
=
B ¢
£
kS
3
[ =
©
kel
=
3
Qo
<

70%
60%
50%
40%
30%
20%
10%

0%

PY TK SS WK PY TK SS WK PY TK SS WK
Sampling sites
H Black | Blue @ Red Green M Clear

Figure 13. Color composition of MPs (%) (A) internally and (B) externally along Rayong province:
Phayun—PY, Takuan—TK, Suanson—SS, Wangkaew—WK.
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Figure 14. Color composition of MPs from internal contamination (%) in (A) gut and (B) gill of
P. pelagicus, and (C) small-sized, (D) large-sized, (E) male, and (F) female P. pelagicus in Rayong province.
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3.5.4. MP Polymer

The FTIR verification results identified seven types of MP polymers (Figure 15),
showing a varied distribution across shapes, sampling sites, and tissues. Nylon was mainly
found in net shapes, while PETG and PES were primarily found in fiber shapes (Figure 16).
PE and PP appeared as fragments and fibers, and PS and AES were found mainly in
fragments. These polymers were detected in both internal and external contamination,
with distinct patterns at different sampling sites. At the PY site, PETG was the dominant
polymer both internally and externally, followed by PES. TK had the highest internal
contamination of nylon, while PETG dominated externally. The SS had PETG as the main
internal contaminant, while PE was most prevalent externally. WK had PETG as the
primary polymer for both internal and external contamination, with different second most
abundant polymers for each. Significant differences in the polymer composition were
found between the gut and gill tissues of P. pelagicus. Nylon was the most common in the
gut, while PETG was predominant in the gills (Figure 17). The shape distribution revealed
that fibers were mainly PETG and PES, followed by PP and a small proportion of PE, in
various colors. Polystyrene and AES were found only in fragment shapes, while films were
only PES, and nylon was only in net shapes. Cotton fibers were also detected but were
not considered MPs. Nylons are widely used in fishing gear such as webbing nets and
ropes for their strength and resistance [63,64], which was predominantly observed in net
shapes. This indicates that fishing activities, especially from crab gillnets, are a significant
source of nylon contamination in blue swimming crabs. Durable materials like nylon
were used as webbing nets for crab gillnets, including the float line and sinker line, with
polyethylene and polypropylene rope [40]. They were designed to withstand harsh coastal
environments; their degradation over time can contribute to MPs pollution. Although it is
a durable material, these monofilament gillnets have a short lifespan, averaging around
1 to 2 months [65].

A s . it ‘ AES
- |
| T - ot il 1
- PETG e 5 PS
K PS
o L]
0.1cm * U: 01em
=== == I
e = - -
| “ ( | ! [\_—
| [ ~J !
[ | otcm
‘l“i I e 01cm
L] - prrRs Ty
- B “ ™ Cotton
> 25550 o }
| i
il / | |
M‘ . | ! o
“\ | I‘ | 0.1cm
| It ]

Figure 15. Polymer type of MPs in P. pelagicus: (A) nylon, (B) PETG, (C) PP, (D) PE, (E) AES, (F) PS,
(G) PES, and (H) natural fiber—cotton.
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Figure 16. Polymer composition of MPs (%) (A) internally and (B) externally along Rayong province:
Phayun—PY, Takuan—TK, Suanson—SS, Wangkaew—WK.
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Figure 17. Polymer composition of MPs from internal contamination (%) in (A) gut and (B) gill of
P. pelagicus, and (C) small-sized, (D) large-sized, (E) male, and (F) female P. pelagicus in Rayong province.

It means that they frequently need to be replaced. Broken gillnets and lines in contact
with the harsh current during the southwest monsoon can release large amounts of MPs
into the environment and these MPs can accumulate in organisms. The input of these MPs
from damaged fishing gear will increase the load of MP debris, which exacerbates the
contamination problem in the environment. PETG is a thermoplastic formed by polyethy-
lene terephthalate (PET) and ethylene glycol with a high impact resistance and ductility,
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which are commonly used in packaging, synthetic textiles, and various industrial applica-
tions [66], and also in 3D printing material [67], while polyester was mainly identified as
fibers, pointing to sources like deteriorated textiles from household waste [68]. Polypropy-
lene is often found in packaging and household products [69], while polyethylene is widely
used in packaging items like shopping bags, plastic bottles, and containers with highly
utilized materials in the industry [70,71]. These PE and PP polymers are also commonly
used in the production of fishing nets [72], which are observed as both fragments and
fibers. Meanwhile, polystyrene is used in domestic plastic products, which are usually
used in disposable packaging [73,74], and poly (Acrylonitrile Ethylene Styrene) is used in
automotive parts. These PS and AES polymers were primarily detected in the fragment
shapes. Their presence indicates origins such as discarded packaging from terrestrial waste.
Our study was limited by a lack of environmental samples, such as water and sediment
from fishing ground areas, which could provide further insights and potentially clarify
the MP situation in Rayong province. However, examining MPs from external biota could
define these organisms as confronting the contamination of MPs in their environment.
Our study was also limited by the small sample size at each sampling site (N = 12), with
subgroup comparisons having only three individuals (N = 3). This low sample size may
have reduced the statistical power. Future studies should aim for larger sample sizes to
increase the statistical power and validate our findings. Although a hot needle test was
performed on all visually identified particles to differentiate them from natural materials,
the discriminative power of this method is still limited, and it only separated the plastic and
non-plastic categories. Although identifying MP polymer types by FTIR was performed on
10% of total MPs in crab samples, a hot needle test might also assist in verifying MP types
within the study. The subsampling uncertainty of all polymer levels was also described. A
total of 99 MP particles (approximately 10%) were randomly selected and analyzed using
FTIR to determine the polymer composition. To propagate the subsampling uncertainty
into the overall dataset, nonparametric bootstrap resampling (5000 iterations) was applied
to subsamples. The result indicated 95% confidence intervals (Cls) for polymer proportions
were scaled to the total particle count observed microscopically. The extrapolation estimates
are indicated in Table S1. Importantly, the reported counts for all polymers fell within
the 95% confidence interval derived from the subsample analysis, confirming that the
extrapolated estimates are consistent with the uncertainty associated with subsampling.

4. Conclusions

Microplastic contamination in blue swimming crabs (Portunus pelagicus) was consis-
tently detected across all sampling stations, indicating that microplastics are widespread in
the fishing grounds. Contamination was higher in internal organs than external surfaces,
with the gut being the most affected tissue. Seasonal variation was evident, with the highest
contamination observed in August 2024. Most of the detected microplastics were fibers,
predominantly blue, with polyethylene terephthalate glycol, nylon, and polypropylene
being the major polymers. Due to the separation procedure, which only used an NaCl
solution, higher-density polymers will settle down to the bottom of the solution and could
not be recovered. However, this procedure was adjusted by collecting the settled solution
separately and filtering it, which could recover higher-density polymers like polyethylene
terephthalate glycol and nylon in samples. These findings highlight that anthropogenic
activities, including household wastewater rich in synthetic fibers and the use of nylon
crab gillnets, are key contributors to microplastic contamination in this area. To mitigate
this issue, efforts should focus on improving waste management practices, reducing fiber
release from laundry, and developing more durable and eco-friendly fishing gear. Future
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research should investigate the specific sources of microplastics at each site and assess
their long-term impacts on marine organisms and ecosystems. Policy interventions and
public awareness are also crucial to reducing plastic pollution and safeguarding marine
biodiversity and food safety.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxics13100813/s1, Figure S1: Interview questionnaire form;
Table S1: Summary of estimated polymer counts and proportions with 95% confidence intervals (CIs)
propagated from subsampling uncertainty.
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The following abbreviations are used in this manuscript:

MPs Microplastics

PY The station is called “Payoon”
TK The station is called “Takuan”
SS The station is called “Suanson”

WK The station is called “Wangkaew”
PP Polypropylene

PE Polyethylene

PETG  Polyethylene Terephthalate Glycol
PES Polyester

PS Polystyrene

AES poly (Acrylonitrile Ethylene Styrene)
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Abstract: The acute and chronic toxicity of lead to Anabas testudineus was determined in this study
using static replacement bioassay testing. During the chronic toxicity studies, an experiment on the
bioremediation of lead toxicity using Ocimum sanctum leaf powder was conducted. The 96 h LCs
values of lead for Anabas testudineus was 1.08 mg/L. Different biomarkers, such as the hepatosomatic
index, gonadosomatic index, and fecundity, were significantly lower in fish subjected to 10% and 20%
of the 96 h LCs( values of lead, compared to controls. The 45-day chronic exposure of fish to lead
concentrations of 0.2 mg/L and above significantly lowered the number of total RBC, hemoglobin
content, HCT (%), plasma protein, and cholesterol while decreasing the level of total WBC, plasma
glucose, creatinine, serum AST and serum ALT. The leaf powder of Ocimum sanctum plays a significant
role in ameliorating lead toxicity.

Keywords: growth; haematological biomarkers; hepatosomatic index; lead toxicity; oxidative

stress enzymes

1. Introduction

Due to the harmful effects on aquatic species and human health, the toxicity of various
chemicals in the environment, particularly in water sources, resulting from both natural
and human activities, has become a major concern [1-5]. These chemicals adversely
affect the survival, growth, well-being, and behaviour of fish [6-10]. Lead (Pb) has been
identified as one of the most important and versatile metal ions used in industry, with many
applications in metal finishing, storage batteries, paints, and electroplating [11]. Lead, with
atomic number 82, is abundant in the environment, ranking 36th in natural abundance [12].
According to WHO guidelines, lead’s maximum acceptable limit in drinking water is 0.01
mg/L. Natural sources of lead include volcanic eruptions, marls, gypsum, sea aerosol
particles, and biological cycling processes, including the weathering of lead-containing
rocks and soils [13].

Furthermore, Pb exposure acts as an immune toxicant in fish, affecting their immune
responses [13]. Lead pollution poses a severe environmental health threat due to its
non-biodegradability and its long-term detrimental effects through accumulation [13].
Excessive intake of Pb ions can result in damage to the nervous system, brain, kidneys,
reproductive system, and even death. Lead contamination has garnered increasing global
attention due to its toxic effects on fish, humans, and the environment [14]. Pb toxicity
has devastating consequences on fish populations, adversely affecting various metabolic
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processes [14]. It also triggers energy-consuming detoxification mechanisms, reducing the
energy available for growth [15]. Moreover, lead acts as an endocrine disruptor in fish. Its
pro-oxidative properties can induce oxidative stress in fish, leading to oxidative damage to
cell membranes [15]. Reports on Pb toxicity in fish and other aquatic organisms highlight
the need for further research to better understand lead poisoning in natural water bodies.
Consequently, this study aims to estimate the acute and chronic toxicity of Pb to aquatic
organisms, assess Pb concentrations in water, and explore bioremediation strategies for
safe lead disposal. The objective of this study is to assess the acute and chronic toxicity of
lead on fish (Anabas testudineus) using static replacement bioassay tests.

Plants absorb a wide range of substances from the soil, some of which have unknown
biological function, while others can be harmful even at low concentrations [16]. Since
plants form the base of the food chain, there is concern that harmful elements may be
transmitted from plants to higher trophic levels [17]. Utilisation of naturally available
aromatic and herbs-medicinal plants in feeding the fish is still less on the experimental and
commercial level. However, few studies have been conducted to utilize these herbs and
plants as feed additives to enhance growth and feed efficiency and also for bioremediation
potential during chronic toxicity experiments to mitigate toxicity of different contami-
nants [18]. Basil (Ocimum spp.) meets the criteria as it adapts well to warm environments,
does not reproduce aggressively, and does not spread uncontrollably [19]. In this study, the
leaf powder of Ocimum sanctum was tested for its bioremediation potential during chronic
toxicity experiments to mitigate lead toxicity.

2. Material and Methods
2.1. Test Organisms

Adult specimens (n = 256) of the freshwater, air-breathing fish, Anabas testudineus
[weight 38.24 £ 1.9 g (mean =+ SD); length 12.3 & 2.9 cm (mean =+ SD)] used in the study
were bought from a fish farm at Burdwan, West Bengal. They were then transferred to
the Aquatic Toxicology Laboratory, Department of Zoology, The University of Burdwan,
West Bengal.

2.2. Test Chemical

As the test chemical, analytical grade lead oxide (also called lead monoxide), PbO,
with 99.99% purity (molecular weight 300.59 g/mol; Sigma Aldrich Inc., Mumbai, India)
was used.

2.3. Acute Toxicity Test
2.3.1. Experimental Set Up

Static replacement bioassays were conducted in the laboratory conditions, follow-
ing the methods described in APHA [20] and Kaviraj et al. [21]. Tube-well water stored
beforehand in a tank was used as the diluents medium in the bioassays [22]. The physic-
ochemical water parameters measured prior to treatment were (mean =+ SD) as follows:
temperature 28.5 £ 1.5 °C, pH 7.11 £ 0.13, CO; 12.57 &+ 1.24 mg/L, dissolved oxygen
(DO) 5.85 £ 0.92mg/L, total alkalinity 175.00 &+ 8.07 mg/L as CaCO;3 and hardness
106.00 + 6.70 mg/L as CaCOj3. The test organisms were acclimatized to the test con-
dition for 15 days before starting the bioassay. Only healthy specimens were selected at
random from a single stock, regardless of sex, before the experiment [23]. Sufficient control
was maintained for all bioassay tests [24]. The entire group of test organisms was discarded
if mortality in the control group exceeded 5%. LCsy values for the test chemicals, along
with changes in fish behaviour and respiratory rates, were evaluated during 96 h acute
toxicity tests using various nominal concentrations (0.5,0.7,0.9,1.1,1.3,1.5,1.7,1.9, 2.1,
2.3 and 2.5 mg/L). The exposure concentrations were chosen using the 24 h range finding
test [25,26]. Additionally, a 96-h feeding test was conducted with sublethal concentrations
of the test chemicals. For the 45-day chronic toxicity tests, sublethal doses were used to
assess changes in fish growth rate, haematologicaland biochemical parameters, serum en-
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zyme levels, and histopathology, as well as alterations in the physicochemical properties of
the test water. The test bioassays were conducted according to the regulations approved by
the Institutional Biosafety Committee, The University of Burdwan (BU/IBSC/22/Z0/36).

2.3.2. Respiratory Rate Test

The respiratory rate changes of fish exposed to different lethal concentrations of the
toxicants were estimated from the opercula movements of fish/minute, following the
methods of Kaviraj, Bhunia, and Saha [21], and Chukwuka et al. [27] during their acute
exposure. The total number of opercula movements per minute per fish was evaluated. Six
such observations (two from each replicate) were recorded at random for each concentration
every 24 h. The respiratory test was conducted for 96 h in 15 L glass aquaria, each holding
10 L of water with four fish. Three replicates of such aquaria were exposed to each
concentration of the toxicant and control. Opercula movements were counted at 10.00 A.M.
and 4.00 PM. daily. The opercular movements per minute were recorded at random
intervals from two individuals in each aquarium during each observation. To facilitate
accurate counting, the aquaria were well-illuminated, with a light source positioned behind
each aquarium.

2.3.3. Test for Changes in Behaviour

Behavioral changes in fish exposed to various lethal concentrations of Pb were ob-
served visually during the 96-h acute exposure, following standard protocols [26-29].
Behavioural tests for Anabas testudineus were performed in 15 L glass aquaria, each contain-
ing 10 L of water. Three replicates of aquaria were used for each toxicant concentration.

2.3.4. Feeding Test

The feeding studies were conducted in 15 L glass aquaria holding 10 L of water, with
three adult fish per tank, over a 96-h period using static renewal bioassays. Each test
chemical was evaluated at three sublethal concentrations: 10%, 20%, and a combination
of 20% of the 96 h LCsy value with Ocimum sanctum leaf powder, along with a control.
The leaf powder comprised one-quarter of the fish’s daily meal. The basil powder was
mixed with white fish meal, wheat flour, shrimp meal, dried yeast, and soybean meal. The
sublethal concentrations were determined based on the 96 h LCs, values of the toxicants.
Three aquaria were assigned to each sublethal concentration and the control, following a
randomized block design. The fish were fed freshly chopped earthworms for four hours
daily, starting at 8 am. Each day, the water was drained and replaced with fresh water
containing the appropriate test chemical. Unconsumed food was measured and removed
to prevent organic decomposition. The food consumed (in %) was calculated as difference
between the total wet weight of food provided and the food left unconsumed. The control
fish consumed 100% of the food. Fish food consumption at each sublethal test concentration
was compared to the control.

2.4. Chronic Toxicity Test
2.4.1. Experimental Set Up

Chronic toxicity tests were conducted over a 45-day period during the monsoon season
in the laboratory, using 15 L glass aquaria containing 10 L of dechlorinated tap water. For
the preparation of the Ocimum sanctum leaf powder, the O. sanctum leaves were collected
from a nearby source and cleaned thoroughly with distilled water. The leaves were then
dried in an oven at 45 °C for 48 h and ground to powder using the mortar and pestle. Based
on the results of the acute toxicity tests (96 h LCsj values), three sublethal concentrations
of each test chemical were determined: 10% of the 96 h LCs( value, 20% of the 96 h LCs
value, and a mixture of 20% of the 96 h LCs( value with dried Ocimum sanctum leaf powder
at 1.2 mg/L per day. These three sublethal concentrations, along with a control, were used
for the 45-day chronic toxicity tests. In this study, all treatments were categorized into four
different groups:
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(i) Group 1. Fish without toxicant;

(ii) Group 2. Fish with toxicant at 10% of 96 h LCs( value;

(iii) Group 3. Fish with toxicant at 20% of 96 h LCsq value;

(iv) Group 4. Fish with toxicant at 20% of 96 h LCs( value and 1.2 mg/L leaf powder of
Ocimum sanctum/day.

Each aquarium, after appropriate preparation, was stocked with ten acclimatized
Anabas testudineus. Twenty-four hours after stocking, the fish were treated with the test
chemicals. The stocked fish were fed with white fish meal, wheat flour, shrimp meal,
dried yeast, and soybean meal, supplemented with vitamins and minerals, six days a
week. Initially, the food ration was set at 2-3% of the fish’s stocking weight, with a 10%
increase every two weeks. A separate experiment was conducted to observe changes in the
reproduction of Anabas testudineus, with males and females stocked in a 1:1 ratio (mean body
weight: 38.24 & 5.56 g; mean total length: 12.3 & 3.3 cm). The same management practices
were followed during the rearing of male and female fish to monitor reproductive changes.
Triplicates for all chronic toxicity tests were conducted in accordance with the established
methods [7,8,30], with thirty fish exposed to each concentration of the test chemical.

For bioremediation, dried Ocimum sanctum leaf powder was administered at 1.2 mg/L
per day with the fish food to mitigate the toxicity of the test chemical. During the toxicity
tests, static renewal bioassay methods were employed, with 10% of the water in the test
aquaria siphoned out every 24 h and replaced with fresh water containing the appro-
priate concentration of the test chemical. Results from the 45-day chronic toxicity tests
were recorded on days 1, 15, 30, and 45. Alterations in biochemical parameters of blood
serum (total glucose, protein, urea, creatinine, alanine aminotransferase-ALT, and aspartate
aminotransferase-AST) and haematologicalparameters (RBC, WBC, Hb, and Hct %) were
measured every 15 days. At the end of the experiment, changes in growth (including the
gastrosomatic index, hepatosomatic index (HSI), weight gain, % increase in length, Specific
Growth Rate, Food Conversion Ratio-FCR, and Food Conversion Efficiency-FCE), as well as
reproductive parameters (gonadosomatic Index, ovary size, and fecundity), were evaluated.
The physicochemical properties of test water (pH, CO,, dissolved oxygen, alkalinity, and
hardness) were also assessed every 15 days during the chronic bioassay.

2.4.2. Growth and Organo-Somatic Indices

The length and weight of the fish were noted within 24-48 h of preservation. The
several growth parameters (gastrosomatic index, hepatosomatic index, percent increase
in weight, percent increase in length, specific growth rate, food conversion ratio, food
conversion efficiency) were evaluated from the length (mm) and weight (g) of the fish
and their different tissues. The data of length and weight were transformed to log values
for regression analysis. To calculate the growth parameters of the fish, the formulae were
adopted from standard protocols [31-33] and they are given below:

(i) Gastrosomatic Index = (V/W) x 100,
where V is the visceral weight (g) of the fish and W is the observed body weight (g)
of fish;
(i) Hepatosomatic index (HSI) = [{wet weight (g) of liver without gall bladder}/wet body
weight (g)] x 100;
(iii) Percentage increase in weight = (W, — W1)/W; x 100,
where W is the initial weight (g) of the fish and W) is the final weight (g) of the fish;
(iv) Percentage increase in length = [(L, — L1)/L4] x 100
where, L1 = initial length of fish; L, = final length of fish;
(v) Specific growth rate [34] (%/day) = {(loge W, — loge W1)/T} x 100,
where loge W = natural logarithm of initial body weight of fish (g), logeW; = natural
logarithm of final body weight (g) of fish and T = time interval;
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(vi) Food conversion ratio (FCR) = food given/weight gain,

where weight gain = final weight of fish (g) — initial weight of fish (g);
(vii) Gonadosomatic index of female fish = (G/W) x 100;
(viii) Fecundity = total number of ripening eggs/females.

2.4.3. Haematological Biomarkers

The total count of RBC was performed following Dacie and Lewis [35]. For counting
the red blood cells, whole blood from the test tube was pipetted by a hemocytometer tube
up to the 0.5 mark and then diluted 200 times using Hayem’s fluid. After thoroughly
mixing, the diluted blood sample was taken in the Neubaur’s counting chamber, covered
with a special cover slip, and allowed to stand for a few minutes. The red cells were counted
in the RBC counting chamber. For each sample, 5 readings were taken. The values were
expressed in millions of cells/mm?. Hayem’s fluid was used as diluent for RBC, and Turk’s
fluid was used for WBC. Hemoglobin was estimated using the acid haematin method [36].
Haematocrit (HCT), TWBCC, TRBCC, and Mean Corpuscular Haemoglobin [37] were
expressed as follows:

- HCT (%) = (Iength of packed erythrocytes = total length of blood column) x 100;

- TWBCC (103 mm?) = [total number of white blood cells counted in 4 squares of
haemocytometer (Nwbc) x dilution factor (Df of 50)] < [4 x volume factor (Vf of
0.1)];

- TRBCC (106 mm?) = [total number of RBCs counted in 5 squares of haemocytometer
(Nrbc) x dilution factor (Df of 200)] = [5 x volume factor (Vf of 0.1)].

2.4.4. Biochemical Parameters of Blood Serum

Serum proteins were estimated following the methods of Lowry et al. [38]. The
GOD/POD method (glucose oxidase-peroxidase) was employed for the estimation of
glucose levels [39]. The enzymatic colorimetric method recommended by [40] was ap-
plied for the estimation of cholesterol. The creatinine level was estimated by following
method [41]. The estimation of serum aspartate aminotransferase (AST) and serum alanine
aminotransferase (ALT) was employed following the method of [42].

2.5. Scanning Electron Microscopic (SEM) Study

A heparinised syringe was used to take blood from the caudal peduncles of both
control and polluted fish. Two to three blood drops were placed in vial with 2.5% glu-
taraldehyde produced in 0.1 M sodium cacodylate buffer. It was then centrifuged at 1500
rpm for 5 min, then washed and resuspended in distilled water. The procedure was per-
formed 2-3 times. A thin film was decanted and applied to a cover slip after resuspension
in distilled water. Then, the cover slips were air-dried and gold-coated using a JFC-1100
ion sputterer (JEOL Ltd., Tokyo, Japan). Observations were made on a JSM-6360 JEOL SEM
at an accelerating voltage of 15-20 kV, using the secondary electron emission mode.

2.6. Homology Modelling and Molecular Docking

To predict the binding affinities of serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) with lead, molecular docking analysis was performed. The 3D
structure of lead (PubChem CID: 5352425) was simulated using Avogadro software (version
1.2). Since the 3D structures of serum aspartate aminotransferase (AST; XP_026212619.1)
and alanine aminotransferase (ALT; XP_026217554.1) were not available in the Protein
Data Bank (PDB), we generated their structures through homology modeling using SWISS-
MODEL [43]. A template search was conducted for these proteins, and models were built
using ProMod3 [44]. The quality of the models was assessed using the QMEAN scoring
algorithm at both the global and per-residue levels, and their validity was confirmed using
Ramachandran plot analysis [45]. The final models were saved in PDB format.
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For molecular docking, polar hydrogen atoms were incorporated into the target
proteins to ensure proper ionization and tautomeric states of amino acids using the PyRx
v8.0 tool [46]. Kollman united and Gasteiger charges were applied to the proteins, while
the ligand was similarly prepared. The 3D structure of lead was further optimized in
Open Babel, where its energy was minimized using the universal force field (UFF) with
200 steps of conjugate gradients. Universal and targeted docking simulations (50 runs each)
were performed using PyRx [46] to identify potential binding sites, and the results were
visualized using Discovery Studio v24.1.0.23298 [47].

2.7. Statistical Analysis

The Shapiro-Wilk test was performed to ascertain whether the data conformed to
a normal distribution. All data, except those obtained from acute toxicity tests, were
processed for significance of variance using one-way or two-way ANOVA (analysis of
variance). Statistical analyses were performed using the SPSS package (version 16.0). The
Probit Analysis [48] method has been employed for estimating LCsy values. The mean
values of opercula movements obtained from respiratory tests were analysed by two-
way analysis of variance (ANOVA), taking days of exposure and concentrations of a test
chemical as independent variables. The comparison of mean values for significance of
difference was performed using Dunnett’s test.

3. Results and Discussion
3.1. Acute Toxicity Assessment
3.1.1. Effects on Mortality Rate

The results of acute toxicity test with Pb) to Anabas testudineus are shown in Table 1. The
24, 48,72, and 96 h LCs, values of Pb were 1.47, 1.41, 1.15 and 1.08 mg/L, respectively. The
24, 48,72, and 96 h LCs( values (with 95% confidence limits), probit regression equations
and correlation coefficients (R? and r values) of Pb indicate an existence of a strong positive
correlation between the percentage of mortality and toxicant concentration (Table 1).

Table 1. Comparison between the LCsq values (95% confidence limits, probit regression equation, R
and r values) of Pb to Anabas testudineus at different times of exposure.

95% Fiducial Limits of LCs,

24h 1.47 +0.22 1.28 1.70 y =4.41x +4.25 0.9 0.9
48 h 141 £0.28 1.19 1.69 y =3.54x + 4.45 0.9 0.9
72h 1.15+£0.28 0.96 1.37 y =3.53x +4.78 0.9 0.9
96 h 1.08 +0.34 0.86 1.36 y =291x+4.90 0.8 0.8

No mortality was observed in the control group during 96 h experiment. The mortality
of Anabas testudineus increased significantly (p < 0.05) with increasing toxicant concentra-
tions and the progression of exposure time (Figure 1).

This observation indicated dose- and time-dependent mortality. The LCsy values
decreased significantly with increasing exposure period of the toxicant.

In the present study, the 96 h LCs( value of lead was found to be 1.08 mg/L, which
is lower than the 96 h LCs( value of other fish species, such as 44 mg/mL for Oreochromis
niloticus [49] and 34.20 mg/L for Labeo rohita [50]. Therefore, this variations in lead toxicity
to different fish species depends on species and the test condition. The results indicate that
the tested fish A. testudineus was facing high lead toxicity.
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Figure 1. Mean percentage (%) values of mortality of Anabas testudineus exposed to different con-
centrations of lead over various exposure periods (24, 48, 72, and 96 h). Significant differences are
denoted by b—i (columns) and m—o (rows).

3.1.2. Behavioural Changes

The increasing mucous secretion and hyper-excitability were recorded at the higher
concentrations of the test chemical (1.1 mg/L) from 72 h to 96 h of exposure time. The
equilibrium of fish was lost at higher concentrations of the toxicant (1.1 mg/L and above)
at 72 and 96 h of exposure (Table 2).

Table 2. Impact of Pb on behaviours (MS: mucous secretion; HE: hyper-excitability; LE: loss of
equilibrium) of Anabas testudineus at different hours (24, 47, 72, 96) of exposures; (-: absent; +: mild;
++: moderate; +++: strong).

Dose MS HE LE
(mg/L)  24h 48h 72h 9h 24h 48h 72h 9%h 24h 48h 72h 9%h
0 - - - - - - - - - - - -

0.5 - - - + - - - + - - + +
0.9 - + + + + + + + - - + ++
1.1 - + ++ +++ + + ++ +++ - + ++ +++
1.5 - + +++ +++ + + +++ +++ - + 4 +++
1.9 + ++ +++ +++ + ++ +++ +++ + +++ +++ +++

On initial exposure at higher concentration of lead, the fish showed characteristic
avoidance behaviour by rapid and erratic swimming with jerky movements and hyper ex-
citability, rapid opercula movement, jumping out from the test media, lateral swimming, and
loss of equilibrium. These observations were in conformity with the findings of Murugan
et al. [51], who observed characteristic restlessness, increased activity and opercular move-
ments of fish put into hypoxic conditions. Similar abnormal behaviours were also observed in
Ctenopharyngodon idella, Clarias gariepinus, and Chanos chanos exposed to lead nitrate [52,53].

3.1.3. Changes in Respiratory Rate

The opercular movement of fish increased significantly (p < 0.05) at 24 and 48 h but
decreased significantly (p < 0.05) at 72 and 96 h with increasing toxicant concentrations.
The opercular movement decreased significantly (p < 0.05) at all the treatments with the
advancement of exposure time (Figure 2).
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Figure 2. Mean opercular movements of Anabas testudineus during 96 h exposure to different exposure
concentrations of Pb (mg/L). The significance levels are denoted using a—g (columns) and m-p (rows).

3.1.4. Changes in Feeding Rate

Changes in feeding rate of Anabas testudineus treated with different concentrations of Pb
are shown in Figure 3. One-way ANOVA followed by Dunnett’s test showed that the feeding
rate of fish was reduced significantly (p < 0.05) at 10% (0.1 mg/L), 20% (0.2 mg/L), and the
mixture of 20% of the LCs( value of Pb and leaf powder of Ocimum sanctum. A severe decrease
in feeding rate of fish was recorded at 20% of LCs value of toxicant. But the rate of feeding of
fish was significantly higher exposed to the mixture of 20% of LCsy value and leaf powder of
Ocimum sanctum compared to the 10% and 20% LCsy concentrations of Pb (Figure 3).
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Figure 3. The proportion of food consumed by Anabas testudineus exposed for 96 h to different
concentrations of Pb along with remediation with Ocimum leaf powder. Letters (a—d) indicate
significant differences.
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3.2. Chronic Toxicity Tests of Lead to Fish Anabas testudineus

No fish mortality was observed during the 45-day chronic toxicity bioassay. Addi-
tionally, no changes in behaviour or coloration were noted throughout the experiment.
However, prolonged exposure (45 days) to sublethal concentrations of Pb resulted in signif-
icant alterations in growth rate, haematology, serum biochemistry, serum enzyme levels,
and histopathology in the treated fish (Figures 4 and 5 and Tables 3 and 4).
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Figure 4. The (a) gastrosomatic index, (b) percentage increase in weight (c) percentage increase
in length, (d) specific growth rate (% per day), (e) food conversion ratio (FCR), (f) hepatosomatic
index, (g) gonad (ovary) weight, (h) gonadosomatic index (%), and (i) fecundity of Anabas testudineus
exposed to sublethal concentrations of lead (mg/L) after 45 days of chronic toxicity testing are
reported. Letters (a—d) indicate significant differences.

Table 3. Total RBC, total WBC, haemoglobin (g/dL) and Hct% of fish Anabas testudineus exposed
to lead during chronic toxicity bioassay. Mean values with different superscript letters a-d within
columns and m—p within rows are significantly different (two-way ANOVA followed by Dunnett’s

test, p < 0.05).
Hei’matological Exposure Time (d) Concentration of F (mg/L)
arameter
0.0 mg/L 0.1 mg/L 0.2 mg/L o2 ‘;‘Igrf ;ﬁg/(g;;ij;) *
(Control) (10% of LCs¢) (20% of LCsq) sa;tc tum Leaf Powder)
1 2.83 4 0.07 am 2.84 4 0.09 am 2.84 4+ 0.122™ 2.83 +0.08
Total RBC 15 2.85 4 0.16 2™ 2.71 + 0.07 " 2.65 4 0.17 b0 2.76 4 0.2 bP
(10°/mm?) 30 2.84 +0.16°™ 262 +0.165" 2.53 £0.13 < 2.78+ 0.25 P
45 2.83 £0.15a™ 2.51 4+ 0.05 40 242 4+0.16 % 2.80 +0.159p
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Table 3. Cont.
Hematological Exposure Time (d) Concentration of F (mg/L)
Parameter
0,
0.0 mg/L 0.1 mg/L 0.2 mg/L 0'21 ‘;Igtf Ig‘/(LZ;(’i/( O"fi}nii‘:l) +
0, 0, -
(Control) (10% of LCsxp) (20% of LCsq) sanctum Leaf Powder)
1 9.72 + 0.34 am 9.71 + 0.45 am 9.72 + 0.44 am 9.73 + 0.57 am
Total WBC 15 9.69 4 0.43 am 9.14 + 0.34 b0 9.01 + 0.58 o 9.38+ 0.37 bP
3 3
(10°/mm”) 30 9.71 + 0.22 am 8.87 +0.43 ™ 8.53 + 0.57 © 8.59 + 0.57 b
45 9.72 + 0.41 @™ 8.58 + .22 dn 7.17 4 0.82 d° 9.23 + 0.48 P
1 14.92 + (.52 am 14.91 4+ 0.51 2™ 14.91 + 0.47 am 14.92 + 0.68 @™
Haemoglobin (g/dL) 15 14.90 + 0.43 am 13.12 £ 0.29 bn 12.02 + 0.17 b0 12.58 + 0.47 PP
30 14.93 4 0.24 3™ 12.76 & 0.58 11.38 4 0.37 © 13.44 +0.73 P
45 14.92 + 0.44 am 11.69 + 0.57 4n 9.57 + 0.36 <© 13.81 + 0.27 9P
1 24.47 4 1.35am 24.46 4 0.96 2™ 24.45 4+ 1.35am 24.46 4 0.99 am
Het (%) 15 24.44 + 1.46 2™ 21.52 + 1.25am 20.37 £+ 1.34 b0 22.43 4 1.38 bo
o
30 2443 4 1.57 am 20.39 4 0.94 bn 19.53 + 1.52 © 22.87 +1.96 bP
45 24.46 4+ 1.39 am 18.65 & 0.93 17.21 £ 0.81 <© 23.15 4+ 1.01 <™
(@)
13 e dn co %‘i (0.0 mg/L (Control)
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Figure 5. (a) Serum AST (IU/L) and (b) serum ALT (IU/L) level of freshwater fish Anabas testudineus
exposed to Pb in the 45-day chronic toxicity bioassay. Letters a—g (columns) and m—p (rows) indicate

significant differences.
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Table 4. Plasma glucose (mg/dL), plasma protein (mg/dL), cholesterol (mg/dL) and creatinine
level (mg/dL) of fish Anabas testudineus exposed to lead during chronic toxicity test. Mean values
with different superscript letters a-d within columns and m—p within rows are significantly different
(two-way ANOVA followed by Dunnett’s test, p < 0.05).

Concentration of Pb (mg/L)

Exposure Time 0.2 mg/L (20% of
Parameter (days) 0.0 mg/L 0.1 mg/L 0.2 mg/L LCso) + 1.2 mg/L/d
(Control) (10% of LCsg) (20% of LCsg) (Ocimum sanctum
Leaf Powder)
1 60.23 + 0.97 am 60.47 + 0.74 am 60.35 + 1.03 am 60.27 + 1.02 am
Plasma glucose 15 61.14 +0.30 @™ 62.32 4 0.85 b 63.17 & 0.68 bm 62.15 4 0.77 b°
(mg/dL) 30 61.03 + 0.98 am 65.83 + 0.36 ™ 67.29 + 0.77 <© 63.12 4 1.26 P
45 60.67 + 0.69 @™ 68.17 & 0.51 dn 70.18 + 0.75 do 61.74 + 0.94 am
1 3.21 4 0.18 am 3.24 4 0.13am 3.23 4 0.04 am 3.22 4 0.02 am
Plasma protein 15 3.20 +0.16 2™ 291 + 0.06 ™" 2.62 +0.13P° 293 +0.15bp
(mg/dL) 30 3.19 4 0.16 9m 2734011 2.43 4 0.12 © 2.95 4 0.18 <P
45 3.20 £ 0.17 @™ 2,624 0.11 490 219 +0.11d° 2.99 4+ 0.17 9P
1 192.25 4 1.07 am 191.78 4 1.22 am 192.63 + 1.84 am 192.12 + 1.36 @™
Cholesterol 15 191.79 4 1.09 am 187.34+ 1.43 bn 182.13 + 1.38 b0 188.19 + 0.96 bP
(mg/dL) 30 19213 + 1.27 am 181.57 + 1.36 176.70 4 1.57 < 183.22 + 1.65 bm
45 192.37 4 1.58 am 177.72 + 1.55 9n 167.58 + 1.26 do 189.18 + 1.25 em
1 0.43 4 0.049 am 0.49 + 0.074 am 0.49 + 0.046 am 0.46 + 0.063 @™
. 15 0.49 + 0.067 @™ 0.69 + 0.053 b 1.06 + 0.055 o 0.88 + 0.043 bP
Creatinine (mg/dL)
30 0.46 + 0.054 am 0.88 4 0.045 0 1.17 + 0.064 © 0.79 4 0.062 P
45 0.49 4 0.036 2™ 1.19 + 0.036 90 1.28 + 0.042 do 0.53 + 0.032 dm

3.2.1. Changes in Growth and Organo-Somatic Indices

Long-term exposure (45 days) to sublethal concentrations of lead (Pb) resulted in sig-
nificant alterations in various growth parameters of the treated fish compared to the control
group (Figure 4). Chronic exposure to Pb at concentrations of 0.1 mg/L and 0.2 mg/L, as
well as a mixture of 0.2 mg/L Pb and Ocimum sanctum leaf powder (1.2 mg/L/day), led to
a significant decrease in food conversion efficiency, weight gain (%), specific growth rate,
and the hepatosomatic index, along with a significant increase in the gastrosomatic index
and food conversion ratio (FCR), compared to the control (p < 0.05).

The most severe reductions in food conversion efficiency, weight gain (%), specific
growth rate, and hepatosomatic index were observed in fish exposed to 20% of the LCs
value (122 mg/L) of Pb. However, fish treated with the mixture of 20% LCsy Pb and Ocimum
sanctum leaf powder exhibited a comparatively lesser reduction in these parameters than
those treated with 10% or 20% Pb alone. Fish exposed to the combination of Ocimum
sanctum leaf powder and 0.2 mg/L Pb showed increased growth in both length and weight
compared to the groups treated with 10% and 20% LCsy Pb concentrations.

Moreover, fish treated with the mixture of Ocimum sanctum leaf powder (1.2 mg/L/day)
and Pb (20% LCsj value) showed signs of recovery from Pb toxicity. Over the 45-day pe-
riod, there was a gradual improvement in food conversion efficiency, weight gain (%),
specific growth rate, and the hepatosomatic index, along with a gradual reduction in
the gastrosomatic index and food conversion ratio (FCR), compared to fish treated with
Pb alone.

The size of ovary, gonadosomatic index [54], and fecundity of Anabas testudineus were
reduced significantly in the fish exposed to 10% and 20% of 96 h of LCs( values of lead in
comparison to control. The rate of reduction in the above parameters was found directly
proportional to toxicant concentrations. But no negative change in the above parameters
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was recorded in the mixture of 20% of 96 h of LCs value of lead with 1.2 mg/L/d of leaf
powder of Ocimum sanctum (Figure 4).

The chronic exposure of fish to 10% and 20% of LCsg of lead and a mixture of 20% of
LCsp of Pb with Ocimum sanctum leaf powder alters the rate of weight gain (%), specific
growth rate, and the hepatosomatic index. Fish performance and feed utilization, however,
were significantly affected by lead concentration and exposure time. It also reported
significant decrease in growth of Channa punctatus when exposed to heavy metal. Also,
Abdel-Tawwab et al. [55] observed a significant decrease in the growth of Nile tilapia and
common carp, respectively, when exposed to metal. Decreased growth in the post-larval
stages of Indian prawn (Penaeus indicus) at 40, 80, and 160 nug/L was reported by Rajput
et al. [56]. Dauble et al. [57] also observed reduced growth of fathead minnows exposed
chronically to the toxicant. The hepatosomatic index is the main indicator of metabolic
activity in animal organisms. In the present study, the recorded decrease of HSI values, due
to lead exposure, indicates degenerative changes in the liver [58]. Bekmezciand Nevin [59]
also reported that heavy metals decreased the hepatosomatic index in Clarias gariepinus,
which was possibly due to depletion of energy reserves in liver. Stress condition developed
under the effect of metals and the excess usage of energy reserves in response to increase in
requirement might cause the decrease in hepatosomatic index [60].

Many heavy metals are considered essential nutrient elements that positively improve
fish growth and feed utilisation; however, when these metals exceed the maximum al-
lowable limit, they pose a risk not only to fish health but also to human consumers and
disrupt ecological systems. Heavy metal toxicity has been linked to reduced gonadosomatic
index [54], fecundity, hatching rate, fertilisation success, aberrant form of reproductive
organs, and, ultimately, reproductive failure in fish. The rate of reduction in weight gain
(%), specific growth rate, hepatosomatic index, gonadosomatic index [54], fecundity, and
the rate of increase in the gastrosomatic index [54] and food conversion ratio (FCR) were
the highest in fish treated with 20% of 96 h LCs value of lead. The rate of change of these
parameters was comparatively lower in the fish treated with a mixture of 20% of LCsg of
lead and leaf powder of Ocimum sanctum over the fish treated with 10% and 20% of 96 h
LCs values of lead. The HSI, GSI, and fecundity were increased significantly in the mixture
of 20% of 96 h of LCs value of lead with 1.2 mg/L/d of leaf powder of Ocimum sanctum
over 10% and 20% of 96 h of LCs( value of lead. It was probably due to the inhibitory effects
of Ocimum sanctum reducing the oxidative stress and other toxicity from the lead during the
chronic exposure of A. testudineus to the mixture of lead and Ocimum sanctum leaf powder.
A similar result was also recorded by earlier researchers, such as Abdel-Tawwab et al. [61].
Similar findings were also recorded in HSI and GSI of Heteropneustes fossilis exposed to
malathion and different metals [50]. A significant level of reduction in HSI of fish exposed
to organic pollutants like PAHs was also found [62]. The HSI and GSI of Cyprinus carpio
and Perca fluviatilis were also decreased during their exposure to lead and cadmium [63].

3.2.2. Haematological Changes

Chronic exposure (45 days) to sublethal concentrations of Pb caused changes in
different haematological parameters of treated fish as compared to control (Table 3). The
results indicated that RBC, WBC, Hb, and Ht% decreased significantly (p < 0.05) in the
fish treated with 0.1 and 0.2 mg/L of Pb and a mixture of 0.2 mg/L of Pb and Oscimum
sanctum leaf powder (1.2 mg/L/d) compared to the control. The effects of Pb were severe
in treated fish in comparison to control. The reduction of RBC, WBC, Hb and Ht% was
comparatively lower in the fish treated in the mixture of 20% of LCsy of Pb and leaf powder
of Ocimum sanctum over the fish treated with 10% and 20% of Pb. There was no significant
change in Ht% in the fish treated with a mixture of 20% of LCs( of Pb and leaf powder of
Ocimum sanctum compared to control. The fish treated with a mixture of Ocimum sanctum
leaf powder (1.2 mg/L/d) along with Pb (20% LCs( value) showed a sign of recovery from
the Pb toxicity with the gradual increase in RBC, WBC count, Hb, and Ht% over a period
of 45 days compared to the treated fish.

40



Toxics 2024, 12,927

In the present investigation, the RBC, WBC, Hb, and Hct (%) values of fish were altered
during chronic exposure to lead. The reduction rate was dose- and time-dependent. The
hematological parameter in fishes are frequently used for the assessment of the toxic effects
as well as functional status of aquatic organisms by using blood, which is an excellent
indicator of toxic stress [64]. The haematological parameters, including RBC, WBC, Hct
value and Hb is generally used to assess the health status of fish [65,66]. In this findings,
reduction in RBC, Hb and Ht content in fish upon lead exposure, may be because of the
disorder in hematopoietic processes, accelerated disintegration of RBC cell membrane [67].
Normally increased WBC count in fish exposed to lethal and chronic doses indicates
leucocytosis [68]. In this study, leukocyte count decreased as dose increases which are
in accordance to findings of many researchers [69,70]. Moreover, use of Ocimum sanctum
leaf powder along with lead abridged the harmful property of the toxicant in terms of
haematologicalparameters. Similar findings were observed when treated fish were exposed
to toxicant [71]. Therefore, it could be useful as a protective agent against lead induced
toxicity in fish.

3.2.3. Biochemical Changes of Blood Serum

Chronic exposure of fish to sublethal concentrations of Pb (0.1 mg/L, 0.2 mg/L and
a mixture of 20% of LCs( of Pb and leaf powder of Ocimum sanctum) for 45 days caused
noteworthy changes in different biochemical parameters (Table 4). The results indicated
that serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) increased
significantly (p < 0.05) in fish treated with 0.1 and 0.2 mg/L of Pb and a mixture of 0.2 mg/L
of Pb and Oscimum sanctum leaf powder (1.2 mg/L/d) compared to control. The increase
was dose and time dependent. There were also significant differences in serum enzyme
activities between the two sublethal concentrations (0.1 and 0.2 mg/L) of Pb (p < 0.05). The
fish treated with a mixture of Ocimum sanctum leaf powder (1.2 mg/L/d) along with Pb
(20% LCsp value) showed a significant variation in the AST and ALT from 10% and 20% of
LCs5¢ values of Pb (p < 0.05), but no significant change was found compared to the control.
This result may be considered as the sign of recovery from the Pb toxicity with the gradual
decrease in serum ALT and AST over a period of 45 days compared to treated fish.

The utilisation of biochemical parameters in organisms as pollution indicators pro-
vides information on the adaptive or deleterious responses in organism exposed to a
particular amount of chemicals. Such analyses provide early warning signals before other
toxicological points, including death [72]. Among the biochemical profiles, plasma glucose
has been widely used as a parameter to study stress and also used as a sensitive indicator
of environmental stress in fish [73]. The hyperglycaemia recorded in the present study
after lead exposure may be an indication of induced degenerative changes in the hep-
atopancreas [73]. The significant decrease in plasma protein levels in lead trioxide-treated
fish might be due to an impaired rate of protein synthesis under metallic stress [74,75].
The variations in cholesterol level induced by heavy metals might be due to liver failure,
which subsequently leads to the elevation of cholesterol concentration in the serum [76].
Various other metals also caused a decrease in the level of serum cholesterol in different fish
species [77-79]. Serum creatinine is a traditional screening index for kidney function [55].
Similar results were obtained by [80], who found increased creatinine levels in Nile tilapia
and common carp, respectively, due to metal toxicity.

3.2.4. Change in Blood Serum Enzymes

A notable effect of Pb was noted in the different enzyme levels of Anabas testudineus
after 45 days of exposure to different sublethal concentration of Pb and a mixture of
Pb and leaf powder in comparison to the control (Figure 5). The results showed that
serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) increased
significantly (p < 0.05) in fish treated with 0.1 and 0.2 mg/L of Pb and a mixture of 0.2
mg/L of Pb and Oscimum sanctum leaf powder (1.2 mg/L/d) in compare to control. The
increase was dose and time dependent. There were also significant differences in serum
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enzyme activities between the two sublethal concentrations (0.1 and 0.2 mg/L) of Pb (p <
0.05). The fish treated with a mixture of Ocimum sanctum leaf powder (1.2 mg/L/d) along
with Pb (20% LCsg value) showed a significant variation in the AST and ALT from 10% and
20% of LCsg values of Pb (p < 0.05) but no significant change was found compared to the
control. This result may be considered as the sign of recovery from the Pb toxicity with the
gradual decrease in serum ALT and AST over a period of 45 days compared to the treated
fish.

In the present study, ALT and AST levels in blood serum of the exposed fish increase
with the increasing dose of lead and exposure time. Therefore, the effects of a chemical
usually appear primarily in the liver [81]. Liver function tests have been used as indicators
to access alterations in liver functioning following exposure to lead [81]. Several enzymes,
such as ALP, GOT, and GPT, have been used to determine pollution exposure in animals
and to monitor water pollution. In the present study, the significant increase in AST and
ALT levels in fish exposed to lead indicates hepatic damage due to Pb accumulation, which,
in turn, releases these enzymes into the bloodstream [81].

In the present study, the rate of elevation in ALT and AST levels was much higher in
the fish treated with Pb and was comparatively lower in the fish treated with a mixture
of 20% of LCs of lead and leaf powder of Ocimum sanctum compared to the fish treated
with 10% and 20% of lead. It indicates that the leaf powder of Ocimum sanctum decreases
the Pb-induced toxicity of fish during their chronic exposure for a period of 45 days. In
the present study, the use of leaf powder induced reversibility from abnormal levels to
normal levels of ALT and AST in the blood of fish exposed to lead and may be regarded as a
protective agent against toxicity. Similar findings were observed when the exposed animals
were subjected to supplementation with Moringa oleifera extracts and spirulina [82,83].

3.2.5. Scanning Electron Microscopic (SEM) Study on the Change in RBC of Fish

Under scanning electron microscope, the erythrocytes of the treated fish showed
an abnormal shape and became discoidal to elongated in shape with irregular surface
(Figure 6). But the control blood cells were elliptical and discoid with normal smooth
surface. Some erythrocytes of the treated fish formed lobopodian membrane protrusions.
A few erythrocytes formed abnormal notches and spikes on the cell membrane.

Figure 6. Scanning electron micrograph of RBC of Anabas testudineus: (a) RBC of control fish (b) RBC
of fish treated with 0.2 mg/L (20% LCs value) of lead.

The abnormally shaped RBCs of Anabas testudineus, exposed to lead with irregular
surface, cell membrane crenation, internalization of membrane, oozed out cytoplasm, and
lobopodian projections, were also found by earlier researchers in RBC of Anabas testudineus
during chronic exposure to the pesticide cypermethrin [84]. Identical morphological
changes in the RBCs of fish blood due to pesticides and heavy metal toxicity were also noted
by several researchers [85,86]. The membrane internalization in mercuric chloride-exposed
Channa punctatus was also observed [70]. The crenated RBC membrane development in
fish might be due to the early echinocyte’s formation. The echinocytes development cause
plasma membrane expansion leading to RBC swelling before lysing [87]. The crenation of
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lead-induced RBC membrane found in the present study may be associated with altered
membrane surface area to cell volume ratio as stated by Naskar et al. [88] in Clarias batrachus
exposed to aluminum. Similar types of crenations in the membrane of RBC were recorded
in Chana punctatus exposed to mercuric chloride [70]. The formation of lobopodia and
erythrocyte contraction from one side, as observed in the present study, has also been
reported in Channa punctatus exposed to malathion and mercuric chloride [70]. Oozing
cytoplasmic content and lobopodial projections were also found in the erythrocytes of
Anabas testudineus exposed to the pesticide chlorpyrifos [84].

3.3. Homology Modelling and Docking Analysis of ALT and AST

For the modelling of ALT and AST, the templates obtained from the search have a
template number of AOA3Q3AW13.1. ALT has a sequence identity of 87.37% and a GMQE
score of 0.96 with 100% coverage, whereas AST has a sequence identity of 77.51% and a
GMQE score of 0.92 with 100% coverage. A GMQE score above 0.7 is generally considered
to be reliable [89].

The structure assessment using the Ramachandran plot also shows the model’s va-
lidity. A valid protein is determined by 90-95% of its amino acids within the favoured
regions of the plot, and here we obtained 97.96% amino acids in the favoured regions for
ALT and 96.56% for AST. We obtained a MolProbity score of 0.65 for ALT and 1.65 for
AST using MolProbity version 4.4 [90], and a clash score of 0.39 [44] for ALT and 1.39 for
AST. The clash score was calculated as the number of collisions per 1000 atoms (including
hydrogens) [91,92], and the MolProbity score signifies the combination of protein quality
scores [44]. As the clash score and MolProbity score are low, the model can be consid-
ered suitable (Figure 7a,b). With these protein models (Figure 7a,b), we performed the
docking analysis.

Figure 7. Homology models of ALT (a) and AST (b) with their validating Ramachandran plot below
each of the models.
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The docking analysis of lead with ALT shows lower affinity to AST. In Table 5, all the
predicted results are mentioned regarding binding affinities. Thus, AST might interact with
lead much more than ALT (Figure 8a,b).

Table 5. The binding affinities of the proteins and chemicals similar to the dimethoate obtained from
docking analysis using Vina Wizard.

SIL. No. Proteins Binding Affinities (kcal/mol)

1 Serum alanine _40
’ aminotransferase (ALT) ’

Serum aspartate

aminotransferase (AST) —35

PR ALA147/£ER290 @ TS
§rae/ = o 9
N

k/ A @
- SER292 @

I
A ARG302
Interactions
e ) B I Conventinal Hydrogen Bond JJj Unfovorabie Donor-Donor

[] carbon Hydrogen Bond

ARG384  Interactions
|-| Salt Bridge - Unfavorable Positive-Positive
EI Attractive Charge - Unfavorable Donor-Donor

- Conventional Hydrogen Bond Pi-Cation
C] Carbon Hydrogen Bond E] Pi-Donor Hydrogen Bond

Figure 8. (a) Lead interacting with ALT and the 2D representation of the interaction at its left; (b) lead
interacting with AST and the 2D representation of the interaction at its left.

4. Conclusions

The present study aimed to assess the impact of lead exposure on Anabas testudineus
in an aquatic ecosystem, with a focus on both its toxicity and the potential mitigating
effects of Ocimum sanctum. In addition to evaluating lead’s harmful effects on A. testudineus,
the study explored the role of O. sanctum in reducing this toxicity. Chronic toxicity tests
revealed that lead concentrations of 0.1 mg/L (equivalent to 10% of the 96 h LCsp) or
higher reduced feeding rate, red blood cell count (RBC), hemoglobin (Hb), hematocrit
(Hct) values, plasma glucose, and plasma protein levels, while decreasing white blood cell
(WBC) count and serum ALT and AST levels. These physiological alterations, along with
decreased appetite, were likely the primary factors contributing to the reduced growth of
the fish during prolonged lead exposure. This suggests that O. sanctum may play a role in
mitigating oxidative stress and other toxic effects of lead, indicating a potential recovery
in the fish. These findings demonstrate the significant inhibitory effect of O. sanctum on
lead toxicity. The results of this study provide critical data on both acute and chronic lead
toxicity, which could inform national and international threshold levels for lead disposal in
aquatic environments. Additionally, the findings offer valuable insights into sustainable
fishery management, breeding programs, and the conservation of economically important
native fish species, such as A. testudineus, in their natural habitats.
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Abstract: The distribution of trace metals (TMs) in a continuous water body often exhibits watershed
attributes, but the tidal gates of the coastal rivers may alter their transformation and accumulation
patterns. Therefore, a tidal gate-controlled coastal river was selected to test the distribution and accu-
mulation risks of Al, As, Cr, Cu, Fe, Mn, Ni, Sr, and Zn in the catchment area (CA), estuarine area (EA),
and offshore area (OA). Associations between TMs and bacterial communities were analyzed to
assess the feasibility of using bacterial parameters as ecological indicators. The results showed
that As and Cr were the key pollutants due to the higher enrichment factor and geoaccumulation
index, reaching slight to moderate pollution levels. The Nemero index was highest in EAs (14.93),
indicating a higher pollution risk in sediments near tide gates. Although the TM dynamics can be
explained by the metal-indicating effects of Fe and Mn, they have no linear relationships with toxic
metals. Interestingly, the metabolic abundance of bacterial communities showed good correlations
with different TMs in the sediment. These results highlight bacterial community characteristics as
effective biomarkers for assessing TM pollution and practical tools for managing pollution control in
coastal environment.

Keywords: accumulation risk; bacterial community; coastal watershed; tidal gate; trace metals

1. Introduction

At the global scale, trace metal (TM) pollution poses a significant threat to coastal
ecosystems [1-4]. TMs are generally derived from natural (erosion and mineral weathering)
and anthropogenic (industrial or mining activities) sources and are transferred to the coastal
ecosystems through river transport and wastewater discharge [1,2,5,6]. Given their toxic,
persistent, and non-releasable properties, TMs in sediments can persist in an elemental
state, which disrupts food chains and threaten ecological balance [7]. Even when TM
concentrations fall within regional environmental standards, their latent risks to humans
and ecosystems health remain severe and require urgent attention [8,9].

TM pollution has captured the attention of many environmental scientists, due to its
ability to induce bioaccumulation and disrupt the delicate ecological equilibrium, partic-
ularly in coastal river ecosystems [8,10]. TMs not only migrate over long-distances but
are also influenced by the migration behavior of aquatic organisms, which can alter their
distribution across different watershed zones [11]. Many studies have characterized TM
pollution, toxicity, and enrichment by analyzing TM content in water bodies [12], sedi-
ments [13], and fish [14]. Additionally, source identification methods have been employed
to trace the sources of TMs [15]. However, these approaches primarily focus on natural
aquatic systems, neglecting the impacts of human-engineered structures like tidal gates.
Tide gates, widely constructed for flood control and land management, profoundly alter
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sediment transport and TM dynamics in coastal watersheds. During the tidal gate closure,
sediments from the catchment accumulate in the estuary, and this continued accumulation
not only leads to peak concentrations of toxic metals [16] but also complicates the variable
environmental conditions in the estuary [17], which undoubtedly adds more uncertainties
and restrictions in identifying pollution risk factors and establishing prevention and control
strategies at the watershed scale [18,19]. Therefore, the characteristics of distribution, the
source, and the accumulation of TMs in sediments and their influencing factors need further
research, especially in the tidal gate-controlled coastal watersheds.

Bacterial communities in sediment play a critical role in influencing the endogenous
migration or enrichment of TMs [20]. These communities influence TM distribution and
transformation through mechanisms such as assimilation [21], metabolism processes [22],
and the alteration of environmental conditions [23,24]. Moreover, the precipitation process
of TMs is substantially affected by fundamental chemical reactions associated with bacterial
activity. For example, bacteria-mediated reduction reactions involving Fe compounds have
been found to determine the distribution of TMs [25]. Conversely, TMs in sediments can
also cause fluctuations in bacterial communities, not only for heavy metals [26] but even for
light metals derived from parent material [27]. Thus, the dynamic relationship underscores
the importance of bacterial communities in TM cycling and ecosystem health. Currently,
bacterial communities are being increasingly employed as an effective tool for assessing and
predicting ecosystem health [28], due to their high sensitivity to environmental changes [29]
and adaptive mechanisms for ecosystem succession [30]. These studies are largely based
on bacterial community composition or the alpha diversity of related functional genes to
estimate the quality levels of ecosystems. For example, previous studies found that soil
bacterial community composition is closely associated with land use types. Within the
framework of a random forest model, it was possible to accurately classify land use and
predict changes in soil quality parameters with an accuracy rate of 50 to 95% [26]. Further-
more, with increasing levels of environmental pollution, the functional gene community
diversity detected by the comprehensive functional gene array (GeoChip5) significantly
increased, and these changes can be directly used to predict nitrate pollution and ecosystem
functions [31]. While bacterial communities have shown potential as bioindicators, their
application in such anthropogenic-influenced ecosystems remains limited. This gap hin-
ders the development of effective strategies for managing TM pollution in these complex
environments. In our previous study, the functional metabolic abundance of bacterial
communities was applied to the classification of space units in the coastal watershed [32].
Based on this, we hypothesize that due to the high sensitivity of bacterial communities to
environmental changes [32], the functional metabolic abundance of bacterial communities
could serve as a reliable ecological indicator for predicting TM pollution levels compared
to traditional pollutant identification methods, offering a novel approach to ecosystem
health assessment in tidal gate-controlled coastal watersheds.

Tianjin, the second-largest city in the Bohai Rim urban agglomeration of China, has
numerous rivers, a substantial population, and developed industry and agriculture sec-
tors. Over the past several decades, high-intensity land reclamation and the widespread
implementation of tidal gates have significantly altered the natural dynamics of coastal
ecosystems. These changes have led to varying levels of TM contamination in sediments.
Early reports suggest that sediment accumulation and sewage discharge play a dominant
role in TM contamination in the estuary [33]. However, the continued influence of tidal
gates exacerbates TM deposition, resulting in persistent pollution risks; even the Chinese
government’s integrated land use planning efforts have reduced direct land-based pollutant
emissions [29]. Specifically, some TMs, such as Cd, As, Cr, Cu, and Zn, continue to pose po-
tential risks in many estuarine and coastal sediments from Bohai Bay [34]. Therefore, there
is an urgent need to investigate the migration mechanisms of TMs in this region, providing
feasible approaches for similar tidal-gate-controlled coastal aquatic areas globally.

The Duliujian river watershed in Bohai Bay was selected as the study area due to
its representative characteristics of tidal gate-controlled coastal systems. This region is
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a hotspot for intensive industrial and agricultural activities, making it vulnerable to TM
contamination. The presence of distinct spatial units—the catchment area (CA), estuar-
ine area (EA), and offshore area (OA)—provides a unique opportunity to investigate TM
dynamics across different environmental gradients. This paper also discusses the interre-
lationships of the sediments of TM contents (Al, As, Cr, Cu, Fe, Mn, Ni, Sr, and Zn), the
bacterial communities, and the major physicochemical properties. The objectives of our
study are as follows: (1) to assess the spatial variation in TMs and bacterial communities
in sediments in different spatial units at the watershed scale; (2) to explore the potential
risk of enrichment, contamination, and accumulation of TMs in sediments, identify the
main influencing factors, and analyze them retrospectively; and (3) to try to determine the
contamination status of TMs by using the structure, diversity, and metabolism abundance
of bacterial communities, and then, to discuss the feasibility, reliability, and practicability
of bacterial communities as ecological indicators in identifying TM pollution and risk in
the coastal watershed management.

2. Materials and Methods
2.1. Site Description

The Duliujian river watershed is an important flood channel in Tianjin, which belongs
to the Daqing watershed system and is an artificial river channel that leads floods from
the Daqging and Ziya rivers to the sea. It eventually flows into Bohai Bay in Northern
China, which is the second largest bay, and accounts for one fifth of the total area of Bohai
Bay. Due to the weak water exchange between Bohai Bay and the Yellow Sea, the physical
self-cleaning capacity of Bohai Bay is very weak [35]. Many studies have shown that
Bohai Bay has been subject to varying degrees of organic pollution [34,36]. To combat the
continuing pollution of Bohai Bay, 12 major rivers that flow into Bohai Bay in Tianjin were
set up with tidal gates in 2011.

2.2. Sampling Collection

In this study, the sediment samples of the Duliujian river watershed were collected in
September 2020. Based on the distribution of its mainstem and tributaries and the alignment
of the coastal watershed, the Duliujian river watershed can be divided into three different
spatial units, namely the CA, EA, and OA. The study area spans 120 km from the CA to the
OA. At each sampling location, the surface sediment (0-20 cm) was collected using a mud
sampler, and plant roots, shellfish, and other impurities were removed from each sediment
sampling. Each sampling location was collected 3-5 times to form a comprehensive sample,
thereby accurately estimating the actual situation of these sites. Some of the samples were
placed in polyethylene plastic bags, transported back to the laboratory, and stored at —20 °C
in a refrigerator for determination of physicochemical parameters and TM content, and the
other samples were stored in dry ice buckets for the determination of 16s rRNA. A total of
41 sampling locations in the CA (20 locations), EA (12 locations), and OA (9 locations) were
used to determine the physicochemical properties, and 35 sampling locations were used to
determine the 16s rRNA in sediments. All sampling locations are shown in Figure 1.

2.3. Sample Processing, Sequencing, and Analysis

In this study, the physicochemical properties and TM content in sediments were
determined by the following methods: air-dried samples were digested on a graphene
electric heating plate for 2-3 h using a mixture of concentrated nitric acid and hydrofluoric
acid, with concentrations of 1.42 g/mL (15 mL) and 1.16 g/mL (5 mL), respectively [37].
Then, the acid was removed and cooled to 2-3 mL, the cooling liquid was transferred into a
25 mL volumetric flask to ensure constant volume, and the TM contents and total P (TP) in
the sediment samples were determined using inductively coupled plasma atomic emission
spectrometry (VISTA-MPX, Varian, Palo Alto, CA, USA—2000) [38]. Furthermore, the
air-dried samples were put into the flow analyzer to determine the content of total N (TN),
the pH and salinity in sediment were determined by pH meter (Delta320, Mettler Toledo,
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Greifensee, Switzerland—2007) and conductivity meter (DDSJ-308A, LEICI, Shanghai,
China—2010), the moisture content (MC) in the sediment was determined by the drying
weighing method, and sediment organic matter (SOM) was determined by the potassium
dichromate external heating method [32]. For 16s amplicon sequencing, its experimental
process and analytical methods have been published [27], and have also been supplemented
in the Supplementary Method S1.

Duliujian River

Bohai Bay

Catchment area

Estuarine area

Offshore area  ——»> Water flow direction

Figure 1. Sampling locations map in the catchment area (CA), estuarine area (EA), and offshore area (OA)
of Duliujian river watershed in Bohai Bay (details in Table S1).

2.4. Laboratory Analysis
2.4.1. Enrichment Factor

The enrichment factor (EF) method was used to evaluate the TMs in this study [38].

—_ (%% ) sample

(%{4 ) background

)

where %—Alf is the ratio of measured and reference metals of the sediment samples and their
corresponding background values. The background values of TMs in Tianjin Province
were used to assess pollution levels in this study area [39]. Specifically, the background
values of Al, As, Cr, Cu, Fe, Mn, N, Sr, and Zn are 73,200, 9.6. 84.2, 28.8, 33,500, 33.3, 200,
and 79.3 mg/kg, respectively.

If EF > 1, the metal is relatively enriched and influenced by human activities. If
EF = 1, it originates from the weathering of the crust. In addition to the use of EF values to
evaluate the TM source, the enrichment degrees of the TMs were also classified according
to the following EF values: EF < 2, slight enrichment; 2 < EF < 5, moderate enrichment;
5 < EF < 20, moderate and high enrichment; 20 < EF < 40, high enrichment; and EF > 40,
severe enrichment [38].

2.4.2. Geoaccumulation Index

The geoaccumulation index (Igeo) was used to evaluate pollution [40].
Igeo = log,[Cyi/ (k x By)] (2)

where C,, is the measured content of metal in sediments, and B, is the geochemical back-
ground value of the TMs in sediments. The background values of the geological elements
in Tianjin are described as TM background values, and K was 1.5. The pollution degree
can be classified based on the following Ige, values: Igeo < 0, no pollution; 0 < Igeo < 1,
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no pollution-medium pollution; 1 < Igeo < 2, medium pollution; 2 < Igeo < 3, medium
pollution-heavy pollution; and 3 < Ige, < 4, heavy pollution [40].

2.4.3. Nemero Comprehensive Pollution Index

The Nemero comprehensive pollution index (PN) method was used to quantify the
degree of TM pollution in this study [41].

e J (8) et (E1 )

5 ©)
where PN is the synthesis evaluation score, C; is the measured content of the i-th element
at a sampling location, and S; is the evaluation criterion of the i-th element. The evaluation
criterion used in this study is based on the “China Environmental Quality Standard for
Sediment Metals (HJ 1315—2023)” (pH > 7.5) [37]. Al Fe, Mn, and Sr were evaluated based
on the background values of territorial sediment elements (i.e., Al, Fe, Mn, and Sr are not
specified in HJ 1315—2023). The PN value was graded into five categories: PN < 0.7, safety;
0.7 < PN < 1.0, guard; 1.0 < PN < 2.0, low pollution; 2.0 < PN < 3.0, moderate pollution;
and PN > 3.0, severe pollution.

2.5. Statistical Analysis

The “ggcor” R package was used to understand the correlation between the contents
and related indices of TMs and environmental factors in sediments [42,43]. Furthermore,
the “vegan” R package was used for non-metric multidimensional scaling (NMDS) and
principal coordinate analysis (PCoA), which determined the difference in distribution
characteristics in the bacterial communities and TM contents of different spatial units [44,45].
Finally, the “ggplot2” R package was used for visualization [46,47].

The relationship between TM-TM and TM-TM-related indices is presented using
linear fitting. Principal component analysis (PCA) was used to analyze the sources of
different TMs in sediments [41]. SourceTracker was used to analyze the source and sink
relationships of TMs across different spatial units [48]. Furthermore, redundancy anal-
ysis (RDA) was used to determine the influencing factors of environmental factors, TM
contents, and bacterial community parameters [49]. Variance partitioning analysis (VPA)
was used to analyze the impact of TMs and bacterial dynamics on toxic metals and TM
related indices [49].

In this study, data statistics and result visualization were completed using SPSS 25,
Origin 2019, R 4.10, Canoco 5, and Surfer 15.

3. Results and Discussion
3.1. Physicochemical Properties in Sediments of Duliujian River Watershed

The trends of all physicochemical properties in sediments of the CA, EA, and OA were
different (Table S2). ANOVA indicated that the pH and TP have the same trend significantly,
which shows that EA > OA > CA (Table S2; p < 0.05). Moreover, the trend of MC is shown as
OA > CA > EA, which has significant differences in different spatial units (Table S2; p < 0.05).
In addition, TN (520.42 + 56.16 mg/kg) and SOM (12,250.33 + 432.28 mg/kg) in the EA are
significantly lower than those in the CA and OA (Table S2; p < 0.05). Furthermore, salinity has a
signifying gradient at the watershed scale, which shows that OA > EA > CA (Table S2; p < 0.05).

In terms of elemental cycling, N and P in the sediment show opposite trends. P is a
sedimentary cycle [31], and more P accumulates in the EA probably due to the closure of
the tidal gates. In contrast, N undergoes frequent ion exchange at the sediment water inter-
face [49,50]. The closure of the tidal gates facilitates the release of N from the sediment into
the overlying water. This process is likely to lead to the migration of N in the form of ions,
consequently contributing to an elevated presence of nitrogen in offshore sediments [32].
Thus, the tidal gates in coastal rivers may have altered the habitat characteristics of the
coastal watershed.
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3.2. Distribution of TMs in Sediments of Duliujian River Watershed

As expected, the content of TMs in the sediments varied considerably between the dif-
ferent spatial units affected by the tidal gates (Figure 2), as recorded by CA, EA, and OA as:
27,037.15, 17,489.76, and 33,943 mg/kg for Al; 37.30, 49.65, and 17.43 mg/kg for As; 90.81,
410.52, and 101.29 mg/kg for Cr; 27.64, 12.28, and 33.96 mg/kg for Cu; 20,006.09, 22,079.61,
and 27,871.60 mg/kg for Fe; 443.75, 339.27, and 551.93 mg/kg for Mn; 29.39, 79.28, and
60.73 mg/kg for Ni; and 105.63, 75.27, and 119.42 mg/kg for Sr. In addition, PCoA showed
that the TM content in the different spatial units did not show clear boundary characteristics
(Figure S2), suggesting that the tidal gates may change the distribution and enrichment
status of TMs in sediments and that the delineation of control units by TM content in
sediments alone may become more complicated.
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Figure 2. TM contents in the sediments of the CA, EA, and OA of Duliujian river watershed in Bohai Bay.

In the natural watershed, the TM distribution will show a clear gradient effect [51,52].
In this study, only Fe fulfilled the natural characteristics, with the remaining TMs showing
enrichment at the EA or migration to the OA, indicating that the tidal gates at the EA may
have altered the spatial distribution of TMs in sediments [53]. Moreover, there is a consid-
erable distance from the CA to the OA. During the river’s long-distance transport, spatial
differences arising from variations in sediment environmental parameters and human ac-
tivities may be one of the factors influencing the changes in TM concentrations. This study
further compares the results with those from other studies (Table S3). The results show that
the concentrations of As and Cr have exceeded the average levels of rivers in China and
globally. Moreover, the concentrations of As and Cr are clearly higher than those in the
sediments of coastal rivers that are not influenced by tidal gates. Notably, this issue has
been observed in other aquatic regions affected by tidal gates [54-56]. As toxic metals, high
contents of As and Cr commonly occur in factories, farms, or livestock farms. Their levels
are exacerbated by anthropogenic factors such as industrial pollution, effluent discharge,
and human activities, with minimal occurrences in natural environments [57]. Furthermore,
our previous studies have confirmed that the CA is the most anthropogenically disturbed
ecological zone [32], but that high levels of locations in the sediment still occur in the EA.
Therefore, we speculate that the As and Cr originating from the CA may have undergone
migration to the EA through either water or sediment transport mechanisms. Owing to the
strong retention effect of the tidal gates, it caused long periods of accumulation in the EA,
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Igeo index

which enhanced its sorption capacity, causing elevated levels in the sediment. However,
the EA-OA is a complex interlacing zone of freshwater and saltwater where sediment

‘resuspension’ events, influenced by the water salt movement, may also be a major cause of

the uneven distribution of TMs in sediments [58]. Therefore, the source of TMs needs to be
further determined.

3.3. Pollution and Enrichment Indices of TMs in Sediments

Several studies have shown that the Ig, is a reliable parameter to reflect the accu-
mulation degree and pollution status of TMs in sediments based on a pollution intensity
classification [59,60]. The Ige, values are compared in Figure 3A. Except for the values of
As and Cr in the EA, and Ni in the EA and OA, the values of the other TMs in the three
areas are less than 0, which can be characterized as a pollution-free state. The Ige, of As
is grade 2 (medium pollution) in the CA and EA and grade 1 (non-medium pollution) in
the OA. The Ige, of Cr in the EA is grade 2 (moderate pollution). The Ige, of Ni is grade
1 (medium pollution) in the EA and OA. The findings indicate that the Ige, for different
metals have significant differences. In particular, the impact on As and Cr enrichment
remains notably high in the EA. ANOVA shows significant differences in As, Cr, Al, Fe, and
Mn in the three regions (p < 0.05). The Igeo of As and Cr in the EA are significantly higher
than those in the other two regions (p < 0.05), suggesting a certain degree of accumulation
of As and Cr and potential ecological risks. In addition, the Lgeo of Al, Fe, and Mn in the
OA are significantly higher than those in the other two regions (p < 0.05), which may be
related to the varied sources of the TMs.
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Figure 3. (A) Geoaccumulation index (Igeo), (B) enrichment factors (EF), and (C) Nemerow pollution
index of TMs in the sediments of the CA, EA, and OA of the Duliujian river watershed in Bohai Bay.

Except for the patterns for Al, Cu, and Zn, the EF of other TMs in the EA are higher
than those in the other two regions (Figure 3B). According to the classification of EF values,
As is highly enriched in the CA and EA, and moderately enriched in the OA. The EF value
was easily affected by human factors, such as the petroleum industry and river regulation,
which may lead to the accumulation of As in sediments of different watersheds [61]. The
EF of Cr in the EA belongs to the medium and high enrichment levels and it belongs to
the medium enrichment level in the CA and OA. The EF values of Cr, Cu, Ni, and Zn are
higher than in the CA, which belongs to moderate enrichment. Among them, As and Cr
are potential toxic metal pollution sources. When the exogenous input or bioaccumulation
release enters the overlying water, the precipitation process will occur. Furthermore, when
the physical and chemical properties in the sediment change, the accumulated TMs will
also be released into the overlying water, making the sediment an endogenous pollution
source and causing a large degree of endogenous pollution [62]. Therefore, great attention
should be paid to the As and Cr pollution in the whole study area.

The PN was used to evaluate the TM pollution degree in the study area and Figure 3C
illustrates the PN of each TM in the three different regions. The PN of Al, Cu, Fe, Mn,

55




Toxics 2024, 12, 839

and Sr in three regions are all lower than 1, indicating that no pollution was found for
these TMs. The PN of As, Cr, and Ni in the EA all exceed 2, indicating severe pollution.
This is suggestive of potential influences arising from human activities, atmospheric fac-
tors, acid deposition, and bioaccumulation in the vicinity of the EA. Consequently, there
is a pressing need for targeted monitoring to identify and address specific sources of
sediment pollution in the EA. The PN of Zn in the CA is 2.6, indicating moderate pol-
lution, which may be attributed to wetland reclamation and agricultural activity control
(i.e., fertilization and sewage irrigation). Furthermore, the PN of Fe and Mn is approxi-
mately 0.7, indicating a pollution-free state. A possible explanation is that Fe and Mn
mainly originate from parent materials. In addition, the total PN values at the watershed
show EA (14.93) > CA (10.75) > OA (7.64), suggesting that the tidal gates would signifi-
cantly mitigate the potential risk of TMs in sediments in the OA, but have the potential to
exacerbate TMs pollution in the EA.

3.4. Source Analysis for TMs and Their Abiotic Influencing Factors

The accumulation risk level of TMs is not only related to their concentrations but
also their sources [63]. PCA is usually used to identify the pollutant source [64-66]. The
results showed that the first two principal components can explain 55.61% of the variable
changes (Figure 4A; Table 54). The first principal component (PC1) represents the natural
factors [67], and is mainly loaded by Mn (0.96), Al (0.95), Sr (0.79), and Fe (0.78) in this
study, explaining 39.2% of the common variance (Figure 4A; Table S4). Furthermore, Al,
Fe, Mn, and Sr show a significant positive correlation (Figure 4E; p < 0.001), indicating a
similar source of these TMs. The presence of Al, Fe, Sr, and Mn suggests an association
of these elements with rock weathering, lithology, or particle size characteristics [68-70].
PC1 appears to delineate the gradient between continental and oceanic realms or particle-
size distribution [41]. Therefore, it can be inferred that Al, Fe, and Mn likely originated
primarily from parent materials. However, due to wastewater discharge and industrial
production, the influence of human activities may contribute to the elevated correlation
between these TMs in certain regions. Future studies need to incorporate additional data
of anthropogenic influences to clarify this aspect.

The second principal component (PC2) represents human factors [67] and is nega-
tively correlated with As and Cr but positively correlated with Zn and Ni (Figure 4A;
Table S4) in this study. The concentrations of these four TMs are predominantly shaped
by anthropogenic disturbance, with minimal natural occurrences. The findings highlight
the association of these TMs with human interference. However, it is noteworthy that the
origins of the paired trace metals (As and Cr; Zn and Ni) exhibit divergence, indicating
that these metal pairs have a different source. First, Zn and TN have a significant positive
correlation (Figure 4B; p < 0.001), indicating that Zn may have originated from wetland
reclamation or agricultural activity control (i.e., fertilization and sewage irrigation), while
Ni and Zn have a similar origin. Therefore, coastal wetland management should perhaps
be strengthened. Second, for As and Cr, our above speculations were verified, and the
source of As and Cr may be due to anthropogenic activities at the CA that increase the
entry of these two TMs into the overlying water. In addition, As and Cr are the TMs
that account for the largest proportion of sediment in the various indices calculated for
TM content (Figure 4D). Combined with SourceTracker analysis (Figure 4C), when the
CA and OA serve as TM sources and the EA acts as a sink, the potential for the spatial
transport of TMs from source to sink is clearly greater than that were EA to be the source.
Furthermore, TMs show the least migration potential from the CA to OA or from the OA
to CA (Figure 4C). These results suggest that the presence of tidal gates may alter the
spatial distribution of TMs, particularly, As and Cr. There are two possible explanations for
this phenomenon. First, the operation of tidal gates affects the redox environment of the
water. Closing the gates may cause water retention, creating a higher redox environment,
which can lead to the increase in TM concentrations in the sediments. For example, studies
have shown that the cycling of As at the groundwater surface water interface in tidal
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channels is controlled by hydrological conditions, with redox conditions varying across
tidal and seasonal timescales, affecting the mobility of As [71]. Second, tidal gates control
the mixing of freshwater and seawater, altering salinity gradients. Changes in salinity affect
the solubility and adsorption behavior of TMs, thereby influencing their distribution in
the sediments. Research has found that TMs exhibit a clear response pattern at the tidal
and salinity interfaces in estuarine areas, with the salinity effect significantly impacting the
partition coefficients of metals such as As and Cr [72].
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Figure 4. (A). Principal component analysis of TMs in the different spatial units. (B) RDA of TM
with environmental factors. (C) SourceTracker analysis of the sink and source relationships of TMs
in different spatial units. The values represent the total exchange potential. (D) The degree of
contribution of TMs in sediments to each index. The red box represents the degree of contributions
of As and Cr. (E) Paired comparison of environmental factors and TMs with the TM related indices.
The color gradient and circle size represent the Spearman correlation coefficients; the width of the
line represents the degree of correlations among potential risks, TMs, and environmental factors.
Asterisks denote statistically significant differences (***, p < 0.001; **, p < 0.01; *, p < 0.05).

Incorporating environmental factors and TM into the RDA framework, it can be seen
that different aquatic regions have distinct boundary features between them, suggesting
that different environmental factors may be the main reasons influencing the distribution
of TMs (Figure 4B; Table S5). Next, the correlation heatmap revealed the relationship
between the contents of TMs and the physicochemical properties in sediments at the
coastal watershed (Figure 4E). TMs will be affected by various physical and chemical
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properties [73], with varying degrees of environmental factors affecting their transport
rates. For As, there was a significant negative correlation with salinity (Figure 4E; p < 0.05).
In this study, there was a gradual increase in salinity from the CA to the OA, and its increase
may have inhibited the migration ability of As. Salinity is the most important factor and an
increase in salinity usually means a decrease in the rate of migration and sedimentation
of metal ions, as it can alter the free metal ion activity and, thus, the bioavailability and
toxicity of TMs in coastal systems [74]. For example, previous studies have found that as
salinity increased, the uptake of TMs by brackish water organisms became less efficient,
resulting in TMs being less likely to be deposited in coastal systems [75]. Some scholars
have specified TM ions (Cd?*) and saline organisms (Bahia pigmentia) to study the effect
of salinity on uptake efficiency, and morphological modeling revealed a 25% reduction
in the percentage of free ions [76]. Furthermore, for Cr, there was a positive correlation
with pH (Figure 4E; p < 0.05), with elevated pH causing the accumulation of TMs in the
sediment [77]. Therefore, the influence given by the environment of the estuary may be the
main cause of potential As and Cr pollution in the sediments.

3.5. Correlation Analysis Between Potential Risks and Environmental Factors

The correlation coefficients, such as Igeo, EF, and the PN of TMs, were used as variables
to test their correlations with environmental factors and individual TMs. Al, Fe, and Mn
were found to have significant correlations with those indices. In this study, Al was used as
the reference TM for geochemical normalization because its geochemistry was like that of
many TMs and its natural content tended to be stable [78]. Then, taking Al as a reference
coefficient to calculate the EF in sediments might be the main reason for the significant
correlation between EF and Al. Furthermore, iron-manganese oxides are the main forms
of Fe and Mn in sediments and can improve the effectiveness of metal pollutants under
certain redox changes in nature [79]. It can even be considered a key metal that indicates
the pollution and enrichment status of TM in sediment [13]. In this study, Fe and Mn
are generally derived from parent material (Figure 4A), the main constituents of which
are primary minerals (such as quartz, feldspar, and mica), and their formation is largely
dependent on the composition of the sediment and other TMs in the environment [80].
Furthermore, this study attempts to use Fe and Mn as monitoring factors for the pollution
and enrichment of TM, and to linearly fit the correlation indices of TM. The results indicate
that Fe and Mn have good relationships with different indices of TM (Figure 5A), indicating
that the content of Fe and Mn in sediment may monitor sediment metals status to some
extent. Next, this study made an in-depth attempt to investigate the ability of Fe and Mn
as monitoring factors. In theory, they can characterize the occurrence states of As and Cr in
sediments. The oxides of the Fe and the Mn had strong oxidation and adsorption capacities
for As and Cr. Under oxidation conditions, they can effectively oxidize dissolved Cr>*
and As>*, while most of the newly formed Cr®" and As>* will be adsorbed on the metal
surface and fixed [81-83]. Furthermore, EA was affected by the tide, and some sediments
would be exposed to the air for a long time, resulting in the adsorption of exogenous
As and Cr on the surface of Fe and Mn aboveground oxide. However, the correlation
between pairs of TMs did not reach the desired results (Figure 5B). It is easy to see that
some locations in EA have strayed, resulting in a shift in the fitting results, suggesting that
the construction of tidal gates in EA has altered the natural characteristics of toxic metals
in the coastal watershed, which may complicate the monitoring efforts. In addition, As
and Cr, as high-concentration toxic metals, pose potential ecological and human health
risks due to the unique environmental characteristics at EA. The increase in As and Cr
content in the EA indicates that the presence of tidal gates has severely affected the spatial
distribution characteristics of toxic metals. As is a known carcinogen and exhibits the
highest toxicity in its inorganic As. Under the reducing conditions, it can be desorbed from
sediment particles, thereby increasing its bioavailability and toxicity in aquatic systems.
Research has shown that an increase in As content in sediments can cause toxic effects
on aquatic organisms through food chain bioaccumulation, while also increasing the risk
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of human exposure through drinking water [84]. Moreover, Cr exhibits high toxicity and
mobility in an oxidizing environment. Its accumulation through the food chain in aquatic
systems may pose a severe risk to the growth of aquatic organisms [85]. Therefore, there is
an urgent need for innovative methods to identify TM pollution affected by tidal gates in
coastal watersheds.
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Figure 5. (A) Regression analysis for pairwise combination of Fe and Mn with TM correlation indices,
and (B) pairwise combination of Fe and Mn with toxic metals (As and Cr). Axes are logj( scaled.

3.6. Bacterial Communities and Their Influencing Factors at the Coastal Watershed

As the four most dominant phyla at the watershed scale, the relative abundance of
Proteobacteria, Actinobacteria, Chloroflexi, and Epsilombacteraeot collectively represent over
70% of the total relative abundance (Figure 6A and Table S6). Moreover, the bacterial
community’s alpha diversity and functional abundance exhibited distinct characteristics
across the basin, gradually decreasing from the CA to the OA (Figures 6B and S2; p < 0.05).

Additionally, the NMDS results revealed clear boundary distinctions among bacterial
communities across the coastal watershed, indicating variations in their composition across
different spatial units (Figure 6C). Furthermore, RDA was used to determine the influence
of different variables in the sediment of the different spatial units on the structure, diversity,
and metabolism abundance of the bacterial community (Figure S3); it showed that salinity
(57.7% and 64.2%), MC (53.9 and 48.2%), SOM (27.3 and 33.1%), and pH (18.9 and 21.0%)
were found to be most influential (Tables S7-S9).

There is considerable variation in the pattern of bacterial communities in different
spatial units, and the diversity and metabolism abundance of bacterial communities have
clear watershed characteristics. In general, bacterial community structure is highly sen-
sitive, with changes in the local environment shaping the structure of similar bacterial
communities [32]. In this study, the EA was the most heavily contaminated area by the
accumulation and pollution of TMs, such as As and Cr. However, the diversity and
metabolism abundance of the bacterial community were much higher in the CA than in the
EA. Could this be due to the higher contamination level in the CA compared to the EA?
There are two possible reasons for this phenomenon. First, the changing characteristics of
the overlying water environment need to be considered; previous studies have confirmed
that CA-overlying waters are more eutrophic than EA waters [32] and that high eutrophic
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levels drive the enhanced functionality and primary productivity of bacterial communities,
possibly creating new bacterial ecological niches [86]. Second, salinity is a major driver in
structuring bacterial communities. Previous studies have compared changes in microbial
diversity from freshwater to marine salinity trajectories and found that microbial diversity
was progressively lower moving from the freshwater end of the river to the coast [87]. It
is worth noting that the EA is a complex dynamic area subject to tidal action resulting in
the alternation of fresh and salty water. Although the variation in bacterial communities
in coastal river sediments is manipulated by salinity, it is not systematic, with a greater
abundance of genes encoding heterotrophic processes compared to the river and marine
genes, and certain groups of bacteria may exhibit greater abundance profiles [88].
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NMDS analysis (C) for determining differences in bacterial communities at the watershed scale.

3.7. The Indicative Role of Bacterial Community on TMs in Duliujian River Watershed

Within the framework of RDA, the response relationship between bacterial community
structure, diversity, and metabolism abundance in different spatial units was investigated
by using nine trace metals as influencing factors. The results showed that RDA1 and
RDAZ2 explained 58.31, 57.19, and 64.95% (Figure 7A-C) of bacterial community structure,
diversity, and metabolic abundance. Notably, Fe and Mn were the key TMs influencing
changes in structure, diversity, and metabolism abundance as analyzed by Monte Carlo
(Tables S10-512), suggesting that the dynamics of bacterial communities at the coastal
watershed can be influenced by the mediating effects of Fe and Mn from the parent
material. It is worth noting that only the metabolic abundance of bacterial communities
is correlated with As and Cr. Furthermore, this study further compares the accuracy
of bacterial metabolic abundance and traditional pollutant identification methods in the
framework of VPA (Figure 8). The results showed that bacterial metabolic abundance could
explain 23.9 (Figure 8A; p < 0.01) and 59.7% (Figure 8B; p < 0.05) of the changes in toxic
metals and TM related indices, respectively. However, Fe and Mn can only significantly
explain the changes in TM related indices (p < 0.05), but they do not seem to fully explain
the changing trends of toxic metals (p > 0.05). These results indicate that dynamic changes
in the metabolic abundance of bacterial communities as a monitoring factor for assessing
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the state of contamination, accumulation, and enrichment of TM in sediments are a better
approach in tidal gate-influenced coastal river.
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Figure 8. VPA of traditional TM identification (Fe and Mn) and bacterial metabolic abundance for
toxic metals (A) and TM-related indices (B). Among them, * and ** represent p < 0.05 and p < 0.01,
respectively. Toxic metals contain As and Cr.

Introducing bioindicators into future river monitoring processes to better estimate
TM pollution in aquatic regions is feasible, because of two factors. First, the construction
of gates may lead to instability in water levels and tidal variations, which may affect the
distribution and transport of TMs in the sediments [89,90]. However, the synchronized
adaptations exhibited by bacterial communities allow them to quickly adapt and respond
to ecosystem health [91]. Bacteria inevitably encounter various elements in the natural
environment. Mn**, Fe?*, and Fe®* can act as biological donors or acceptors and can
participate at the same time. With the participation of bacterial communities, Fe?* and
Mn?* will be oxidized into Fe3* and Mn®*, and other bound colloids are deposited in
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the substrate, increasing the content of Fe and Mn in the substrate. Biological reduction
has always been regarded as an important metabolic process. It controls the migration
and transformation of TMs in sediments. At the same time, in the natural environment,
TMs are sufficient to meet the physiological needs of bacteria at lower concentrations [58],
and when TMs accumulate and contaminate, they may undergo the same changes as
sediment contamination to better adapt to the environment. Second, given the heightened
sensitivity of bacterial communities to environmental changes, their metabolic activity is
inevitably impacted when their habitat faces stress from specific pollutants. In cases where
these pollutants are decomposable by community members, the metabolic abundance
increases to meet the heightened energy demands required for pollutant breakdown.
However, if the concentration of pollutants exceeds the decomposition capabilities of the
community, some bacteria may diminish in number or vanish entirely, leading to the loss
of specific functional metabolic pathways. Despite this, members with greater adaptability
may counter environmental disturbances through mechanisms like dormancy, evolving
new metabolic pathways to restore their original activity levels. These functional pathway
changes can still be rapidly detected. Therefore, during regional pollution assessments,
especially in the preliminary background investigation and final evaluation phases, we
strongly advocate for the use of bacterial metabolic abundance as a critical biological
indicator. By analyzing the metabolic dynamics of bacterial communities, not only can the
effectiveness of project implementations be assessed, but targeted management strategies
can also be developed based on the accumulation of pollutants. Nevertheless, we must
acknowledge that the conclusion of this study may have certain limitations. In particular,
the concentration of TMs is significantly influenced by seasonal variations in aquatic areas.
Previous research has shown that TM concentrations are typically lower during the dry
season compared to the rainy season, both in overlying water and sediments [92]. Therefore,
this study may have time constraints, which could bias the findings. To address these
limitations, future studies should conduct long-term monitoring across different seasons
and establish additional sampling sites along coastal rivers regulated by tidal gates for
experimental analysis. This approach will facilitate a more comprehensive understanding
of TM behavior and distribution, thereby enhancing the scientific rigor and applicability of
the results.

4. Conclusions

This study highlighted the intricate dynamics between TMs and bacterial communities
in tidal gate-affected coastal watersheds. It revealed that the EA exhibited the highest TM
pollution risk, particularly with As and Cr, a situation exacerbated by the blocking effects of
tidal gates, which promotes sediment accumulation. This issue may also reflect challenges
faced by many tidal gate-controlled coastal rivers globally. In such complex environments,
traditional pollutant identification methods may struggle to accurately monitor toxic
metals. Fortunately, this study identified that the functional metabolic abundance of
bacterial communities serves as a reliable indicator of TM contamination levels, making it
a key ecological indicator for ecosystem health assessment and pollution management in
future coastal watershed management. This underscores the feasibility and reliability of
incorporating bacterial community dynamics into environmental management practices
to more effectively track and monitor TM pollution, especially where traditional chemical
monitoring proves insufficient. In addition, we recommend that future studies focus on the
resilience and functional adaptability of bacterial communities under different TM loads
and environmental conditions, which could provide new insights into ecosystem recovery
and management strategies. Overall, this finding provides a foundational understanding
of TM-bacteria interactions, paving the way for more targeted and efficient environmental
management practices in coastal ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxics12120839/s1, Method S1. Details in 165 rRNA sequencing
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and analysis. Table S1. The details of latitude and longitude information from different groups in
the study area [29,93,94]. Table S2. The physicochemical properties of sediments in the CA, EA,
and OA of Duliujian coastal watershed in Bohai Bay. Table S3. Comparison of TM concentration in
sediments between this study and other studies (mg/kg) [54-56,95-98]. Table S4. Rotated component
matrix and initial eigenvalues of principal component analysis of TMs in the CA, EA, and OA of
Duliujian coastal watershed in Bohai Bay. Table S5. Important ranking for physicochemical properties
and TM in different space units at the watershed scale. Table S6. Average relative abundance of
dominant bacteria phylum in sediment samples. Table S7. Importance ranking of environmental
factors in sediment to explain the overall characteristics of dominant phylum abundance of bacterial
communities in different watershed spatial units. Table S8. Importance ranking of environmental
factors in sediment to explain the overall characteristics of bacterial diversity in different watershed
spatial units. Table S9. Importance ranking of environmental factors in sediment to explain the overall
characteristics of bacterial metabolism abundance in different watershed spatial units. Table S10.
Importance ranking of trace metals in sediment to explain the change in the dominant phylum
abundance of bacterial community in different spatial units at the watershed scale. Table S11.
Importance ranking of trace metals in sediment to explain the change in the diversity of bacterial
community in different spatial units at the watershed scale. Table S12. Importance ranking of trace
metals in sediment to explain the change in the metabolism abundance of bacterial community in
different spatial units at the watershed scale. Figure S1. PCoA of the variability between TMs contents
in sediments from different spatial units at the watershed scale. Figure S2. Metabolic abundance
of bacterial communities on KEGG database in different spatial. Among them, one-way ANOVA
was used to test for variability in metabolic abundance at the watershed scale. Figure S3. RDA of
environmental factors with bacterial community dynamics. A. Effect of environmental factors on
the dominant community abundance; B. effect of environmental factors on the diversity; C. effect of
environmental factors on the metabolism abundance.
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Abstract: The migration of arsenic in groundwater is influenced by the heterogeneity of the medium,
and the presence of iron minerals adds complexity and uncertainty to this effect. In this study, a
stratified heterogeneous sand column with an embedded hematite lens at the coarse-to-medium
sand interface was designed. We introduced an arsenic-laden solution and controlled groundwater
flow to investigate the spatiotemporal characteristics of arsenic migration and the impact of hematite
dissolution. The results showed that the medium structure significantly influenced the arsenic
migration and distribution within the lens-containing sand column. The clay layers directed the
lateral migration of arsenic, and the arsenic concentrations in deeper layers were up to seven times
greater than those on the surface. The extraction experiments of solid-phase arsenic revealed that the
main adsorption modes on quartz sand surfaces were the specific adsorption (F2) and adsorption on
weakly crystalline iron—-aluminum oxides (F3), correlating to the specific and colloidal adsorption
modes, respectively. Monitoring the total iron ions (Fe(aq)) revealed rapid increases within the first
14 days, reaching a maximum on day 15, and then gradually declining; these results indicate that
hematite did not continuously dissolve. This study can aid in the prevention and control of arsenic
contamination in groundwater.

Keywords: arsenic; heterogeneity; hematite; migration; dissolution

1. Introduction

Arsenic (As) is found in groundwater worldwide [1,2]. The World Health Organiza-
tion stipulates that the As concentration in drinking water should not exceed 10 ug/L [3].
Drinking groundwater contaminated with As can cause cancer and diseases of the lungs,
liver, kidneys, and skin [4,5]. As often occurs in groundwater, and its migration and distri-
bution are affected by iron minerals, medium heterogeneity, and human activities [6-8].
Recent studies have shown that the heterogeneity of the medium affects the temporal and
spatial variations in groundwater arsenic concentrations [9,10]. Hematite is a common nat-
ural mineral and adds complexity to arsenic migration in heterogeneous media. Hematite
dissolves into hydrated iron oxides that adsorb arsenic [11] and directly adsorb arsenic
through inner-sphere complexation [12]. Therefore, the effects of the medium heterogeneity
on As migration and transformation have received increasing attention.

Currently, the effect of medium heterogeneity on As migration is still unclear. During
the groundwater flow process, the migration rate of arsenic may be influenced by mineral
adsorption, particularly the adsorption of minerals such as clays and oxides/hydroxides of
iron, aluminum, and manganese [13]. Due to the varying distribution of these minerals
in sediments, they can retain arsenic to different extents, thereby affecting the migration
and distribution of arsenic [14]. Duan (2020) [15] combined experimental work with sand
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columns and data simulations to determine that pumping enhances groundwater flow and
arsenic migration along preferred pathways. They discovered that both physical and chem-
ical heterogeneities jointly influenced these processes. Their results showed that physical
heterogeneity alone could not fully explain the findings, highlighting the significant impact
of medium heterogeneity on arsenic migration. Duan (2022) [16] conducted an in-depth
study on the desorption of arsenic by using a heterogeneous sand tank and competitive ad-
sorption ions. They reported that arsenic desorption was driven not only by the competitive
adsorption of phosphate irons (PO,43~), but also occurred in the preferential flow channels.
This study highlighted the significant role of medium heterogeneity in influencing arsenic
migration and transformation. Although the heterogeneity and competitive adsorption
of ions have been proven to be very important, the impact of natural hematite on arsenic
migration in heterogeneous systems has yet to receive adequate attention.

The characteristics of arsenic adsorption by iron minerals have been extensively
studied. For example, iron and aluminum minerals affect arsenic adsorption and desorption
through dissolution processes [17-19]. Specifically, hematite, which is a typical iron mineral
in high-arsenic areas, not only adsorbs arsenic on its surface or within its crystal structure
but also dissolves due to river water infiltration, leading to the release of arsenic. This
process further influences the speciation of arsenic [20,21]. In their study of West Bengal’s
groundwater, Nath (2005) [22] reported that arsenic-rich areas had sandy aquifers mixed
with fine sediments rich in arsenic and iron. These findings indicated that iron oxides in
groundwater were crucial in controlling arsenic migration in shallow aquifers. Fendorf
(2010) [23] noted from their examination of groundwater wells in the Himalayan region
that the reduction and dissolution of iron oxides such as hematite not only released arsenic
but also converted As(V) to the more mobile As(Ill). This process was influenced by
groundwater movement and altered the concentration and distribution of arsenic. Due
to the crucial role of hematite in arsenic migration, investigating the impacts of medium
heterogeneity and the dissolution of hematite on arsenic mobility is essential.

Based on the aforementioned scientific issues, in this study, a heterogeneous sand
column was designed, different-sized quartz sand was layered in the reactor, strips of clay
were embedded to simulate lenses, and hematite spheres were incorporated at the coarse-
to-medium sand interface. An arsenic-laden solution was introduced, and the groundwater
flow was controlled by pumping to investigate the spatiotemporal characteristics of arsenic
migration and the impact of hematite dissolution. Here, characterization analysis was
combined with the changes in the iron concentration to determine the mechanisms involved.
The aims of this study are (1) to assess the impact and characteristics of pumping and
hematite on arsenic migration and (2) to explore the dissolution and release patterns of
hematite under the influence of pumping. This study deepens our understanding of arsenic
migration and transformation in contaminated areas and can provide a scientific basis for
arsenic pollution control.

2. Experimental Materials and Analytical Methods
2.1. Sand Trough Structure and Operation Mode

A sand tank experimental device is used to characterize the migration and trans-
formation of pollutants in the aquifer and includes the tank body, fixed rod, PVC pipe,
semipermeable board, positioning plate, water level controller, water inlet pipe, drainage
pipe, and sampling device, as illustrated in Figure 1la. The tank body is a rectangular
block sealed using acrylic plates, with support rods inside to prevent deformation, semiper-
meable baffles at both ends, positioning plates, and water level controllers outside. The
simulated liquid storage tank and the waste liquid collection bucket are connected through
the water inlet and drainage pipes. A total of 25 sampling holes are located on the front,
and a simulated pumping well is installed. Please refer to the Supporting Information
(Text S1 and Figure S1) for detailed information on the sand tank structure. The hematite
sand column was filled with quartz sand, clay, and a hematite lens body, as illustrated in
Figure 1b. Based on a profile of an actual aquifer structure from the field, different particle
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sizes of quartz sand (from 50 to 200 mesh) and clay were proportionally and sequentially
loaded into the sand tank. The column was set to a height of approximately 30 cm, with the
first 21 cm consisting of sand layers, followed by a clay layer from 21 to 29 cm and large
quartz particles from 29 to 30 cm to prevent the clay from floating during the experiment.
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Layer one A medium sampling
Quartz (200 mesh) point
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Figure 1. Experimental device. (a) Actual image; (b) medium structure; (c) device operation.

Before the experiment, the flow rate of the peristaltic pump for the water supply was
adjusted to 2.0 mL/min, and the flow rate of the peristaltic pump for the water extraction
was adjusted to 1.0 mL/min. As shown on the left side of Figure 1c, the water level at
the inlet is 3-4 mm higher than that at the outlet; this provides a horizontal hydraulic
gradient of 4.6 x 1073 to 6.2 x 1073, The arsenic-containing simulated fluid is pumped
into the system, and the liquid level in the tank gradually increases until it maintains
an approximate 2 cm free water layer (top layer) during the experiment. The channel is
stabilized for 5 days to achieve local chemical equilibrium between the minerals and the
injected water. During the pumping phase, the liquid is drawn from the bottom sand layer
at a 1.0 mL/min rate through the “well”, driving the oxidized water at the top to flow
downward through the heterogeneous layer system. The water supply rate at the inlet
exceeds the pumping rate at the well; this causes excess water to flow directly over the top
water layer toward the outlet side rather than seep into the quartz sand medium.

2.2. Reagents and Samples

In the experiment, quartz sand was used as the reaction medium and underwent
multiple cycles of soaking and rinsing with deionized water until the conductivity reached
a stable value of approximately 30 uS/cm. Afterwards, the sand was subjected to drying
in a forced-air oven at a temperature of 50 °C and was then set aside for future utilization.
Hematite was purchased from the Hubei Exi Geological Industry and Trade Co., Hubei,
China Ltd., Shiyan, China. The experimental water was ultrapure (conductivity < 18 uS/cm)
and was used to prepare a 10.9203 mg/L NayHAsO,4-7H,O simulation solution.
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The experiment utilized analytical quality reagents, including Na,HAsOy4-7H,0,
NaAsO,, HyNCSNH,, and C¢HgOg. Additionally, KOH, NaOH, and HCl were used.
The 1000 pg/mL arsenic standard solution was acquired from the National Nonferrous
Metals and Electronic Materials Analysis and Testing Center. Analytical-grade reagents
were used.

2.3. Tests and Methods

The concentrations of As(V) in the solution were measured using atomic fluores-
cence spectroscopy (AFS-933/SA-20, Beijing Jitian Instruments, Beijing, China; detection
limit < 0.01 mg/L). The elemental lamp used was an atomic fluorescence hollow cathode
lamp (HAF-2) with a current of 36 mA. The dissolved iron (Fe(aq)) concentrations were
determined using a microplate reader (SPARK, TECAN, Mannedorf, Switzerland).

The main phases and crystallinity of the quartz sand samples were analyzed using an
X'Pert3 Powder multifunctional X-ray diffractometer (PANalytical, BV, The Netherlands,
Cu target, A = 1.54056 A). The scan step was set at 0.026°, with a scanning speed of 0.65(°) /s
and a range from 5° to 90°. Fourier transform infrared spectroscopy (FTIR, iS 10, Thermo
Fisher Scientific, Waltham, MA, USA) was used to determine the functional groups and
chemical bond vibrations. The surface morphology and elemental composition were
examined using scanning electron microscopy and energy dispersive spectroscopy (SEM-
EDS, JSM-7900F, JEOL Ltd., Tokyo, Japan). The composition of the arsenic bound to the
surface of the quartz sand was analyzed using an improved Wenzel extraction method [24],
as shown in Table 1.

Table 1. Wenzel extraction method.

Chemical Form Extraction Method Water-Sand Ratio (mL:g)
Nonspecifically adsorbed state (F1) 0.05 mol/L (NH4),SOy, 25 °C, shaking 4 h 25:1
Specifically adsorbed state (F2) 0.05 mol/L NH4H,POy, 25 °C, shaking 16 h 25:1
First time: 0.2 mol/L ammonium oxalate buffer
Amorphous iron-aluminum (pH =3.5), 25 °C, shaking 4 h First time 25:1
oxide-bound state (F3) Second time: 0.2 mol/L ammonium oxalate buffer Second time 12.5:1

(pH = 3.5), 25 °C, shaking 10 min

First time: ammonium oxalate (0.2 mol/L) + ascorbic acid
Crystalline iron-aluminum (0.1 mol/L), pH = 3.5, 96 °C, shaking 30 min First time 25:1
oxide-bound state (F4) Second time: ammonium oxalate (0.2 mol /L) + ascorbic Second time 12.5:1
acid (0.1 mol/L), pH = 3.5, 96 °C, shaking 10 min

2.4. Statistical Analysis and Plotting Software

All data were statistically analyzed using Excel 2016, and all figures were generated
using Origin 2021.

3. Results and Discussion
3.1. Migration Characteristics of As

Figure 2a shows that the As(V) concentrations in sections 1-2 and 1-4 are significantly
higher than those in sections 1-1, 1-3, and 1-5. As shown in Figure 2b, the concentrations in
the second layer at points 2-1, 2-2, and 2-3 are notably higher. These results are in agreement
with existing research; this research has revealed that the clay layers are impermeable,
leading to higher flow rates in more permeable quartz sand layers and the formation of
preferential flow channels [25]. Thus, by forming preferential flow pathways, the clay layer
facilitates the rapid migration of As(V) in samples 1-2, 1-4, 2-1, 2-2, and 2-3.
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Figure 2. As(V) migration curve. (a) Arsenic concentration changes in layer one; (b) Arsenic
concentration changes in layer two; (c) Arsenic concentration changes in layer three; (d) Arsenic
concentration changes in layer four; (e) Arsenic concentration changes in layer five.

Figure 2c,d show that the As(V) concentrations are significantly greater in the third
layer at points 3-1, 3-2, and 3-3 and in the fourth layer at points 4-1, 4-2, and 4-3. These
results indicate that the clay within the sand layers significantly affects the migration of
As(V) in the third and fourth layers; thus, under the vertical pressure induced by pumping,
the clay layers force As(V) to migrate horizontally. Duan [15] and Close [26] also reported
that clay layers without hematite promoted the horizontal migration of As(V). However,
their sampling points with the highest concentrations differed from ours; their highest
concentrations were found at points 3-4, 3-5, 4-4, and 4-5. These results indicate that the
hematite lens bodies influenced As(V) migration at locations 3-4 and 3-5, primarily through
the dissolution and release of hematite and the formation of iron—aluminum oxide colloids.
As water flows, hematite gradually dissolves and continuously releases Fe(aq) into the
water. This released Fe(aq) is a key source of iron-aluminum oxides and contributes to the
formation of new iron-aluminum oxides that adsorb As(V). This resulted in significantly
lower As(V) concentrations at locations 3-4 and 3-5 than at the other sampling sites.

Figure 2e illustrates the migration pattern of As(V) in the fifth-layer medium. As
pumping progresses, the As(V) concentrations are similar across most sampling points,
except for a higher concentration at sample points 5-5. These results align with the studies
by Duan [15] and Qin [27]; their studies indicated that the distribution of As(V) was
relatively uniform in the bottom layer, with rapid horizontal flow and stable flow rates.
This result also shows that the distribution of As(V) is relatively uniform in relatively closed
groundwater spaces.
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Notably, the equilibrium concentrations of As(V) in each layer are inversely propor-
tional to depth. As the depth increases, the maximum concentration of As(V) gradually
decreases from 3.5 mg/L to 1.5 mg/L. Thus, the As distribution in heterogeneous media is
highly uneven, indicating that the low permeability of clay layers impedes the diffusion
and migration of As(V). Based on a comparison of the changes in As(V) concentrations at
different depths between days 10 and 15, the As concentrations in various media layers
decreased to varying extents. The most significant decreases were in the first and fourth
layers, which decreased from 2.3 mg/L and 1.3 mg/L to 1.2 mg/L and 0.82 mg/L, respec-
tively. These results indicate that diffusion cannot solely explain the migration of As(V) in
the heterogeneous sand column. Adsorption by Fe(aq) and quartz sand also plays a crucial
role in controlling the movement of As(V). The content of As(IIl) remains extremely low,
and its concentration shows minimal fluctuation, indicating that the change in total As
concentration is primarily due to As(V).

3.2. Fe lon Release and Migration Characteristics

As shown in Figure 3, during the test period, the concentration of Fe(aq) in the surface
layer (1-2 layers) minimally changed, and after 40 days of pumping, the concentration of
Fe(aq) remained above 0.65 mg/L. Figure 3a,b show that the surface concentration of Fe(aq)
reaches a maximum on day 18; thus, pumping creates preferential flow paths, and Fe(aq)
diffuses against the direction of pumping along these pathways [28]. Previous research
has also shown that extracting high-arsenic groundwater for irrigation activities causes
groundwater levels to rise, promoting the reductive dissolution of iron oxides [29-31].
Therefore, from 0 to 18 days, pumping promotes the reductive dissolution of hematite,
leading to a rapid increase in the concentration of Fe(aq).

Figure 3c,d show that the Fe(aq) concentration rapidly increases to its maximum before
day 16 and then decreases to 0 mg/L after 25 days. Existing research indicates that the
release process of minerals such as hematite involves two stages: a rapid dissolution and
release phase followed by a dissolution equilibrium phase [32,33]. Thus, hematite is initially
released quickly and then reaches concentration equilibrium later. Although Figure 3¢c,d
also show two stages, unlike existing studies, the concentration of Fe(aq) does not remain
stable after rapid growth but quickly decreases. Moreover, the peak concentration of Fe(aq)
in layer 3 is much higher than that in layer 4, indicating that water pumping can cause only
part of the Fe(aq) to diffuse downward. In summary, although pumping leads to a rapid
release of hematite, once it reaches the release equilibrium phase, Fe(aq) participates in the
adsorption process of As(V), resulting in a rapid decrease in Fe(aq) levels.

In addition, as shown in Figure 3a,b,e, the maximum Fe(aq) concentrations in layers
1,2, and 5 all appeared after 18 days; the amount of time needed to reach this maximum
was significantly longer with respect to that in layers 3 and 4 (their maximum Fe(aq)
concentrations were reached at 16 days). Previous studies have shown that after pollutants
(as solutes) enter the underground saturated zone, they mainly exist in the groundwater
in the form of ions and dissolved substances and migrate with the groundwater through
advection and diffusion [34,35]. However, due to the low permeability of the clay layers,
they are often considered impermeable in field studies. In layers 1, 2, and 5, the clay layer
barrier effect restricted the solution’s advection and diffusion, hindering the migration
of Fe(aq). Thus, the time to reach the maximum concentrations of Fe(aq) in these layers
was extended.
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Figure 3. Fe(aq) migration curve. (a) Change of Fe(aq) concentration in the first layer; (b) Change
of Fe(aq) concentration in the second layer; (c) Change of Fe(aq) concentration in the third layer;
(d) Change of Fe(aq) concentration in the fourth layer; (e) Change of Fe(aq) concentration in the
fifth layer.

3.3. Morphology and Distribution Characteristics of Solid As

Figure 4a displays the total adsorption of As. The results show that the adsorption
levels at points 1-2 and 1-3 are significantly greater than those at points 1-1 and 1-4, and
the order is as follows: 1-2 > 1-3 > 1-1 > 1-4. Moreover, the highest content of As in the F3
binding state is found at points 1-2 and 1-3. A comparison of these sampling locations at
points 1-2 and 1-3, which are located on the preferential flow channels, shows greater As
adsorption. These findings highlight the importance of the preferential flow channels in
enhancing As adsorption.

To further analyze the mechanism by which Fe(aq) adsorbs As, we compared the
content of As in different binding states. Figure 4b shows that the predominant forms
of As(V) adsorbed by quartz sand are F2 and F3, which together account for 77% to 82%
of the total As. Thus, quartz sand primarily adsorbs As(V) as amorphous and weakly
crystalline iron—-aluminum oxides. Evidence from prior studies indicates that hematite
primarily adsorbs As in the F1 and F2 forms [36,37] rather than in the F2 and F3 forms.
This difference indicates that Fe(aq) no longer adsorbs As(V) on quartz sand surfaces in the
form of hematite after the hematite dissolves. Zhong [38] reported that adding hematite to
arsenic-containing soil significantly increased As adsorption in the F3 binding state.

Additionally, the oxidation of iron with atmospheric oxygen and the subsequent
precipitation of iron minerals can cause a decrease in the As concentrations [39]. This result
indicates that after hematite dissolves and releases Fe(aq), Fe(aq) forms hematite on the
surface of quartz sand, further adsorbing As(V). Thus, weakly crystalline iron-aluminum
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oxides are the primary forms for As adsorption. Therefore, hematite can facilitate the
adsorption of As onto quartz sand surfaces in the form of weakly crystalline iron-aluminum
oxides [40,41].
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Figure 4. Contents and percentages of arsenic in its different adsorbed states. (a) Amount of arsenic
adsorbed in each adsorbed state (ug/g); (b) Proportion of arsenic in each adsorbed state (%).

Notably, Figure 4 shows no presence of crystalline iron-aluminum oxide-bound As (F4)
at any of the sampling points from 1-1 to 1-4. This means that Fe(aq) cannot directly form
crystalline iron oxides. Additionally, the As contents in samples 1-2 and 1-3 (9.535 ug/g
and 9.340 ng/g) are significantly greater than those in samples 1-1 and 1-4 (9.145 ng/g and
8.310 pg/g). However, the proportions and amounts of F1 and F2 in samples 1-2 and 1-3 are
lower than those in samples 1-1 and 1-4. Zhong's research [38] showed that adding limonite
and hematite to arsenic-containing soil did not significantly change the F4 content in the soil
after the reaction. However, the F1 content decreased to varying degrees. Similarly, studies
have shown that weakly crystalline iron minerals could effectively adsorb As [42-44].
Based on these results and studies, iron minerals adsorb As mainly by dissolving to form
amorphous Fe-Al oxides. Zheying [45] reported that when the Fe(aq) concentration was
lower than 1 mg/L, the adsorption of As by quartz sand was inhibited. After the dissolution
of hematite released Fe(aq), Fe(aq) inhibited the adsorption of F1 and F2 while promoting
the adsorption of F3. Thus, although some Fe(aq) was directly adsorbed by quartz sand at
lower concentrations and occupied the F1 nonspecific adsorption sites, the dissolution of
hematite released more Fe(aq). The quartz sand then adsorbed this excess Fe(aq), forming
amorphous iron—-aluminum oxides, which greatly increased the As(V) adsorption by the
quartz sand.

4. Reaction Mechanism Analysis
4.1. Surface Morphology and Element Distribution

As shown in Figure 5, the surface of the quartz sand was relatively smooth, with
few particles present before the reaction. After the experiment, the surface of sample 1-1
contained numerous particles and mineral crystals, along with a few very small pores.
Samples 1-2 and 1-3 also contain a lot of particulate matter. It should be noted that the
surface of sample 1-2 exhibits ridge-like structures, with particles uniformly distributed
along these ridges. The surface of sample 1-3 contained microporous structures, with some
particles aggregating into more significant crystalline substances. The surface of sample
1-4 contained uniformly distributed particles and a few microporous structures.

Additionally, some particles had aggregated into moss-like crystalline substances.
These results were consistent with those from Du [46]; in their study, the surface of river
sand exhibited numerous grooves and flaky structures after adsorbing As. Other studies
have also revealed that the surface of quartz sand had pore structures [47], and these pore
structures facilitated the adsorption of As. Clearly, the surface of the quartz sand had few
impurities before the reaction. Thus, the crystalline substances on the quartz sand surface
after the reaction were likely to be iron and aluminum oxides.
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Figure 5. Microscopic morphology of sand before and after reaction.

To further investigate the composition of the crystalline substances on the quartz sand
surface after the reaction, EDS was performed. As shown in Figure 6, while Al is enriched,
the Fe and As are relatively dispersed. Additionally, a comparison of the distribution of
Al reveals that it is concentrated in the mineral crystals, indicating that the crystals on the
quartz sand surface are aluminum oxides. Additionally, no As enrichment is observed at
the locations where aluminum is concentrated, indicating that aluminum oxides on the
quartz sand surface do not effectively adsorb As. Thus, the Fe (hydro)oxides on the quartz
sand surface provide adsorption sites for As [48,49], enhancing its adsorption.

Figure 6. Surface energy spectrum of sand before and after the reaction.
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Based on the data in Table 2, minimal amounts of iron oxides are effective for arsenic
adsorption in samples 1-2 and 1-3. This demonstrates the ability of iron oxides to bind
arsenic efficiently. Conversely, no arsenic was detected in samples 1-1 and 1-4, where iron
oxides are absent. Notably, a comparison of the percentages of Fe and As on the surfaces of
samples 1-2 and 1-3 reveals significantly lower Fe (0.08) and As (0.01) contents in sample
1-2 with respect to Fe (0.31) and As (0.02) in sample 1-3. These results indicate that the
adsorption capacity of river sand for As increases after Fe (hydro)oxides attach to the
surface of quartz sand. Thus, Fe (hydro)oxides can effectively enhance the adsorption of
As [50].

Table 2. Elemental contents of sand before and after reaction with As and Fe (unit: %).

Condition C (@) Si Al Fe As
Before reaction 4.47 52.14 42.45 0.21 0.73 0
1-1 5.97 41.66 52.13 0.23 0 0

1-2 4.81 44.49 50.05 0.04 0.08 0.01

1-3 5.07 38.89 55.63 0.07 0.31 0.02
1-4 6.38 43.30 50.25 0.07 0 0

4.2. Main Crystalline Phase on the Surface

The XRD patterns of the quartz samples before and after the reaction at different
locations are shown in Figure 7. The results indicate that the main component of the river
sand surface was SiO,. Trace amounts of As compounds were detected on the surface of
the quartz sand. After the pumping test, the quartz sand spectra revealed several distinct
characteristic peaks. The peak at 20 = 26.75° corresponded to SiO,, indicating that SiO,
was the dominant component in all samples. Based on previous studies, regardless of the
presence of organic matter in riparian sediments, the main phase detected by XRD after
the adsorption reaction remained SiO; [51]. After the pumping test reached equilibrium,
the peak intensity at 20 = 21° in the XRD pattern slightly increased. This was potentially
caused by As adsorbing onto the quartz sand surface as AsyO3. The peak intensity at
20 = 68° significantly increased. Compared with standard reference cards (PDF85-1712
and PDF15-0778), this was likely the result of the combined effects of As and As,O3. The
peak intensity of 1-2 at 26 = 50° significantly increased. Compared with the standard card
(PDF85-1712), the As on the surface of the quartz sand mainly existed in the form of an As
acid salt [52].
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Figure 7. Physical phase of sand after reaction.
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4.3. Changes in the Surface Functional Groups

The FTIR spectra of the quartz sand after the reaction at different locations are shown in
Figure 8. No significant differences were observed between the FTIR spectra of quartz sand
before and after As adsorption at the different locations. Under high-concentration condi-
tions (Fe(aq) = 20 mg/L), a characteristic absorption peak for SiO, appears at 690 cm ™! [53].
Thus, the main component is SiO; this result is consistent with the results from the EDS
and XRD analyses. Previous studies have shown that characteristic vibrational absorption
peaks of Si-O are present at 463.06, 797.49, and 1084.72 cm ! [54]. Si-O bond stretching vi-
brations cause peaks at 463.06 and 797.49 cm ™!, whereas the peak at 1084.72 cm ! is due to
the antisymmetric stretching vibration of Si—-O-5i [45]. The characteristic absorption peaks
observed between 950 and 1250 cm ! are attributed primarily to the stretching vibrations
of Si-OH and the antisymmetric stretching vibrations of Si-O-Si [55]. After the reaction,
the surface of the quartz sand did not show the characteristic peaks of Fe minerals such
as a-FeOOH (889, 795 cm 1) [56], y-FeOOH (1020 cm 1) [57], Fe,O3 (559, 427 cm 1) [58],
and Fe30y (586 cm™1) [59]. These results indicate that no new iron-containing functional
groups were formed during the reaction. In addition, under low-concentration conditions
(Fe(aq) = 0.1 mg/L), characteristic absorption peaks of aldehydes were found at 2815 and
2803 cm~! in all samples. The stretching vibrations of the C-H bond caused these peaks.
The 1632 and 1346 cm ™! peaks were attributed to the C=O stretching vibrations and -OH
bending vibrations, respectively. These absorption peaks were formed by a small number
of water molecules [60].
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Figure 8. Crown group of sand after reaction.

5. Conclusions

In this study, the migration and distribution behaviors of As(V) and aqueous iron
(Fe(aq)) in a groundwater environment were examined using a sand column experiment
embedded with hematite lenses. Solid-phase extraction and characterization analysis was
applied to investigate the control mechanisms of the As(V) migration. Our study reveals the
intricate dynamics of As migration and distribution within different geological substrates,
highlighting the role of the medium structure, particularly the arrangement of clay layers
and quartz sand. These substrates distinctly affected the As concentrations. In the case
of hematite, dissolution initially occurred at a rapid pace, and Fe(aq) was released into
the system. However, this release rate notably diminished once a certain concentration
threshold was reached, showing a crucial factor in the As distribution. Furthermore,
our findings on solid-phase As indicated varying binding states, and that an amorphous
iron-aluminum oxide-bound state and specifically adsorbed state were predominant under
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the influence of preferential flow channels, which facilitated the enhanced As adsorption.
Hematite dissolution releases Fe(aq). Fe(aq) subsequently reduces the migration of As(V)
by modifying its adsorption and binding on quartz sand. These insights are critical for
developing robust strategies for groundwater As pollution management, providing a
theoretical foundation for the development of effective As mitigation approaches.

Supplementary Materials: The following supporting information can be downloaded at:
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Abstract: In this study, the concentrations of trace elements (TEs) in Uroteuthis edulis caught from
the East China Sea were determined. There were significant differences between TE concentrations
in different body parts. Cu, Zn, and Cd were the most concentrated in the digestive glands and the
concentrations of Cr and Co were highest in the gills. No significant differences in concentrations
were shown between these tissues. In the four tissues analyzed, the mantle recorded the highest
proportion of elemental load, while the digestive glands and gills had the lowest proportions.
After maturity, TEs in the mantle showed no significant differences. In the digestive gland, the
concentrations of all elements, except Zn, were significantly increased. The gonads illustrated
apparent increases in the concentrations of Cr, Cu, and As. In the gills, the concentrations of Co and
As were markedly increased.

Keywords: squids; trace elements; distribution in tissues

1. Introduction

Trace elements (TEs) are defined as metallic elements with a density greater than
5.0 g/cm?® [1]. From the perspective of environmental pollution, TEs include certain non-
metallic elements such as Arsenic (As) and Selenium (Se) [1]. Approximately 45 types of
TEs exist in nature. According to the requirements for physiological function, they can be
classified into two categories. The first category includes essential elements and micronu-
trients such as Copper (Cu) and Zinc (Zn), which are usually necessary for physiological
functions [2,3]. The deficiency of these elements affects individual growth, but an excessive
intake also has adverse effects. The second category includes nonessential elements, such
as Cadmium (Cd) and Lead (Pb), which are nonessential for physiological function and
have obvious toxicity. They may be transferred to the food chain in various ways and via
different media.

Seawater and marine sediments are significant sources of the pollutants that accu-
mulate in marine organisms. Toxic TE pollutants are absorbed from seawater and marine
sediments through terrestrial and aerial pathways. TEs accumulate in marine organisms
and are then combined with proteins and enzymes to form toxic substances. In addition,
TEs can be transferred to organisms at higher nutritional levels and to human beings
via the food chain [4,5], thus posing serious threats to marine ecosystems and humans.
Above-standard TE pollutants have led to serious public health incidents such as the “Itai-
Itai disease” event caused by Cd poisoning in 1931 and the “Minamata disease” event
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caused by Hg poisoning in 1956 [6-9]. According to previous studies, Hg, Cd, Pb, and the
semi-metallic element As are the main TEs that have serious impacts on marine life and
humans. These elements are certified as important indicators for the detection of “limited
toxic and harmful substances” in drinking water products [6,10]. Therefore, it is important
to investigate the accumulation of TEs in important economic species in the ocean.

The East China Sea (ECS) is located in the south of the estuary of the Yangtze River
and the east of Eurasia. As a marginal sea on the western side of the Pacific Ocean, it covers
approximately 700,000 square kilometers [11,12]. Its complex ocean current circulation
system supports the reproduction of various fish species; hence, it is one of the most im-
portant fishing grounds in China [13]. The inshore fishing grounds of ECS are adjacent to
developed regions like Shanghai, Jiangsu, Zhejiang, and Fujian. Consequently, the sedi-
ments in the region are influenced by both the Yangtze River and human activities [14-16],
resulting in high contents of trace elements and severe pollution [15]. However, as one
of the most important fishing grounds in China, the ECS is a habitat for many marine
organisms and is abundant in nutrients. The pollutants entering the ocean affect the growth
and development of marine organisms to a certain degree and ultimately change human
health via the food chain.

The squid, Uroteuthis edulis (U. edulis), is a coastal warm-temperate shallow-water
species widely distributed in the northwestern Pacific Ocean and along the eastern coast of
Africa [17,18]. In the East China Sea, U. edulis is one of the most important economic species;
thus, it is important to explore the accumulation of TEs in U. edulis. The concentrations
of trace elements in fish and shellfish in most seas have been investigated in recent years;
however, a similar study on cephalopods in the ECS has seldom been reported [19,20]. A
cephalopod is a type of invertebrate with a fast growth rate and a short lifespan and is
extremely sensitive to trace element pollutants [21,22]. U. edulis prey mainly on crustaceans
and small fishes and easily accumulate TEs. U. edulis is in the intermediate nutritional
level [23], so it is a significant species in food chains. Studies on trace element accumulation
have increased in recent years and have mostly focused on food science or environmental
aspects. In food science research [24], the concentrations of TEs in the muscular tissues of
the target organism were used to assess their edibility. In environmental science research,
different cephalopods, including those from Loliginidae across different marine areas, were
explored to analyze the effect of location on TE concentrations in the tissues of target
organisms [24,25]. U. edulis is one of the most important economic species, with an annual
catch of 5000~15,000 tons; therefore, understanding the distribution of microelements in
U. edulis can facilitate effective response to risks and help maintain social stability [21,22].
The concentrations of TEs in the muscular tissues of cephalopods have been measured in
most studies; however, other tissues such as gonads and internal organs with significant
accumulation of TEs and potential correlation with the enrichment pattern of muscles have
not been explored [26,27]. Additionally, the accumulation, transfer, and factors influencing
TEs in different tissues of squids from Loliginidae are seldom reported.

This study aims to analyze the distribution of trace elements in different tissues of U.
edulis and explore the correlation between trace elements in various tissues. This study
will provide crucial data and a scientific basis for a better understanding of the enrichment
characteristics of TEs in cephalopod species.

2. Materials and Methods
2.1. Sample Collection

Sampling areas were located in the East China Sea (123° E-127.5° E, 28° N-31.5° N).
The samples were caught by the trawler “Zhejiang Lingyu 23860” (Figure 1) and about
50 samples were obtained each month. In this study, 289 samples of U. edulis were obtained.

All the samples were immediately frozen, transported to the laboratory, and stored at
—20°C.
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Latitude

28°N

125°E
Longitude

Figure 1. Sampling locations of Uroteuthis edulis in the East China Sea. The blue point represents the
sampling locations in October 2020; the green point represents the sampling locations in November
2020; the cyan triangle represents the sampling locations in December 2020; the pink point repre-
sents the sampling locations in January 2021; the purple point represents the sampling locations in
March 2021.

2.2. Sample Processing

The samples of U. edulis were thawed at room temperature in the laboratory. All
samples were numbered, arranged in the trays, and photographed, and the mantle length
and body weight of samples were measured [28]. After the biological data were recorded,
the samples were dissected to obtain various tissues including mantle, digestive gland,
gonad, and gill. In each month, 8 samples were randomly selected, including 4 mature
individuals and 4 immature individuals. After the same treatment, the differences in the
contents of trace elements in the tissues of U. edulis before and after gonad maturation were
analyzed. Finally, the samples were stored in a —20 °C freezer for the subsequent analysis
of trace elements [28].

2.3. Materials and Methods

Prior to the formal experiment, the scallop standard (GBW10024) was used to finish
the pre-experiment, which was utilized to determine the trace elements. The ratio of HNO3
to H202, the heating program, and the duration were adjusted, and the experiment was
repeated six times to compare recovery rates. The scheme with the highest recovery rate was
ultimately selected for the experimental plan. The recovery rates of the six trace elements
were all within the norms of chemical testing methods (Table 1). Unfortunately, due to the
limited number of samples, the samples were not available in duplicates or triplicates.

Table 1. Concentration of heavy metals (j1g/g) in scallop (GBW10024) obtained in the present study,
showing the certified values and the recovery% (mean =+ SD, n = 6).

Element Certified Determined Recovery%
As 3.6 £0.6 3.35+ 0.5 93.1
Co 0.047 £ 0.006 0.043 £0.12 91.5
Cu 1.34 +0.18 1.24 £ 0.09 92.5
Cd 1.06 £0.10 1.00 £ 0.03 94.3
Cr 0.28 £ 0.07 028 £0.1 99.9
Zn 75+3 68 + 4 90.7
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2.3.1. Sample Collection

To reduce the interferences from the external environment and residues in the digestion
tube, all containers such as polytetrafluoroethylene beakers and digestion tubes had to be
washed with acids and rinsed with ultra-pure water. Firstly, containers were soaked in
20% nitric acid (GR grade) for 72 h; then, they were washed repeatedly with clean water;
finally, they were rinsed with ultra-pure water. Afterward, containers were dried at 180 °C
in a drying oven for 3 h and then cooled to room temperature for use.

2.3.2. Tissue Pre-Treatment

After the samples of U. edulis were thawed at room temperature in the laboratory,
an appropriate amount of four different tissue samples were weighed and placed in a
cryogenic vial for 72 h freeze-drying at —80 °C. After freeze-drying, the samples were
ground with agate mortar and then a portion of samples (0.5 £ 0.0005 g) were weighed in
an analytical balance with an accuracy of 0.0001 g.

Before the measurements of the trace elements were conducted, the samples were
digested to destroy the organic matters and remove the interfering compounds according
to the Chinese National Standard GB5009.268-2016 “Food Safety National Standard De-
termination of Multi-elements in Food” (GB 5009.268-2016). The HNO3(65%)-H>0,(30%)
digestion and microwave solver digestion methods were used.

A high concentration of HNO3 might damage measurement instruments, so it was nec-
essary to carry out acid-reducing operations. After digestion, all the organic matters were
decomposed, but some insoluble substances, such as silicon dioxide, remained, particularly
those in the gills. These impurities had to be removed from the solution so as to prevent
the blockage of the nebulizer during detection. Subsequently, the samples were filtered
through a 25 mm polyvinylidene fluoride (PVDF) 0.22 pm filter membrane, transferred
into 2 mL centrifuge tubes, and stored at room temperature for elemental analysis. Detailed
information, sample usage, and operation steps are shown in GB 5009.268-2016.

2.3.3. Instrumental Detection of Trace Elements in Tissue Samples

After the pre-treatments, the samples were analyzed with inductivity-coupled plasma-—
mass spectrometry (ICP-MS) at the trace element detection laboratory of Shanghai Ocean
University. The elements analyzed include Chromium (Cr), Cobalt (Co), Copper (Cu), Zinc
(Zn), Arsensic (As), and Cadmium (Cd), leading to a total of six elements in this study.
Before testing, a proper concentration of the mixed standard solution for multi-element
ICP-MS was required to formulate the standard curve. In this study, the concentrations
of the standard substance were selected to be 0.01, 0.05, 0.1, 0.5, 1, 2, 5, 10, 50, 100, and
500 ppm. HNOj5 solution (1%) was used as a blank sample.

Based on the comparison of the signal intensity of elements from both the test solution
and the standard solution, the contents of the trace elements in the specimens (ppm) were
calculated as follows:

(C—Co)XV

H tal tration =
eavy mental concentration W % 1000

)
where C indicates the concentration of a trace elements in the measured liquid obtained
from the standard curve (ug/mL); Co indicates trace elements concentration in the blank
detection liquid obtained from the standard curve (nug/mL); V indicates the final volume
of the substance (mL) (in this study, it was 25 mL); W indicates the weight of the U. edulis
sample (g, dry weight) (in this study, it was 0.5 g).

Finally, the outliers in the results were removed and the data analysis was performed.

2.3.4. Data Analysis

The concentrations of Cr, Co, Cu, Zn, As, and Cd in the mantle, digestive glands,
gonads, and gills were displayed in box—scatter composite plots. The Shapiro-Wilk test
method and variance homogeneity test (F-test) were used to test the data. If both tests
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were satisfied, then a one-way ANOVA (one-way analysis of variance) was used to analyze
the differences among elements in each tissue and the differences of a single element in
different tissues. If the data did not follow a normal distribution or meet the condition of
variance homogeneity, the Kruskal-Wallis H method was used to test the data. For the
correlational analysis among different elements in each tissue and the individual elements
in the different tissues, the Spearman rank correlation coefficient was employed. In order
to analyze trace elements concentrations before and after gonad maturation, two sample
groups were set. Therefore, if the data did not follow a normal distribution or meet the
condition of variance homogeneity, then the Mann-Whitney U-test method was chosen
to test the differences in the concentration of each element in various tissues before and
after maturity. Data analysis and plotting were performed with R language, Excel 2020,
and Origin 2021.

3. Results
3.1. TEs Concentrations

In this study, the mantle length, body weight, and sexual maturity showed significant
differences among the samples caught in the same month. Therefore, the box-and-dot
composite plot was used to fully depict the distribution differences in trace elements
concentrations in the tissue samples of U. edulis. The results of Cr, Co, Cu, Zn, As, and Cd
in the mantle, digestive gland, gonads, and gills of U. edulis are shown in Figure 2.
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Figure 2. Contents (ug/g (ug/g dry weight)) of selected metals in the tissues of Uroteuthis edulis.
Yellow represents the mantle; blue represents the digestive gland; purple represents the gonads;
green represents gills.

The concentrations of Cu and Zn were significantly higher than those of other elements
(Figure 2). The concentration of Cu was the highest and exceeded 600 pg/g in the digestive
gland of one sample. The concentration of As was slightly lower than those of Cu and
Zn. The concentration of As in four tissues was around 40 pg/g. The concentration of Cd
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exceeded 5 ng/g in four tissues and was approximately 20 pug/g in the digestive glands.
The concentration of Cr in the four tissues was below 1 pg/g and the concentration of Co
was around 0.1 pug/g. The concentrations of Cr and Co were the highest in the gills in
comparison with the other tissues. The concentration of As in the four types of tissue was
basically the same, except that the concentration of As in the mantle was slightly higher
than that in the other tissues.

The results of the Shapiro-Wilk test and the variance homogeneity test (F-test) indi-
cated that the concentrations of the six elements in each tissue did not follow a normal
distribution, nor did they meet the condition of variance homogeneity. Therefore, Kruskal—-
Wallis H test was performed. The distributions of Cr, Co, Cu, Zn, and Cd across the four
tissues showed significant differences (p < 0.05). The distribution of As across the four
tissues showed no significant difference.

3.2. Trace Elements Load Level in Each Tissue and Correlation of Trace Elements Distribution

The proportions of the trace elements’ loads in each tissue of U. edulis were calculated
(Figure 3). TEs were mainly accumulated in the mantle. The loads of Cr, Co, As, and Zn in
the mantle accounted for more than 50% of the corresponding total loads and displayed the
most significant enrichment, followed by those in the gonads. The proportions of the trace
elements’ loads in the digestive glands were lower. The loads of Cu and Cd in the digestive
glands were higher. Especially, the Cd load in the digestive glands was much higher than
that in the other tissues and was significantly higher than the loads of the other elements in
the digestive glands. The load proportions of all elements in the gills were the lowest.

Cr
mGills lGoand | D|gest|ve gland | l\/IantIe

100%
90% |
80% |
70% |
60% |
50% F
40% |
30% |
20% |
10% F

0%

Figure 3. Total body burdens of Cr, Co, Cu, Cd, As, and Zn in the mantle, digestive gland, gonads,
and gills of Uroteuthis edulis.

A correlation coefficient between 0.3 and 0.5 indicates a weak correlation. A correlation
coefficient between 0.5 and 0.8 indicates a moderate correlation; a correlation coefficient
above 0.8 indicates a strong correlation. The absolute values of the correlation coefficients
of Cr in the four tissues were all less than 0.3, indicating that the concentrations of Cr in
the four tissues had no correlation. The correlation coefficient of Co in the digestive gland
and gills was 0.459, which indicated a moderate correlation. The correlation coefficients
of Cu among different tissues (mantle and gonads; mantle and gills; digestive gland and
gills; gonads and gills) were, respectively, 0.381, 0.623, 0.531, and 0.388, which were all
positive correlations. Cd only showed a medium correlation between mantle and gills, and
the correlation coefficient was 0.566. The distribution of As in various tissues was quite
uniform and remains stable (Table 2). The distribution of As in the four tissues showed
moderate positive correlations.
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Table 2. Trace element correlations among the tissues of Uroteuthis edulis.

Elements Correlations
Cr -
Co +D and Gi **P
Cu +M and Go *¢ +M and Gi *** +D and Gi **** +Go and Gi *¢
Zn +D and Gi ***P

+M and D ***P +M and Go *** +M and Gi ***b
+D and Go *** +D and Gi *** +Go and Gi **
cd +M and Gi ***P
Notes: “+” denotes a positive correlation; *: p < 0.05; **: p < 0.01; ***: p < 0.001; M: mantle; D: digestive gland; Go:
gonads; Gi: gllls, middle correlation; ¢: weak correlation.

Through Spearman’s correlation analysis, we found correlations between the concen-
trations of different elements in the same tissue (Figure 4). In the mantle, with the exception
where Cr showed no correlation with Cu, Zn, As, or Cd, the elements showed positive
correlations with each other. In addition, Co showed a strong correlation with Cu and
Cd; Cu also had a strong correlation with Cd. Their correlation coefficients were all above
0.8. In the digestive gland, strong positive correlations were found among the following
TEs: Co and Zn; Co and As; Co and Cd; Cr and Zn. But the correlations among the other
elements were not significant. The correlations of all the elements in the gonads and gills
were not strong. In the gonads, Cu showed a significant positive correlation with Co and
Cd. In the gills, significantly positive correlations were found among the following TEs (Cr
and Co; Cu and As; Cu and Cd). The possibility that the correlations between the elements
suggests that they have a common origin has not been confirmed.
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Figure 4. Correlation analysis of TEs concentration in various tissues of Uroteuthis edulis. Notes:
* p < 0.05; *: p < 0.01; *** p < 0.001.
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3.3. Transfer Characteristics and Influencing Factors of Trace Elements in U. edulis

The concentrations of Cr in all four tissues except the mantle slightly decreased after
maturity. The concentration of Co stayed almost constant in the mantle and the gonads and
decreased in the digestive glands and the gills. The concentrations of Cu in the four tissues
decreased after maturity. The decrease was the smallest in the mantle and gills and more
significant in the digestive glands. Similarly, the concentration of Zn significantly decreased
in the digestive glands, remained stable in the mantle and gonads, and decreased in the
gills. The concentrations of As in all tissues decreased after maturity. The concentrations of
As in both the digestive glands and the gonads greatly decreased. The concentration of Cd
was the highest in the digestive glands in comparison with the other tissues and decreased
after maturity.

The Shapiro-Wilk test and variance homogeneity test (F-test), carried out to determine
the concentrations of the trace elements in various tissues of U. edulis, indicated that the
concentrations of the six elements in the tissues did not follow a normal distribution, nor
did they meet the condition of variance homogeneity. Additionally, for the two sample
groups (immature and mature gonads), the Mann-Whitney U test was performed to test
the differences (Table 3). In the mantle muscle, the concentrations of all the elements
showed no significant differences after maturity (p > 0.05). However, in the digestive
glands, all the elements except Zn showed no significant difference (p < 0.05). The corre-
lations of the concentrations of all the elements in the gonads were rather complex. The
concentrations of Cr, Cu, and As showed significant differences, but the concentrations of
Co, Zn, or Cd showed no significant difference. In gills, the concentrations of Co and As
showed significant differences, whereas the concentration of Cr, Cu, Zn, or Cd showed no
significant difference.

Table 3. Mann-Whitney U test of trace elements concentrations in mature and immature Uro-
teuthis edulis.

Groups Tissues Cr Co Cu Zn As Cd
0.51 0.03 20.82 52.69 0.93
Mature (0.38~1.50) (0.02~0.04)  (825~27.16) (4531~6178) 008 (2295-4834) (45 1 59
0.76 0.04 16.58 5341 0.93
tl, . 39~52.
Immature — mantle g G00)  (0.02-006)  (7.13-33.87)  (46.86~66.46) 08 (203975229 4705 17y
z ~0.371 ~0.591 —0.644 —0.124 ~0.237 —0.241
p 0.725 0.569 0.534 0915 0.827 0.825
091 0.1 209.08 136.03 29.13
Mature (0.67~1.32) (0.09~013)  (11148~297.3) (9454~153.90) -031339-5095)  qg 40 46 77)
digestive 0.44 0.08 68.67 115.15 19.72
Immature gland (0.28~0.69) (0.05-011)  (3436-25841) (77.97~13351) 1067 (108-403) 15 51 643
z ~3.199 ~2.326 ~2.102 ~1.749 ~2.904 ~2.045
p 0.001 0.019 0.036 0.083 0.003 0.049
0.34 0.03 46.69 85.46 1.76
Mature (0.30~0.47) (0.02~0.03)  (43.59~88.75) (7335~186.43) 012(2:28~5937) 46 573
021 0.02 35.55 90.34 145
d -
Immature —gonads 519 630y (002~003)  (18.03-7171)  (59.69~131.06) >0 (11:32=3285) 5 04 405
z ~2.700 ~1.102 ~2.069 ~1.115 —3.413 ~0.084
P 0.006 0.283 0.047 0.285 0.000 0.948
1.18 0.14 112.88 97.98 41
Mature (0.82~1.57) (0.07021)  (9430~12370) (82.32~103.36) o+7/3(29:69-46.02) 59 5 o1)
. 0.96 0.05 113.64 85.69 2.66
11 -
Immature sHis (047-110)  (0.03~019)  (3651~14925) (71.97~9447) 2020(1028=3L61) 4 g5 ¢ 76,
z ~0.976 ~2.320 ~0.973 ~1.550 —2.451 —0.541
P 0.345 0.020 0.345 0.127 0.013 0.606

In this paper, the transfer of trace elements in the gonads of U. edulis is mainly to verify
the transfer efficiency of trace elements to offspring and their potential impact, which still
requires further research in the future.

89



Toxics 2024, 12, 496

4. Discussion
4.1. Arsenic

Arsenic enrichment is unique. Arsenic is a nonessential element in human beings [29,30].
However, in aquatic species, Arsenic is a component of arsenobetaine, which has a
similar structure to trimethylglycine and allows an organism to remain unaffected by
changes in water salinity. As a result, Arsenic is a vital nutrient for the majority of aquatic
species [30-34]. Arsenic is a component of arsenobetaine; therefore, it is essential in all
tissues of U. edulis. As a result, the distribution of As in the tissues of U. edulis demonstrated
that the As concentrations in four tissues was similar and showed no significant difference
among the different tissues. In addition, the distribution of As was related to the size and
growth state of U. edulis. In this experiment, the distribution of As in all tissue samples
followed a normal distribution, as reported by other experts [30]. The correlation analysis
of As concentration in various tissues revealed strong correlations of As concentrations in
different tissues. The concentration of As in tissues showed no significant difference and
its load proportion in four tissues was almost equal to the proportion of wet weights of
four tissues. However, due to the large mass of torso, its proportion was much higher. The
correlations between As and other elements were weak and the correlation between Co
and Cu in mantle was strong. Arsenic showed a specific maternal transmission pattern [30].
According to the variations in As concentrations in all tissues after the maturity of the
gonads of U. edulis, the concentrations of As in four tissues decreased. With the exception
of the mantle, the other three tissues showed considerable changes in the concentration of
As during gonadal maturation. As a result, it was difficult to determine whether it could
be transferred with the parent material after maturity.

The concentration of As in U. edulis in this study was higher than that in previous
studies and close to that which has been found for other cephalopods in the East China
Sea [34], such as Sepia longipes. It was much higher than that in giant marine cephalopods like
S. pteropus and benthic octopuses like O. hubbsorum due to the sampling locations of U. edulis.

4.2. Chromium

The concentrations of Cr in the muscle, digestive gland, gonads, and gills were
1.11 £1.18 ug/g, 0.89 + 0.70 ng/g, 0.34 += 0.21 pg/g, and 1.44 = 1.42 pg/g, respectively.
In the previous study (Koyama et al., 2000), the gills were identified as the primary con-
centration tissue of TEs, as confirmed by the variance in Cr concentrations found in this
experiment. The concentration of Cr in U. edulis in this study was significantly lower than
that which has been found in some oceanic species (Table 4), such as Sthenoteuthis pteropus
(Lischka et al., 2018), Loligo sanpaulensis [28], and Nototodarus gouldi [29]. The concentration
of Cr U. edulis was slightly higher than that in octopuses and some oceanic species due
to the differences in the distribution areas of the species. For example, S. pteropus was
widely found in the marginal zone of Cape Verde [30], where subtropical circulation and
recirculation intersected. The marine conditions in this area made it easier for nutrients
in water to bind to Cd. Similarly, N. gouldi accumulated around upwind flow areas in
southeast Australia. Ocean currents transported Cr from adjacent seas to their habitat and
a large quantity of Cr accumulated in their bodies. The concentration of Cr was the highest
in gills, although the proportion of Cr load in gills was negligible in terms of trace elements
load in the four tissues. The proportion of Cr load in mantle was the highest among the
four tissues and exceeded 80%, whereas that in gills and digestive glands was less than
5%. The difference was related to tissue mass. The higher the mass was, the larger the
proportion of TEs load was. In this investigation, the concentrations of Cr in gonads and
digestive glands decreased dramatically after maturity, indicating that Cr could be passed
to offspring from mother. Le also discovered that Cr in squid juveniles was primarily
derived from the maternal source [31]. The results demonstrated the significant correlation
between Cr and Zn in digestive glands, as well as the significant correlation between Cr
and Co in gills. Many studies suggested that Co was largely absorbed and stored via gills
in seawater [31,32].
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4.3. Cobalt

The concentration of Co was the lowest among the six elements detected in this ex-
periment. Among the four tissues, the gills contained the highest concentration of Co, at
0.15 £ 0.013 ng/g. The concentration of Co in the digestive glands was 0.12 = 0.17 ug/g.
The concentrations of Co in the mantle and gonads were relatively low, at only
0.05 £ 0.05 ng/g and 0.03 £ 0.01 pg/g, respectively. The gills were found to be the pri-
mary Co enrichment tissue due to their direct interaction with seawater, containing Copper.
Bustamante discovered that the concentration of Co in the tissues directly in contact with
Co-rich seawater significantly decreased after 6 days of contact with purified seawater [33],
further demonstrating that squids interacted with Co through a mechanism involving
seawater, and that the digestive gland was the primary organ of Co uptake. Due to potent
retention capacity of this organ, the Co concentration in the digestive glands was found to
be relatively high. Additionally, the digestive gland in adult squids was responsible for
91% to 95% of the total Co load in the body [33]. The findings of previous studies were
significantly different from the findings in the present study because various species have
differently sized digestive glands.

The concentration of Co in U. edulis was comparable to that in Gonatus fabricii and
Moroteuthopsis ingens [30], but significantly lower than that in the pelagic cephalopods S.
pteropus and Nototodarus sloanii [25,30]. The highest concentration of Co in the digestive
gland of the benthic cephalopod Octopus hubbsorum reached 50 pg/g [34], which was
significantly higher than the results in this experiment. In the sampling process of the
above study, the O. hubbsorum was obtained in seriously polluted areas. As a benthic
organism, O. hubbsorum was influenced not only by crustaceans and shellfish, with a strong
TE-accumulation capacity, but also by Co pollutants in sediments; thus, the body contained
an abnormally high concentration of Co. In other words, cephalopods are potentially at a
risk of accumulating and absorbing Co through sediment.

Co showed a significant correlation with several elements (Cu, Cd, Cr, Zn, and As) in
various tissues, particularly in the mantle. Co exhibited a high correlation with Cd in the
digestive glands. The correlation might be ascribed to the relationship between Co and
metallothionein [31]. Similar to Cu, Zn, and Cd, Co also induced metallothionein. As a
result, in the mantle, a protein-rich tissue, Co was correlated strongly with some metals
such as Cu, Zn, and Cd, which triggered metallothionein. This correlation could also be
interpreted by the Co accumulation function of digestive glands. The digestive glands were
found to contain a high concentration of metallothionein; Co can bind to metallothionein to
perform its detoxifying function. Therefore, the concentration of Co in the digestive glands
was found to be much higher than that in other tissues.

4.4. Copper

Cu, one of the most significant necessary elements in cephalopods, is abundant in
all tissues. This is especially the case in the digestive glands, where the concentration
of Cu was the highest. The concentrations of Cu in the tissues of different cephalopod
species in different seas varied substantially. In this study, the Cu concentration in the
digestive glands was 295.78 & 677.72 ug/g, but the concentration of Cu in the digestive
glands of squids found in the Gulf of Gabes, Tunisia, was only 3.538 & 0.7 pug/g [35]. The
concentration of Cu in the digestive glands of O. hubbsorum found in the Santa Rosalia
region was the highest and reached 3296 ug/g [34]. As a result, regional pollutants and
species’ habits have a significant impact on Cu concentration. Cu, as a component of
hemocyanin, is a vital element for cephalopods. The digestive gland, as a digestive organ
of cephalopods, also processes aged hemocytes. The hemocytes of cephalopods finally
converge and are broken down in the digestive gland, thus resulting in a large quantity of
Cu. Therefore, the determined concentration of Cu in the digestive gland was exceptionally
high. The concentration of Cu in the gills was close to that in the digestive glands because
they were both tissues (organs) through which a huge number of hemocytes passed.
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The concentration of Cu in gills was significantly positively correlated with that in the
digestive glands.

In addition, only two Cu-containing proteins are involved in the transfer of nutrients
from the carcass to the gonads: hemocyanin and metalloproteins. During the development
phase of the gonads, the mantle delivers most of the nutrients to the gonads, but the
concentration of Cu in the nutrients was found to be low. Therefore, the correlation
between the mantle and the gonads was not significant.

Compared to the Cu accumulation exhibited by cephalopods in other seas, the concen-
tration of Cu in the digestive glands of U. edulis in this study was higher; however, it was
found to be lower than that in the benthic cephalopod, O. hubbsorum, in dense industrial
areas, and N. gouldi in New Zealand waters. Compared to the findings of TEs accumulation
in other cephalopods, the concentration of Cu in the digestive glands in this study was the
highest due to the features of U. edulis. The mass proportion of the digestive gland in U.
edulis was substantially less than that of other cephalopods. The correlation analysis of Cu
and other elements in the four tissues revealed a strong correlation between Cu and Cd due
to metallothionein features. Cu caused metallothionein to participate in Cd detoxification,
thus resulting in a positive correlation.

4.5. Cadmium

In this study, Cd is the only nonessential element for aquatic organisms. Cephalopods
feed on crustaceans and shellfish, both of which can enrich a large quantity of Cd, so the
concentration of Cd in cephalopods was high. The concentration of Cd in the digestive
glands of U. edulis was the highest (35.7 can ¢ pg/g). The concentrations of Cd in the other
tissues were similar. In related studies, the concentration of Cd in digestive glands was the
highest regardless of the species or environmental conditions of the habitat. Cephalopods
interacted with Cd mainly through ingestion. As a result, the concentration of Cd was
directly related to the ingestion structure of cephalopods, changes in ingestion behaviors,
and amounts of Cd in the habitat.

In comparison to previous studies, the Cd concentration in this study was lower than
that of cephalopods in the East China Sea such as Todarodes pacificus and Sepia madokai,
but higher than that of Gonatopsisborealis. The concentration of TEs in digestive glands
was lower than in that in other seawater samples and the highest values were found in
digestive glands of S. pteropus in the tropical eastern Atlantic. The concentrations of Cd in
benthic cephalopods (O. hubbsorum) were higher than those in non-benthic cephalopods
(Sepia officinalis and Gonatopsisborealis) because benthic cephalopods fed on more crus-
taceans and bivalves than non-benthic cephalopods. In addition, Cd adsorbed via different
pathways had different retention durations in various tissues. Cd that was encountered via
seawater had a biological half-life of around two months and TEs accumulated through
foods had a half-life in tissues of several years.

Cd had a significant correlation with Cu and Co, particularly in the mantle. Cd had a
moderate correlation with Zn. In previous studies, the correlations with the three elements
were ascribed to metallothionein induction. However, Charles demonstrated that Zn was
significantly correlated with Cd because Zn could more easily engage in the metallothionein
reaction [31]. This viewpoint was contradictory with the correlation analysis results in this
study. Cd load in four tissues was unique. The concentration of Cd in digestive glands was
5-15 times higher than in that in other tissues. Even though the mass fraction of a digestive
gland was low, Cd load remained relatively high and reached approximately 20%. Cd load
in the digestive gland of Sthenoteuthis oualaniensis was 72.18 £ 6.47% and Cd load in the
digestive gland of Nautilus macromphalus in New Caledonia might reach 90%. The above
results were significantly different from our study due to the differences in the mass of the
digestive glands between various mollusk species.
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4.6. Zinc

Both Cu and Zn are vital elements that are required during the growth process, so
the concentration of Zn is higher than that of the other four elements. Different from Cu,
Zn is most concentrated in the digestive glands and exists in the gonads (Figure 2). Zn is
closely related to hemocyanin, which is abundant in the digestive glands, but the content
of hemocyanin in the gonads is much lower, resulting in a significant difference between
the two tissues. In comparison to previous studies on cephalopods in other oceans, the
concentration of Zn in this study was in the medium-high level. The concentration of Zn
in the digestive glands of U. edulis in the study was much lower than that in the benthic
octopus due to the feeding patterns of benthic creatures. The concentration of Zinc in the
gonads was much higher than that in other studies. Zn load in the gonads of U. edulis was
only slightly lower than that in the mantle, indicating that the high concentration of Zn in
the gonads was related to the proportion of nutrition transfer in different cephalopods.

4.7. Transfer Characteristics of TEs after Maturity

The mariculture conditions of U. edulis are not possible to study in the laboratory, so it
was impossible to investigate the transfer characteristics of TEs in U. edulis with isotope
tracing technology. As a result, the only feasible choice was to choose the samples of U.
edulis in different life cycle stages and investigate the variations in TEs concentrations
in various tissues. The Mann-Whitney U test was performed to investigate the factors
that exhibited substantial differences in various tissues between mature and immature
individuals (Figure 5).

[ immature individuals
20 | [ Sexually mature individuals
0.2
Lo Lo
215 2
= =
) S
= =
E10f E
g 01
= =
is} o
] ]
0.5 Q
= = = @
0.0 0.0
Mantle Digestive gland Gonads Gills Mantle Digestive gland Gonads Gills
Cr Co
200
200 -
> 20150 -
2 2
o 150 a
2 g
£ £ 100 |-
5 100 - 5 i
S S
£ 2
: ey
50| ﬁ - sor g
RE=N— =
Mantle Digestive gland Gonads Gills Mantle Digestive gland Gonads Gills
Cu Zn
60 -
- 2T
£ E
= 40 |- =
kS 2
g [
£ €
3 8
2 2 g 20
or 9]
0 olLe= =5 B= g
Mantle Digestive gland Gonads Gills Mantle Digestive gland Gonads Gills
As Cd

Figure 5. Comparison of the concentration changes of six TEs elements in various tissues of squid
before and after gonadal maturation.

Unexpectedly, the concentrations of various elements in the mantle showed no signifi-
cant difference after gonadal maturity. As the tissue with the highest proportion of TEs
load, the mantle should receive the most nutrients given by the muscles, thus resulting in a
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significant reduction in TEs. In U. edulis, more nutrients were externally obtained and the
decrease in the concentrations of TEs in mantle was insignificant. In addition, the muscle
mass was quite high. Even if more nutrients were transferred from muscle to gonads, the
decreases in the concentrations of TEs were not significant. Furthermore, among various
TEs, only As had the highest concentration in the mantle. The other elements had only
slight concentrations in the mantle. As a result, the overall loss of TEs during transfer was
reduced, and the decreased concentrations were too small to be detected by our instruments.
Therefore, the decreases in the concentrations were insignificant.

In the digestive glands, the changes in the concentrations of TEs, with the exception
of Zn, were found to be significantly increased due to the increase in the intake and the
trophic level during the ingestion process of the nutrients. As the intake increased, the
exposure to TEs also increased, and more nutrients were transferred to the gonads. TEs
were more enriched in the digestive glands. Therefore, the concentrations of Cr, Co, Cu,
As, and Cd were significantly increased. In the gonads, the concentrations of Cr, Cu,
and As were significantly increased after gonadal maturity. The essential elements for U.
edulis were closely related to growth and development, so these elements showed higher
accumulation. Although Zn is an essential element, its concentration did not change
significantly after gonadal maturity. This phenomenon requires further analysis and
research. Some scholars have hypothesized that Cr and As are maternally transferred. The
present study theoretically supports this view because TEs could be transferred from other
tissues to the gonads. Isotope tracing techniques are recommended in subsequent studies.

Co and As concentrations in the gills showed significant differences between mature
and immature individuals and significantly increased after gonadal maturity. It was
verified that Co was enriched by the gills, so its concentration significantly increased
during the ingestion process. The main accumulation pathways of As in cephalopods
included seawater, so the concentration of As increased after gonadal maturity, similar to
the concentration of Co.

Cephalopods cannot be cultured or continuously observed. Therefore, we only as-
sessed the concentrations of TEs in the samples from different life cycle stages and then
predicted TEs transfer features based on the comparison. In addition, some cultivable
species can also be used to create a toxicological model to investigate the transfer properties
of different tissues. In the future, we will explore the enrichment of TEs in U. edulis from
prey after gonadal development and investigate the role of ingestion in the changes in
TEs concentrations.

5. Conclusions

This study focuses on U. edulis in the East China Sea and aims to investigate TEs
accumulation characteristics and influencing factors. The distribution, inter-element, and
inter-tissue correlations of Cr, Co, Cu, Zn, As, and Cd in the mantle, the digestive glands,
the gonads, and the gills were investigated. TEs accumulation characteristics, transfer
characteristics, and influencing factors in the tissues of U. edulis in the East China Sea were
determined. The key findings of this paper are summarized here.

The distribution of TEs in the tissues of U. edulis showed considerable heterogeneity.
The digestive glands contained the highest concentrations of Cu, Zn, and Cd; thus, it was
confirmed that the three metals accumulated mostly through consumption. The concentra-
tions of Cr and Co were the highest in the gills, indicating that they mostly accumulated
through the seawater. The concentration of As showed no significant difference among
tissues. The TEs load was the highest in the mantle, followed by the gonads, whereas TEs
loads in the digestive glands and gills were the lowest.

Some TEs found in the tissues of U. edulis differed significantly between mature and
immature individuals. After sexual maturity, TEs in mantle decreased slightly. The concen-
trations of TEs except Zn in digestive glands increased dramatically. After maturity, gonads
showed significant increases in the concentrations of Cr, Cu, and As. The concentrations of
Co and As in gills increased significantly after maturity. Considerable specific components
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were transported from digestive glands and gills to gonads after maturity. In this study;,
we investigated the distribution of six trace elements in U. edulis samples and assessed
their transfer before and after gonadal maturation, providing basic data for food health
risk assessment, which is beneficial for social stability. In the future, more species should
be subjected to long-term monitoring.
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Abstract: 173-Estradiol (E2) is a widely present trace pollutant in aquatic environments. However,
its impact on microbial communities in aerobic lake waters, which are crucial for methane (CHy)
production, remains unclear. This study conducted an E2 contamination experiment by constructing
laboratory-simulated aerobic microecosystems. Using 165 rRNA high-throughput sequencing, the
effects of E2 on bacterial and archaeal communities were systematically examined. Combined with
gas chromatography, the patterns and mechanisms of E2’s impact on CHy4 emissions in aerobic aquatic
systems were uncovered for the first time. Generally, E2 contamination increased the randomness of
bacterial and archaeal community assemblies and weakened microbial interactions. Furthermore,
changes occurred in the composition and ecological functions of bacterial and archaeal communities
under E2 pollution. Specifically, two days after exposure to E2, the relative abundance of Proteobacteria
in the low-concentration (L) and high-concentration (H) groups decreased by 6.99% and 4.01%,
respectively, compared to the control group (C). Conversely, the relative abundance of Planctomycetota
was 1.81% and 1.60% higher in the L and H groups, respectively. E2 contamination led to an
increase in the relative abundance of the methanogenesis functional group and a decrease in that of
the methanotrophy functional group. These changes led to an increase in CH4 emissions. This study
comprehensively investigated the ecotoxicological effects of E2 pollution on microbial communities
in aerobic water bodies and filled the knowledge gap regarding aerobic methane production under

E2 contamination.

Keywords: aquatic pollutant; bacterial and archaeal community; aerobic methane production;

aquatic environment

1. Introduction

According to reports, 173-Estradiol (E2) is considered one of the most potent natural
estrogens [1]. Its widespread presence in various aquatic environments has sparked global
concerns as it can have significant impacts on aquatic organisms and human health, even
at extremely low concentrations [2-5].

Current research has primarily focused on exploring the impacts of estrogens on
higher organisms, while comparatively less attention has been given to investigating
the ecotoxicological effects of estrogens on microorganisms. However, recent studies
have confirmed that E2 has significant impacts on microbial communities in various
environments. For instance, Chun et al. [6] conducted E2 contamination experiments
in laboratory soil, revealing that E2 can alter the soil microbial community, with effects
correlating with soil properties. Zhang et al. [7] suggested that E2 in soil may act as a
nutrient for microbes, thereby stimulating the growth of certain bacteria. In river water,
E2 concentrations ranging from 1 to 100 ng/L were found to significantly enhance the
growth of heterotrophic nitrifying bacteria [8]. Additionally, the growth characteristics of
Enterobacteriaceae were observed to change under E2 pollution [9]. However, information
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regarding the influence of E2 on microbial communities in aerobic lake waters remains
extremely limited.

Water microbial communities play a crucial role in driving elemental biogeochemical
cycles, facilitating the cycling of carbon, nitrogen, sulfur, phosphorus, and other essential
elements [10,11]. Lakes, due to their capacity for storage, transport, and transformation
of substantial carbon quantities [12], have emerged as focal points for carbon cycling
dynamics and greenhouse gas emissions. Despite covering less than 4% of the Earth’s
surface, lake ecosystems significantly contribute to methane (CHj) emissions, exerting
pivotal influences on the global carbon cycle [13]. CHy is not only a primary component of
greenhouse gases but can also accumulate substantially in lakes, potentially leading to gas
eruptions that cause significant human and animal fatalities. For instance, Lake Kivu in
East Africa, known for its high CHy4 content in deep, anoxic waters, is considered one of
the most dangerous freshwater lakes [14]. Traditionally, CH4 production in lakes has been
attributed primarily to methanogens in anaerobic environments. However, in recent years,
evidence has been accumulating regarding CH4 production in aerobic water bodies [15,16],
a phenomenon known as the “methane paradox”. Early studies on the “methane para-
dox” primarily focused on marine environments, proposing various hypotheses based on
mechanisms involving methanogenic microorganisms to explain CHy supersaturation in
the presence of oxygen [17-19]. Recent research suggests that aerobic microbial conversion
of methylphosphonate (MPn) may be a significant contributor to CHy production in ma-
rine and freshwater environments [20-22], providing direct evidence for the existence of
aerobic methanogenic microorganisms. Our previous studies showed that E2 significantly
influenced CH,4 emission rates in both simulated natural and anaerobic systems, with its
effects being constrained by major environmental factors [23-25]. However, the influence
of E2 on CHy4 emissions in aerobic lake waters remains unclear.

Based on these considerations, this study established aerobic simulated microecosys-
tems in the laboratory. Different concentrations of E2 were added to the systems to conduct
pollution experiments aiming to: (1) investigate the impact of E2 pollution on CHy emis-
sions in aerobic lake waters; (2) assess the ecotoxicological effects of E2 pollution on
microbial communities in aerobic lake waters; and (3) elucidate the microbiological mecha-
nisms by which E2 affects CH4 emissions. These findings will provide a theoretical basis
for future water pollution control and aid in more accurately predicting and assessing
methane emissions in lake water bodies.

2. Materials and Methods
2.1. Experimental Design

The sediment and overlying water samples used in this study were obtained from
Longxu Lake in Anhui Province, China, an ecologically protected area where no estrogen
was detected. The sediment samples underwent a series of treatments including air-drying,
grinding, sieving (100 mesh), and homogenization. Methylphosphonic acid was added to
the water samples to achieve a final concentration of 1 mmol/L. Approximately 100 g of
treated sediment and 150 mL of treated overlying water were placed in 500 mL conical
flasks. Subsequently, these flasks were covered with membranes (air flux: 1020 m®/m?-h
at 0.01 MPa) with a pore size of 0.2-0.3 um, ensuring system aeration while preventing
the introduction of external microbes. Nine laboratory-simulated aerobic microecosystems
were established using the described method and were placed in constant temperature
incubators at 30 °C, shielded from light, well-ventilated, and agitated at 100 rpm. After
three days, the gas emission rates of each system stabilized and exhibited uniformity; this
was followed by the initiation of E2 pollution treatment on the systems. Stock solutions
of E2 were prepared by dissolving E2 (99%, CAS 50-28-2, Thermo Scientific, Waltham,
MA, USA) in ethanol. Volumes of 30 uL of these stock solutions were added at different
concentrations to the systems to achieve final E2 concentrations of 0 ng/L (control group,
C), 100 ng/L (low-concentration group, L), and 10,000 ng/L (high-concentration group, H).
Each group consisted of three replicate samples.
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2.2. Sample Collection and Measurement

The date of E2 solution addition was designated as Day 0. Prior to E2 contamination,
gas and slurry—water mixture samples were collected once. Subsequently, gas samples
were collected every 24 h, and slurry—water mixture samples were collected every 48 h.
The specific collection method involved using a sterile syringe to puncture the septum and
collect 5 mL of headspace gas samples, followed by sealing the system for incubation. After
2.5 h of incubation, another 5 mL of headspace gas samples were collected using a sterile
syringe. Then, each system was thoroughly mixed, and 10 mL of slurry—water mixture
samples were collected and stored in a —80 °C freezer.

The experimental period lasted for 7 days. Gas samples collected daily were analyzed
for CHy concentration using gas chromatography (GC-7890B, Agilent Technologies, Santa
Clara, CA, USA). A total of 36 slurry—water mixture samples collected on the Oth, 2nd, 4th,
and 6th days were subjected to high-throughput sequencing.

2.3. DNA Extraction, Amplification, and Sequencing

The DNA from the slurry—water mixture samples was extracted using the TGuide
596 Magnetic Soil/Stool DNA Kit (Tiangen Biotech (Beijing) Co., Ltd., Beijing, China).
Subsequently, the DNA concentration of the samples was measured using the Qubit
dsDNA HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA). The V4-V5 region of the 16S rRNA gene was amplified in each
sample using the 515F primer (5'-GTGYCAGCMGCCGCGGTAA-3') and the 926R primer
(5'-CCGYCAATTYMTTTRAGTTT-3'). Sequencing adapters were attached to the ends of
the primers for PCR amplification, and the resulting products underwent purification,
quantification, and normalization to create sequencing libraries. After passing quality
control assessment, the libraries were sequenced using Illumina Novaseq 6000 (Illumina,
Santiago, CA, USA). Additionally, raw data have been uploaded to the NCBI SRA database
(No. PRJNA1097048).

2.4. Bioinformatic Analysis

The raw reads obtained from sequencing were filtered using Trimmomatic (version
0.33). Primer sequences were identified and removed to obtain clean reads using Cutadapt
(version 1.9.1). Subsequently, the clean reads underwent feature classification using dada2,
resulting in the generation of amplicon sequence variants (ASVs) [26]. ASVs with relative
abundances of less than 0.005% were filtered out. Taxonomic annotation of the filtered
ASVs was conducted using the Naive Bayes classifier [27] based on the Silva.138 reference
database [28].

Alpha diversity indices of the samples were calculated using the QIIME2 software [27].
Beta diversity was evaluated through Principal Coordinates Analysis (PCoA) based on
the Bray—Curtis distance [29]. The relative importance of microbial community assembly
processes was determined using the iCAMP model [30]. Molecular Ecological Networks
(MENSs) were established using Random Matrix Theory (RMT), and subsequent analy-
sis was carried out with the Molecular Ecological Network Analysis Pipeline (MENAP,
http:/ /mem.rcees.ac.cn:8081 accessed on 1 May 2023) [31]. Gephi (version 0.9.2) was uti-
lized for visualizing all networks. Functional groups within the samples were predicted
using FAPROTAX [32], and the results were visualized with the R package pheatmap to
generate heat maps. Redundancy analysis (RDA) was conducted using vegan (version
2.3-0), with significance tested via Monte Carlo permutation tests (permu = 999).

2.5. Analysis of Methane Emission Rates

The specific formula for calculating CHy4 emission rates is as follows:

v=((cg —c1) x Vi, x 1/22.4 x 273/(273 + T) x P/101325)/(Vs X t), D
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v: the CH, emission rate (umol-L~1-h~1);

c1: the CHy volume concentration before sealing (ppm);

¢o: the CHy volume concentration after 2.5 h of sealing (ppm);
Vh: the headspace volume (mL);

T: the gas temperature (°C);

P: the gas pressure (Pa);

V;: the sample volume (mL);

t: the sealing time (h).

2.6. Statistical Analysis

Permutational Multivariate Analysis of Variance (PERMANOVA) was utilized to
examine disparities in microbial community structures among different groups. The
Student’s t-test was employed to assess the statistical significance of differences between

two samples. Differences were considered statistically significant if the p-value was less
than 0.05.

3. Results
3.1. The Impact of 17B-Estradiol Pollution on Methane Emission Patterns

The study tracked the changes in CH4 emission rates within each treatment group over
7 days post E2 pollution (Figure 1A). The results revealed differences in CH4 emission rates
among the groups only during the first 2 days, with the low-concentration group signifi-
cantly higher than the control group on day 2 (p = 0.0013). Subsequently, from days 3 to 7,
all groups showed a gradual decline in CHy4 emissions without significant discrepancies. To
further investigate the inter-group disparities, an analysis of CHy emission rate increments
was performed (Figure 1B). Within the first 2 days, fluctuations were observed in the rate
increments across all treatment groups. Notably, on day 1, both pollution groups had higher
rate increments compared to the control group, with particularly the low-concentration
group displaying a significant increase over the control group (p = 0.047). By days 3 to
7, CHy4 emissions had stabilized in all groups, with rate increments approaching zero. In
conclusion, E2 was found to stimulate short-term CHy production in aerobic water systems.

B
0.154 10
C _ 010 LvsC c
— L [ ] 'p=0.047 —L
: T —H T 0.057 &
0.101 f ] —H
| LvsC é- 0.00-
2 * *5p = 0.0013 = Y W
= r
= 0.057 V \:\Q‘ T E‘ %me (d)
* e = —0.05- 1
- - 4 ]
.00 T T T T T T T T —0.10-

0 1 2 3 4 5 6 7
Time (d)

Figure 1. Temporal changes in methane emission rate (A) and rate increment (B). The rate increment
is calculated by subtracting the previous day’s rate from the current day’s rate. C represents the
control group, L represents the low-concentration group, and H represents the high-concentration
group. The significance markers in Figure 1A and 1B represent the results of the Student’s t-test
comparing the C and L groups on day 2 and day 1, respectively.

3.2. Response of Bacterial and Archaeal Community Diversity to 17 B-Estradiol Pollution

Sequencing of 36 samples yielded a total of 562 ASVs, classified into 25 phyla, 133 fam-
ilies, and 186 genera. Bacteria accounted for 82.55-99.54%, archaea for 0.04-8.94%, and
unassigned organisms for 0.42-17.29% of the community. The study treated bacterial and
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archaeal communities as a unified entity. Following E2 pollution, there were no significant
differences in Chaol and Shannon indices of bacterial and archaeal communities among the
three treatment groups (Figure 2A,B). This indicates that E2 pollution did not significantly
impact the species richness and diversity of bacterial and archaeal communities within
the system.
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Figure 2. Chaol (A) and Shannon (B) indices of bacterial and archaeal communities in each group
after E2 contamination. C represents the total of samples from the control group collected on days 2,
4, and 6; L represents the total of samples from the low-concentration group collected on days 2, 4,
and 6; H represents the total of samples from the high-concentration group collected on days 2, 4,
and 6. “ns” indicates no significant difference.

To evaluate the impact of E2 on bacterial and archaeal community structure, we
conducted Principal Coordinate Analysis (PCoA) on the community compositions of the
three treatment groups on different dates. The results showed no significant differences in
community structures among the three treatment groups on day 0 (Figure 3A), indicating
homogeneity before E2 pollution. However, on day 2, a significant difference emerged
between the control group and the two pollution groups (PERMANOVA, p = 0.0497)
(Figure 3B), suggesting a notable effect of E2. On days 4 and 6, the community structures of
all three groups were similar, showing no significant differences (Figure 3C,D). Overall,
these findings suggest that under aerobic conditions, the influence of E2 on bacterial and
archaeal communities may be transient.
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Figure 3. The Principal Coordinate Analysis (PCoA) of bacterial and archaeal communities on
days 0 (A), 2 (B), 4 (C), and 6 (D). Sample labeling rule: Letters represent groups, and numbers
represent dates. For example, CO represents samples from the control group on day 0.

3.3. Exposure to 17 B-Estradiol Alters Taxonomic Composition of Bacterial and
Archaeal Communities

Exposure to E2 significantly impacted the composition of bacterial and archaeal com-
munities. During E2 pollution, Proteobacteria (29.3-39.0%) and Bacteroidota (18.3-38.3%)
were dominant in all three treatment groups (Figure 4A). However, the relative abundance
of these dominant phyla gradually decreased over the incubation period. To compare the
differences in community compositions among the three groups, particular attention was
given to analyzing the second day, where significant differences in community structure
were observed. Analysis of variance (ANOVA) revealed that on day 2, three phyla among
the top ten in relative abundance showed significant differences among the groups. In
the two pollution groups, the relative abundance of Proteobacteria was lower than that
of the control group, especially with the low-concentration group showing a significant
decrease compared to the control group (Figure 4C). This suggests that the addition of E2
reduced the dominance of Proteobacteria. Furthermore, in the pollution groups, the relative
abundances of Planctomycetota and Bdellovibrionota were higher than those in the control
group, especially with Planctomycetota in the low-concentration group and Bdellovibrionota
in the high-concentration group showing significantly higher relative abundances than
in the control group. Therefore, E2 significantly increased the relative abundances of
Planctomycetota and Bdellovibrionota in aerobic water bodies.

At the genus level, Flavisolibacter was consistently the most abundant genus in both
the control group and low-concentration group throughout the experiment (12.1-27.3%,
15.8-26.5%), followed by Ideonella (7.9-11.0%, 5.2-9.2%) (Figure 4B). In the high-concentration
group, Flavisolibacter remained dominant in relative abundance (9.4-25.1%), but Ideonella
dropped to fourth and seventh place on day 4 and day 6, indicating a threat to the dom-
inance of Ideonella posed by high concentrations of E2. Particularly noteworthy is that
on day 2, Ideonella in the low-concentration group was significantly lower than in the
control group (Figure 4D), suggesting that even low concentrations of E2 reduced the
dominance of Ideonella. Additionally, in both pollution groups, Ellin6067, Bryobacter, and
Gemmata had higher relative abundances compared to the control group, with this differ-
ence being more pronounced in the high-concentration group (Figure 4D). Conversely,
Massilia and Novosphingobium had lower relative abundances in both pollution groups, with
a more significant decrease observed in the high-concentration group (Figure 4D). This
indicates that E2 significantly increased the relative abundances of Ellin6067, Bryobacter,
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and Gemmata while markedly decreasing those of Massilia and Novosphingobium, particu-
larly under high-concentration conditions. Furthermore, Pseudolabrys and Pajaroellobacter
showed no significant differences in relative abundance compared to the control group
in the low-concentration group but exhibited significantly higher relative abundances in
the high-concentration group (Figure 4D), indicating that E2 only promotes the growth of

Pseudolabrys and Pajaroellobacter at high concentrations.

Figure 4. Taxonomic composition of bacterial and archaeal communities at the phylum (A) and genus
(B) levels, and relative abundance of differential phyla (C) and genera (D) on day 2. C2, L2, and H2
represent samples from the control group, low-concentration group, and high-concentration group,
respectively, on day 2. (E) Heatmap of the correlation between major phyla and CHy emission rates
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3.4. The Influence of 17 B-Estradiol Pollution on Community Assembly

iCAMP was used to quantify the assembly of bacterial and archaeal communities after
adding E2 solution. The dominant process across all three treatment groups was drift (DR,
68.3-81.3%) in stochastic processes, followed by homogeneous selection (HoS, 11.4-18.4%)
in deterministic processes (Figure 5A). Consequently, the assembly of bacterial and archaeal
communities in all groups was primarily governed by stochastic processes. Nevertheless,
variations were observed among the ecological processes within the three treatment groups.
Specifically, in the low-concentration group, HoS was significantly lower compared to the
control group (Cohen’s d = 3.53, p = 0.0004), while DR was significantly higher (Cohen’s
d = —4.27, p = 0.002) (Figure 5B). Similarly, in the high-concentration group, HoS and
DR displayed comparable trends to the control group, although the differences were not
statistically significant. These findings suggest that E2 significantly impacts the principal
ecological processes of bacterial and archaeal communities within the system, leading to a
notable increase in the stochasticity of community assembly (Cohen’s d = —3.57, p = 0.0004)
(Figure 5B).
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Figure 5. Relative importance of various ecological processes within each group (A) and differences
in ecological processes among groups (B) after E2 pollution. C represents the total of samples
from the control group collected on days 2, 4, and 6; L represents the total of samples from the
low-concentration group collected on days 2, 4, and 6; H represents the total of samples from the
high-concentration group collected on days 2, 4, and 6. *** p < 0.001; ** p < 0.01; * p < 0.05. L, M, S,
and N represent large (1d | > 0.8), medium (0.5 < d| <0.8), small (0.2 < Id! <0.5), and negligible
(Id1 <0.2) effect sizes of E2 pollution based on Cohen’s d.
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3.5. Molecular Ecological Network Analysis

The impact of E2 on microbial interactions within bacterial and archaeal communities
was revealed through molecular ecological network analysis (MENSs). The visualization
of networks before and after E2 pollution is shown in Figure 6, with specific network
properties detailed in Table S1. The node connectivity of the four networks conformed to a
power-law distribution (R2 = 0.89-0.95), indicating that these networks were all scale-free
networks. Additionally, with average path lengths ranging from 6.39 to 6.92 and close
approximation of the logarithm of the total number of nodes, the networks exhibited typical
small-world characteristics. Furthermore, all the networks demonstrated modularity values
between 0.774 and 0.804, significantly higher than those of corresponding random networks,
indicating the presence of modular features in the constructed networks.

Day0

@ Proteobacteria @ Chloroflexi @ Acidobacteriota @ Planctomycetota @ Actinobacteriota

@® Bacteroidot G ti dota Myxococcota @ Verrucomicrobiota Bdellovibrionota

@ Unclassified Others

Figure 6. Molecular ecological networks (MENs) before and after E2 pollution. Node size represents
the node degree. Edge color represents positive (red) and negative (green) correlations. Day 0
represents the total of samples from three groups collected on day 0; C represents the total of samples
from the control group collected on days 2, 4, and 6; L represents the total of samples from the
low-concentration group collected on days 2, 4, and 6; H represents the total of samples from the
high-concentration group collected on days 2, 4, and 6.

Compared to the initial state, the three treatment groups exhibited a significant in-
crease in network nodes and links following the addition of E2 solution, indicating an
enhancement in network complexity. This improvement may be attributed to ethanol acting
as a solvent, resulting in more nutrients being provided to bacteria and archaea, thereby
boosting microbial activity and diversity and, consequently, enhancing network complexity.
In contrast to the control group, the two pollution groups showed notably fewer links,
suggesting simpler network structures. Furthermore, both pollution groups had lower
average degree (avgK) and average clustering coefficient (avgCC) values than the control
group, indicating weaker node connectivity and reduced closeness and clustering among
nodes in pollution networks. These results suggest that E2 could reduce the complexity
and stability of bacterial and archaeal community networks in aerobic water bodies.

Based on the within-module connectivity (Zi) and among-module connectivity (Pi),
nodes are categorized into network hubs, module hubs, connectors, and peripherals [33].
The first three types are regarded as keystone taxa, playing a pivotal role in the system’s
resilience against external disturbances or species invasions [34]. Each network has distinct
connectors and module hubs (Figure S1). Before pollution, the network had three connec-
tors. Following E2 contamination, the control group showed four module hubs and three
connectors, the low-concentration group had four module hubs and eight connectors, and
the high-concentration group had four module hubs and four connectors. Therefore, the
introduction of E2 led to an increase in the number of keystone taxa within the network.
The specific classification of these keystone ASVs is detailed in Table S2. In the control
group, over half of the keystone ASVs belonged to Proteobacteria, indicating their potential
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importance as the predominant phylum in the system. However, in the low-concentration
group, only two keystone ASVs were from Proteobacteria, accounting for 16.7% of the total
keystone ASVs, while two keystone ASVs were identified as Planctomycetota, which were
absent among the keystone taxa in the control group. In the high-concentration group, 50%
of the keystone ASVs belonged to Planctomycetota. This suggests that with increasing E2
concentration, the interactions between Proteobacteria and other microorganisms gradually
weaken, while the significance of Planctomycetota in the network increases. At the family
level, both pollution groups had keystone ASVs belonging to Gemmatimonadaceae, Gemmat-
aceae, and Isosphaeraceae. However, in the control group, there were no keystone ASVs from
these three families. Therefore, the addition of E2 could enhance the interactions between
Gemmatimonadaceae, Gemmataceae, Isosphaeraceae, and other microorganisms.

3.6. The Influence of 17 B-Estradiol Contamination on Ecological Functions

Functional predictions were conducted using Faprotax for bacterial and archaeal com-
munities on day 2. Out of 562 ASVs, 83 were assigned to at least one functional group.
The most abundant functional groups in all three treatment groups were chemoheterotro-
phy (26.3-28.5%), followed by aerobic_chemoheterotrophy (23.4-25.5%) and nitrate_reduction
(20.4-25.9%) (Figure 7). Significant variations in the relative abundances of major func-
tional groups were observed among the three treatment groups. Both pollution groups
exhibited higher levels of aerobic_chemoheterotrophy and chemoheterotrophy compared to
the control group, while nitrate_reduction was lower in the pollution groups (Figure S2).
Moreover, functional groups associated with methane production, such as methanogenesis,
methanogenesis_by_CO,_reduction_with_H;, and hydrogenotrophic_methanogenesis, were most
abundant in the high-concentration group, followed by the low-concentration group. The
methane oxidation functional group, methanotrophy, was enriched in the control group
(Figure S2). Hence, E2 has the potential to influence microbial carbon and nitrogen cycling
within the system.
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Figure 7. Relative abundance of functional groups in different treatment groups on day 2.

4. Discussion
4.1. Ecological Toxicological Effects of 17B-Estradiol on Bacterial and Archaeal Communities

Based on the findings, E2 has disrupted the original structure of bacterial and ar-
chaeal communities in aerobic water bodies. The molecular ecological network analysis
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revealed that both pollution groups exhibited lower links, avgK, and avgCC compared to
the control group. This indicates that the introduction of E2 weakened interactions among
microorganisms, impacting information flow and material cycling within the ecosystem,
and consequently, reducing ecosystem stability. Additionally, the iCAMP analysis demon-
strated a significant increase in the proportion of stochasticity in community assembly due
to E2 pollution, suggesting heightened uncertainty in the formation and evolution of micro-
bial community structures. This could be attributed to variations in species” adaptability to
E2. The introduction of E2 decreased the dominance of the major phylum Proteobacteria,
providing additional resources and available space for other microorganisms, and thereby
amplifying the randomness in community assembly [35]. Overall, within aerobic water
bodies, E2 contamination led to microbial communities becoming more unpredictable
and unstable.

However, the impact is only effective in the short term. Beta diversity analysis revealed
significant differences in the bacterial and archaeal community structures of the three
treatment groups only on the second day after E2 contamination, with no notable variances
on the fourth and sixth days. This suggests that the influence of E2 contamination on the
structure of bacterial and archaeal communities is transient. Over time, the community
structure may gradually revert to its original state. This recovery capability could be
attributed to keystone taxa within the community [31]. The number of keystone taxa in the
pollution groups was notably higher than that in the control group, indicating that under
the pressure of E2 contamination, specific microbial taxa began to assume more critical
roles, exerting essential regulatory effects on maintaining the structure and function of the
entire community [36]. Notably, the significance of Planctomycetota in the network increased
gradually, with two family-level members, Gemmataceae and Isosphaeraceae, identified as
specific keystone taxa in the pollution groups. These bacterial families exhibit robust
hydrolytic potential, enabling them to utilize a broad spectrum of organic substances [37,38]
and potentially participate in E2 degradation. Therefore, Planctomycetota may exhibit higher
adaptability, enabling it to play a dominant role under E2 contamination and facilitate the
community’s recovery towards a relatively stable state by degrading E2.

Moreover, E2 contamination altered the composition of bacterial and archaeal com-
munities. Specifically, E2 significantly increased the relative abundance of Ellin6067 and
Bryobacter, with a more pronounced effect observed at higher concentrations. Additionally,
high concentrations of E2 notably stimulated the growth of Pseudolabrys. Bryobacter exhibits
chemoheterotrophic activity, enabling it to degrade organic compounds [39,40]. Research
by Liu et al. has indicated that Ellin6067 is capable of degrading organic pollutants [41]. Ad-
ditionally, Pseudolabrys demonstrates strong adaptability to extreme environments [42] and
possesses significant potential in removing nitrogen compounds, and degrading organic
pollutants like chlorinated alkanes, chlorinated alkenes and benzoic acid [43]. These find-
ings suggest that these three genera may participate in aerobic pathways for E2 degradation
in aquatic environments. Overall, following E2 contamination, the relative abundance of
bacteria associated with E2 degradation significantly increased, with a more pronounced
effect observed at higher E2 concentrations. This indicates that E2 may be degraded by
microorganisms as an organic pollutant in the system, thereby impacting bacterial and
archaeal community structures.

4.2. Mechanism of 17 B-Estradiol in Promoting Methane Emission

Traditionally, CH, production was attributed primarily to anaerobic methanogenic
archaea. However, evidence accumulated over the past three decades suggests that CHy
can also be generated in aerobic environments [15,16], a phenomenon termed the “methane
paradox”. The “methane paradox” has been extensively documented and is considered
to contribute significantly to the biogeochemical cycle of CHy [44]. Currently, two main
perspectives prevail regarding CHy production under aerobic conditions: (1) Methanogens
can survive in aerobic conditions by utilizing their self-synthesized antioxidant pathways,
leading to the production of CHy [45,46]. (2) Certain bacteria and fungi can metabolize
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methylphosphonic acid under aerobic conditions, producing CHy through demethylation
processes [20-22].

In the aerobic microecosystems, both the CH, emission rate and the structure of the
bacterial and archaeal communities were significantly affected within two days after E2
pollution. Therefore, CH4 emissions may be influenced by changes in the composition of
bacterial and archaeal communities. This hypothesis was validated through Redundancy
analysis (RDA), as depicted in Figure S3. The Monte Carlo test results indicate that
both the CHy4 emission rate and E2 concentration were significantly correlated with the
structure of bacterial and archaeal communities (p < 0.05) (Table S3). This suggests that
E2 has a noteworthy impact on the bacterial and archaeal communities, thereby affecting
CHjy production.

The functional prediction results suggest that E2 increased the relative abundance of
the methanogenesis functional group. The ASVs assigned to methanogenesis belonged to the
genus Methanoregula. Methanoregula are hydrogenotrophic methanogens whose growth
is inhibited even under low oxygen levels [47]. Additionally, studies have indicated that
small molecular heat shock proteins play a crucial role in tolerating oxidative stress. The
absence of these genes resulted in lower oxygen tolerance in Methanoregula [48]. Therefore,
the presence of Methanoregula in the system could be attributed to anaerobic microenvi-
ronments created by sediment facilitating their survival. The higher relative abundance of
the methanogenesis functional group in the pollution groups might suggest that E2 or its
metabolites promoted the growth of Methanoregula, thus enhancing CH,4 production.

To investigate the correlation between bacteria and CH4 production in aerobic systems,
we utilized a heatmap to visualize the relationship between the relative abundance of the
top ten phyla and CH,4 emission rates (Figure 4E). The results demonstrated a significant
positive correlation between Planctomycetota and CHy emission rates. Methylphosphonic
acid could be utilized by microorganisms through various pathways, but only the C-P
cleavage pathway could release CHy [49]. In Escherichia coli, the C-P cleavage pathway
was encoded by 14 genes (phnC-phnP) [50,51]. Zhi et al. [52] found that Planctomycetota
carried key genes involved in organic phosphonate metabolism, such as phnM and phnl.
Therefore, Planctomycetota might have the potential to produce CH, from methylphosphonic
acid under aerobic conditions. The promoting effect of E2 pollution on the growth of
Planctomycetota contributed to increased CHy production in the system.

The emission of CHy is the result of the combined processes of CHy production and
CHjy oxidation. The methanotrophy functional group, which is capable of consuming CHy,
was enriched in the control group, indicating that the addition of E2 reduced the relative
abundance of methanotrophic bacteria in the system, thereby decreasing CH4 consumption.
The ASVs assigned to methanotrophy all belonged to Proteobacteria, and Proteobacteria exhib-
ited a significant negative correlation with CH4 emission rates (Figure 4E). Additionally, E2
significantly decreased the dominance of Proteobacteria. Hence, the inhibitory effect of E2
on methanotrophic bacteria is also a key factor contributing to the higher CHy emissions in
the pollution groups.

5. Conclusions

In conclusion, E2 contamination significantly disrupted the community structure of
bacteria and archaea in aerobic water bodies, leading to a reduction in microbial interac-
tions and a notable increase in the stochasticity of community assembly. This resulted in
heightened unpredictability and instability within the communities. Specifically, the most
dominant Proteobacteria phylum experienced a decline in its advantageous position due to
E2 pollution. Conversely, Planctomycetota demonstrated a strong adaptability to E2 con-
tamination, as evidenced by a marked increase in relative abundance, and played a crucial
role in community recovery. At the genus level, there was a substantial rise in the relative
abundance of bacteria associated with E2 degradation, including Ellin6067, Bryobacter, and
Pseudolabrys. Furthermore, E2 contamination promoted CHy emissions through three path-
ways: stimulating the growth of Methanoregula in anaerobic microenvironments; boosting
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the abundance of Planctomycetota capable of utilizing methylphosphonate for methane
production; and inhibiting the growth of methanotrophic bacteria. This study filled the
theoretical gap between E2 metabolism and methane metabolism in aerobic waters and
contributed to enriching the ecotoxicological theory of E2.
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empirical networks and random networks; Table S2: Taxonomic classification of keystone ASVs;
Table S3: Results of Monte Carlo permutation test.
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Abstract: Qatar and other Gulf States have a diverse range of marine vegetation that is adapted
to the stressful environmental conditions of seawater. The industrial wastewater produced by oil
and gas activities adds further detrimental conditions for marine aquatic photosynthetic organisms
on the Qatari coastlines. Thus, these organisms experience severe stress from both seawater and
industrial wastewater. This review discusses the biodiversity in seawater around Qatar, as well
as remediation methods and metabolic pathways to reduce the negative impacts of heavy metals
and petroleum hydrocarbons produced during these activities. The role of microorganisms that are
adjacent to or associated with these aquatic marine organisms is discussed. Exudates that are released
by plant roots enhance the role of microorganisms to degrade organic pollutants and immobilize
heavy metals. Seaweeds may have other roles such as biosorption and nutrient uptake of extra
essential elements to avoid or reduce eutrophication in marine environments. Special attention is
paid to mangrove forests and their roles in remediating shores polluted by industrial wastewater.
Seagrasses (Halodule uninervis, Halophila ovalis, and Thalassia hemprichii) can be used as promising
candidates for phytoremediation or bioindicators for pollution status. Some genera among seaweeds
that have proven efficient in accumulating the most common heavy metals found in gas activities
and biodegradation of petroleum hydrocarbons are discussed.

Keywords: heavy metals; macroalgae; mangrove; microorganisms; phycoremediation; seagrasses;
seaweeds

1. Introduction

The State of Qatar is on a peninsula located on the north-eastern coast of the Arabian
Peninsula. It extends from the Arabian Desert as an outcrop in the Western Arabian Gulf
in an area that is warm and humid, although the land area is arid or semi-arid and highly
saline. Hence, this part of the Arabian Gulf and the marine vegetation are influenced
by warm waters and the high salinity of the seawater of the Gulf. The common type of
landscape comprises rocky desert, depressions, and salt marshes, and in general, it is flat to
undulating. Seawater surrounds the Qatari peninsula except at the southern part, which
borders the Kingdom of Saudi Arabia.

The Qatari peninsula and other Gulf States have a diverse range of marine vegetation,
and the seawater is rich in many species of marine organisms that are adapted to the unique
environmental conditions of the region [1]. In general, the marine aquatic photoautotrophs
include higher plants, algae (micro- and macro-algae), fungi, and bacteria. Notably, the
prominent marine vegetation found at the coastline of the peninsula includes (1) mangrove
plants and associated microorganisms, (2) seagrasses, (3) seaweeds, and (4) phytoplankton.
During the last decades, many reports have discussed the mechanisms of bioremediation,
phytoremediation, and phycoremediation using various types of bacteria, fungi, algae, and
plants in Qatari ecosystems. This review discusses the biodiversity in seawater around
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Qatar, as well as remediation methods and metabolic pathways to reduce the negative
impacts of heavy metals and petroleum hydrocarbons produced during these activities.

2. Metabolic Reactions and Modern Biotechnology

Van Aken et al. [2] examined the uptake of organic compounds that result from anthro-
pogenic and industrial oil and gas activities. These compounds are classified in different
ways. For example, Kamath et al. [3] classified petroleum hydrocarbons using two main
groups: (1) gasoline range organics (GROs) and (2) diesel range organics (DROs). GROs
include mono-aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and xylenes
(BTEX), as well as short-chain alkanes (C6-C10), while DROs include longer-chain alkanes
(C10-C40) and hydrophobic chemicals such as polycyclic aromatic hydrocarbons (PAHs).
Wang et al. [4] classified petroleum hydrocarbons as follows: (1) n-alkanes, (2) iso-alkanes,
(3) cycloalkanes, and (4) aromatics. The most biodegradable groups among petroleum hy-
drocarbons are n-alkanes (saturated hydrocarbons, C,Hpn,2). Other chemical compounds
have also been reported as organic pollutants in soils and waters, including 1,1,1-trichloro-
2-2-bis-(4'-chlorophenyl) ethane (DDT), benzo[«] pyrene, pesticides, chlorinated solvents,
explosives, PAHs, dioxins, and polychlorinated biphenyls (PCBs) [5-9].

Notably, not many plants are able to metabolize these compounds, as their actions
on them are limited. Thus, large-scale degradation is not possible unless microorgan-
isms actively contribute to these reactions. Catabolic enzymes that can achieve complete
metabolism of these compounds in plants are either inefficient or unavailable. Partial degra-
dation of these compounds could result in some organic components that can be stored
in the vacuoles of these plants [4,10]. Reports have described some metabolic reactions of
the degradation of petroleum hydrocarbons. The degradation of n-alkanes could lead to
some useful metabolites such as acetyl-Co A and fumaric acid, which readily contribute
to Krebs-cycle reactions, fatty-acid biosynthesis, and amino-acid interconversions. These
reactions are considered as crucial events in plant metabolic pathways because they convert
dangerous toxic compounds to useful metabolites.

Complete degradation of petroleum hydrocarbons is affected by many factors, in-
cluding environmental conditions, the cooperation between plants and their associated
microorganisms, and the expression of genetic materials in the soil-microbe—plant system.
During the last decade, numerous studies have discussed the impact of these factors on
the degradation of pollutants produced by oil and gas activities. For example, Gkorezis
etal. [11] examined plant-associated bacteria systems in detail to phytoremediate petroleum
hydrocarbons and restore polluted sites. They attributed the ability of bacteria to degrade
petroleum hydrocarbons to genes that control the productions of enzymes that catalyze
and enhance the biodegradation processes. The cooperation between bacteria and plants is
decisive in achieving complete metabolism of petroleum hydrocarbons as plants provide
some exudates, while bacteria synthesize plant hormones while suppressing ethylene
production and the mobilization of essential elements.

Many studies have discussed the impact of environmental factors on the degradation
of these compounds. The optimum temperatures may vary according to the microbial
species and the compound being biodegraded [12], while pH affects the microbial growth
and enzyme activity that control the biodegradation of petroleum hydrocarbons. Fur-
thermore, these reactions have different pH optima for growth and degradation [13], and
biodegradation rates may decrease under alkaline conditions [14].

Nutrient availability is another factor that might affect the growth of bacteria. Essential
elements such as nitrogen, phosphorus, and some trace elements are reported to have great
impact on the degradation speed and can result in complete or partial degradation [15,16]
Oxygen is also a limiting factor, especially in anaerobic environments. As most biodegra-
dation processes are aerobic, oxygen is required for microbial metabolism [17]. Adequate
moisture is also necessary for microbial growth and activity, and extreme moisture content
can inhibit the process of biodegradation [18].
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Microbial activity is negatively affected by salinity. Some halophilic bacteria that are
recognized in Qatari sabkhas could be biologically active in such habitats. These bacteria
perform various roles and activities in supporting native plants to resist salinity and have
applications in biotechnology and the pharmaceutical industry, as well as the production of
some useful compatible solutes [9,19-23]. Another factor is the composition of petroleum
hydrocarbons. High concentrations can cause some toxicity to the microbial activity and
could lead to a great reduction in the rate of biodegradation. Moreover, some other organic
components are added during oil and gas activities, such as mono-, di-, and tri-ethylene
glycol (MEG, DEG, and TEG, respectively) and kinetic hydrate inhibitors (KHIs). These
compounds are present in the wastewater and might have negative impacts on the growth
of plants when they are irrigated with such wastewater [10,21,24-26].

The internal factors in the soil biota might play important roles in the biodegradation
of organic pollutants and stabilization of inorganic components such as heavy metals. These
factors encompass the cooperation between plants and their associated microorganisms
and the genetic features of these living organisms. In this respect, native plants or algae (as
autotrophic living organisms) might play roles that are independent of the microorganisms’
actions, but in nature, it is difficult to separate the impact of plants from their associated
microorganisms in degrading petroleum hydrocarbons. These microorganisms include
rhizospheric, phyllospheric, and endophytic bacteria and fungi that interact with the
secretions of plants.

Many native plants secrete and release substances into the rhizosphere, and these
exudates may help in encouraging microorganisms to degrade organic compounds of
various types, as well as stabilizing heavy metals in the soil adjacent to the root systems
of plants. Some interrelated activities and conditions take place at the rhizosphere. For
example, plant roots exude various substances that can stimulate microbial growth and
activity, and the microbes can degrade various toxic organic compounds completely or
partially [21,27,28].

Furthermore, some plants absorb these organic compounds, and inside the plant
tissues, these compounds might be further degraded into useful metabolites. Otherwise,
toxic compounds are stored in the vacuoles to avoid their detrimental impacts on the plant
metabolism [10,21,29]. Plants or microorganisms alone are also less efficient in metabolizing
organic compounds than when they work together [30]. Thus, microbes play crucial roles in
alleviating the impact of organic contaminants on the plant and human health by degrading
toxic organic compounds into less toxic or into useful metabolites that can be absorbed by
the plant and contribute to the metabolic pathways [21,31].

Plants and microorganisms cannot work alone in bio-transforming complex organic
compounds of industrial wastewater into simpler units. Numerous studies have confirmed
the active cooperation between plants and their associated and/or adjacent microorgan-
isms, as such a combination could provide some resistance against various environmental
conditions, including pollution. Notably, plant roots release various substances such as
exudates, secretions, lysates, plant mucilage, and mucigel that might have significant roles
in remediation of extreme environmental conditions such as pollutions [22]. Moreover,
the work of Alves et al. [32] confirmed the role of the microorganisms associated with
plants in immobilization of heavy metals. Some successful studies have elucidated the in-
fluence of separation of plants from associated microorganisms using hydroponic systems,
sterile plant roots, and inoculating some bacteria to remove organic compounds such as
phenol [33].

There are many possibilities of such relationships. Symbiotic relationships with
microorganisms such as mycorrhizal fungi and nitrogen-fixing bacteria can support the
plant’s ability to transform contaminants [34]. Relationships may also be synergistic. For
example, certain microbes can break down complex organic contaminants into simpler
compounds that can be absorbed readily and metabolized inside plant tissues [35,36]. Plants
and microorganisms also produce enzymes that can degrade petroleum hydrocarbons,
but these groups of enzymes are different, and distinguishing between plant-derived
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enzymes and microbial enzymes is very difficult unless advanced molecular techniques
are used [4,37-42].

Plants can also enhance microbial activity by adding some nutrients that stimulate in-
digenous microbes or introduce specific microorganisms. This situation further complicates
the attribution of each group of living organisms alone in the degradation of petroleum
hydrocarbons. Sterile conditions may be exploited by designing experiments to distinguish
the role of plants from microorganisms separately. Using sterile hydroponic systems for
plant growth to avoid the interference of associated microorganisms can solve the issue of
the difficulty of separating the effects of each group alone. Furthermore, the isolation of a
pure culture of a microorganism can be used to test the ability of each microbial species to
transform organic petroleum hydrocarbons into simpler compounds [33,43].

3. Genetic Factors and Modern Biotechnology

The genetic factors involved in the bioremediation of petroleum hydrocarbons cover a
wide range of aspects involving different microbial communities, genetic adaptation, and
the expression of genes involved [4,44]. Many microorganisms contain genes that control
the degradation of petroleum hydrocarbons [45], and numerous microorganisms (bacteria
and fungi) in Qatari soils are activated when irrigated with industrial wastewater and its
various components. During the last decade, studies have identified many microorganisms
in Qatari lands and seawater of the Arabian Gulf. For example, Al-Sulaiti et al. [25]
identified many bacteria and fungi species using modern techniques, the VITEK system
(bioMerieux-Vitek, Hazelwood, MO, USA) and the API 20 C AUX identification system
(REF 20 210 of bioMerieux SA) for bacteria and fungi (yeast), respectively. Bacteria species
included (1) Staphylococcus spp. such as Staphylococcus sciuri and Staphylococcus lentus;
(2) Lactococcus lactis; (3) Micrococcus luteus; (4) Kocuria kristinae; (5) Bacillus megaterium;
(6) Pseudomonas spp. such as Pseudomonas aeruginosa, Pseudomonas stutzeri, and Pseudomonas
putida; (7) Stenotrophomonas maltophilia; (8) Sphingomonas paucimobilis; (9) Burkholderia spp.
such as Burkholderia cepacia and Burkholderia pseudomallei; and (10) Enterobacter cloacae.
Soils exposed to various changes in their compositions, abiotic factors, and biotic factors,
including petroleum hydrocarbon pollution from oil and gas activities, might activate
these species and others, such as Bacillus spp., Pseudomonas geniculata, and Achromobacter
xylosoxidans [21,46,47].

Yeast species that were identified in such soils showed changes under the same
conditions facing bacteria. The following yeast species were the most common in all soil
and sand cultures: (1) Candida spp. such as Candida tropicalis, Candida famata, and Candida
guilliermondii; (2) Trichosporon mucoides; and (3) Cryptococcus spp. such as Cryptococcus
humicola and Cryptococcus albidus. These microorganisms could contribute to activities
in the soil biota in Qatari lands, especially when polluted with industrial wastewater.
Therefore, microorganisms might be promoted to play significant roles in the polluted soil,
but the conditions of seawater from the Arabian Gulf are completely different from those
of the lands. It is very difficult to distinguish the influence of microorganisms (bacteria and
fungi) from that of seaweed, seagrass, and phytoplankton.

Findings suggest that such activation of microorganisms to degrade spilled petroleum
hydrocarbons might occur in seawater as well. Using modern biotechnology and phyloge-
netic analysis, numerous bacteria species have been identified, including Proteobacteria
(Cobetia marina, Halobacillus profundi, Pseudoalteromonas agarivorans, Pseudoalteromonas pis-
cicida, Pseudoalteromonas rubra, Pseudoalteromonas prydzensis, Ruegeria mobilis, Shewanella
loihica, Virgibacillus dokdonensis, Vibrio harveyi, Vibrio nereis, Vibrio nigripulchritudo, Vibrio
parahaemolyticus), Cytophaga—Flavobacterium—Bacteroides (CFB) bacteria (Tenacibaculum
mesophilum), and Firmicutes (GC) (Bacillus boroniphilus) [48]. Infectious Vibrio bacteria
species have also been recognized and investigated in terms of their roles [22,49,50].

Microorganisms of marine sediments contribute significantly to the functions related
to the degradation of organic compounds of anthropogenic and industrial origin [51,52].
Notably, few works and baseline investigations have examined the potential of microorgan-
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isms to degrade industrial wastewater pollution in the seawater of the Arabian Gulf since
few comparisons have been made between ecosystems, especially regarding the microbial
ecology and functions in the marine sediments surrounding the Qatari peninsula. However,
microbial communities either decrease or increase in response to pollution with petroleum
hydrocarbons from industrial wastewater [53].

Regarding solutions to the environmental issues, three strategies have been suggested
and applied during the last four decades to improve the efficiency of living organisms to
restore polluted soil and water, including plants, algae, and microorganisms. These strate-
gies are environmental, genetic, and biological approaches. Environmental manipulation
has been adopted earlier for the reclamation of saline lands and to remove toxic ions from
agricultural lands. However, the environmental approaches have many drawbacks and are
not always an applicable option, especially for seawater [54].

Genetic approaches have been suggested as promising options to solve many biotic
and abiotic problems [21,55]. Modern biotechnology and genetic engineering programs
have been considered as future solutions for many problems related to agriculture, health,
economy, and pollution. Modern biotechnological and biological options could be applied
together to solve many pollution issues. For example, transgenic plants and microorgan-
isms might be more efficient in the de-toxification of pollutants, remediation of heavy
metals, and metabolism of petroleum hydrocarbons [21,54,56-60].

4. Mangrove Plants and Associated Microorganisms

Mangrove forests are found on the eastern and north-eastern coastlines of Qatar, with
large stands in Al-Dhakhira, Fewairet, Al-Reweis, Al-Khor, and Al-Wakra (Figure 1). These
forests cover an area of about 981 ha and represent most of the existing stands in Qatar [61].
Only one species, Avicennia marina, is represented in the mangrove forests in Qatar. This
species is internationally known as grey mangrove and is an evergreen dark green tree or
shrub that does not exceed 4 m in height. It also produces propagules (Figure 2) and a cable
network of breathing roots called pneumatophores (Figure S1).

Notably, mangrove forests are common at muddy shorelines, especially along the
north-central parts of the eastern coastline in the tidal zones. These forests were the main
source of wood and camel fodder in the past, but currently, they are semi-protected as a
result of extensive camel grazing. Many studies have examined the ecophysiology of the
plants in this area and the structural features that enable them to resist the high salinity
levels of the seawater.

The mangrove forests have several important roles in the ecosystem, such as reducing
erosion on the coastlines. Karimi et al. [62] have discussed the role of A. marina in stabilizing
the coastline by trapping sediments with its extensive root system, which reduces erosion
caused by waves and tidal action. Another role is the conservation of marine and terrestrial
species, which include fish and crustaceans, as well as providing nesting sites for birds and
feeding numerous organisms [63].

The mangrove forests also support the biodiversity of various plant and animal species
by providing shelter, food, and mini-habitats for breeding for various organisms such as
fish species [64]. They also improve water quality by acting as natural filters. This is
accomplished by many methods, such as trapping of organic and inorganic pollutants
and sediment from runoff and allowing them to settle to the bottom of the sea, as well as
absorbing nutrients and removing contaminants from the seawater. These two methods
help to make the marine environment safer and healthier [65,66].

The mangrove forests also function as carbon sinks, and many studies have shown
that they are efficient in sequestering CO, from the atmosphere. This occurs through the
storage of large amounts of carbon in biomass and the soil beneath the mangrove trees.
Thus, mangroves could help to mitigate climate change [67]. Furthermore, they provide
protection against storms, which helps coastal communities. The forests act as a natural
barrier that protects inland areas from flooding and property damage during waves of
storms, hurricanes, and other extreme weather events [68].
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Figure 1. Map of Qatar showing the locations of mangrove forests on the eastern coastline.
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Figure 2. Avicennia marina is the only species represented in mangroves in Qatar. A part of a mangrove
forest showing trees and propagules.

Lastly, A. marina has economic value and can be used as a medicinal plant. It provides
many advantages to the local communities, including fishing, tourism, and protection
of shorelines, as discussed above. It has edible seeds for humans with high amounts
of vitamins and carbohydrates, and its leaves are edible and preferred for cattle and
camels. Some of its organic components, such as betulic acid, taraxerol, and taraxerone [69],
as well as other sterol components, could make it beneficial as a medicinal plant for
numerous health applications, including smallpox, aphrodisiacs, poultices, and accelerated
suppuration of boils and abscesses [70,71].

4.1. Phytoremediation

In general, the ability of native plants to remediate polluted soils and waters is limited
by different factors, including environmental and genetic factors. However, many reports
have shown some success in absorption, translocation, sequestration, and degradation of
petroleum hydrocarbons [72]. Numerous elements (including heavy metals such as As, Cd,
Co, Cr, Cs, Cu, Fe, Hg, Mn, Ni, Pb, and Zn) have been reported to be remediated by Qatari
native plants by different methods [10,21,73,74] (Table S1). However, the remediation of
organic components has been a main concern of scientists and research centers, as very
little has been accomplished to show the degradation of organic components from oil and
gas industrial activities by Qatari native plants (Table S2). Some native flora of Qatar have
proven efficient in remediating industrial wastewater produced during anthropogenic
and industrial activities, such as Phragmites australis, Typha domingensis, Sporobolus spp.,
Medicago spp., and possibly others [10,25]. More data can be found in more supplementary
articles which include tables (Tables S3 and S4).

Wild mangrove plants could be promising candidates for phytoremediation and phyto-
management due to high biomass production and their adaptation to seawater. Particularly,
A. marina has proven efficient in phytoremediation. Many studies from around the world
in the last 20 years has confirmed this, and various related plant species can remove and
remediate heavy metals and organic petroleum hydrocarbons. These plants and their
associated microorganisms can efficiently remove heavy metals and metabolize organic
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petroleum hydrocarbons [75-77]. Early reports by Abdel-Bari et al. [78] found that A.
marina from the eastern coast of Qatar (Ras Al-Matbakh) accumulated many heavy metals,
such as Co, Cr, Cu, Fe, Ni, and Zn. Moreira et al. [75] found that Avicennia schaueriana is
more efficient in the phytoremediation of petroleum hydrocarbons than microorganisms in
benthal sediments. Such findings show that phytoremediation using mangrove plants is a
promising strategy for coastlines impacted by wastewaters from the oil and gas industry.

In addition, the growth of microorganisms in the sediments might be stimulated by
secretions produced by these plants, which facilitates degradation of organic components of
petroleum hydrocarbons and leads to useful metabolic compounds [10,21,26]. Furthermore,
interestingly, Moradi et al. [79] found that the activity of peroxidases such as ascorbate per-
oxidase and polyphenol oxidase increased in soil contaminated with organic components
of oil, while superoxide dismutase decreased. These findings suggest that mangrove plants
such as A. marina are promising candidates for phytoremediation of oil spills and residual
oil pollution in coastal marine environments.

Modern technologies can be adopted and applied to improve the ability of these plants
to degrade, metabolize, and accumulate petroleum hydrocarbons and heavy metals in
plant tissues [80]. Moreover, modern biotechnology and genetic engineering could be
used to develop active remediators to deal with various types of pollutants [21,26,60,81].
Worldwide records show that mangrove forests provide numerous supports to the ecosys-
tem, and these reports cover many methods of phytoremediation where microorganisms
work together with these plants [59,76,82]. These methods include (1) phytoextraction,
(2) phytostabilization, (3) phytodegradation, (4) phytovolatilization, and (5) rhizofiltra-
tion [59,74,83,84].

To use such plants in phytoremediation processes, monitoring would be necessary to
keep the ecosystem safe. The plant biomass can be recycled or used in industry to extract
heavy metals [10,21]. The research performed thus far could be a source of information
and experimental material for further research to increase the efficiency of these plants in
remediating polluted soils and waters in the Arabian Gulf region.

Recent reports have discussed the related metabolic pathways [4,10,21] of native
plants and crops that can absorb harmful petroleum hydrocarbons from contaminated
soils and aquatic habitats [26]. Notably, numerous plants and their associated bacteria
(including endophytic, phyllospheric, and rhizospheric bacteria) can metabolize petroleum
hydrocarbons [11] and produce useful metabolites that might contribute to the metabolic
pathways in plants [10]. Varjani [85] reviewed bioremediation for petroleum hydrocarbon
pollutants and explanations of their metabolism in microorganisms. Some plants can absorb
and transport petroleum hydrocarbons, including heavy metals, which can be sequestered
in the root tissues or transported into the shoots and leaves, where they can be stored in
vacuoles or volatilized into the atmosphere [11,59,86]. At least three heavy metals that
are normally found in the industrial wastewater from gas activities (As, Hg, and Se) can
be volatilized using native plants. These plants include swamp lily (Crinum americanum),
water hyacinth (Eichhornia crassipes), hydrilla (Hydrilla verticillata, Royle), duckweed (Lemna
minor, Lemna obscura), water lettuce (Pistia stratiotes), water moss (Salvinia natans), cattail
(Typha domingensis), and possibly others [87-89].

Recent evidence has shown that aquatic plants in Qatar, such as Phragmites australis,
Typha domingensis, and perhaps others, are efficient in remediating industrial wastewater
from oil and gas activities [10]. Moreover, the growth of P. australis was improved by
industrial wastewater, which can be explained by the activities of rhizospheric bacteria
in providing some minerals and metabolites to the plant during the phytoremediation
processes of petroleum hydrocarbons [21,26]. Autotrophs can utilize mineral nutrients and
some metabolites, while some toxic compounds that result from partial degradation of
organic compounds are sequestered in the vacuoles of living aquatic organisms such as
algae, mangroves, and seagrasses [10,74].
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4.2. Perspectives of Cultivation of Mangroves in Qatar

The peninsula of Qatar has a coastal length of about 563 km, and its coastline could
be suitable for the cultivation of mangrove plants to achieve the benefits discussed thus
far. This would involve a major governmental project that should consider all obstacles
that might be faced and would require comprehensive scientific investigations to address
all the challenges. Almahasheer [90] discussed the spatial coverage and distribution of
mangroves, including extreme geographic and ecological factors in the Arabian Gulf region.
They confirmed that mangroves in Qatar and other countries in the Arabian Gulf region
have remained stable with a slight increase. Five steps that should be considered before
conducting any real practical project have been suggested: (1) obtaining information,
(2) recognizing problems, (3) setting plans, (4) finding solutions, and (5) maintaining
sustainable monitoring [91].

Some studies from the last five years have indicated that compensatory planting of
mangroves in new areas may be a successful long-term strategy for supporting benthic
biodiversity. Furthermore, it could contribute to the mitigation of climate change by
increasing long-term carbon storage [92]. Other recent studies on the benthic biodiversity
in mangrove forests in Qatar showed that this plant could affect the biodiversity of some
marine fauna and, possibly, all communities driven by environmental factors such as
salinity and temperature [93]. Nevertheless, more studies are needed to determine the
complete impact of mangrove forests on the biodiversity in these areas.

Abdel-Bari et al. [78] studied the ecophysiology of A. marina among other halophytes
in Qatar. This plant accumulates the main ions found normally in the seawater, such as
Na, C], Ca, and Mg. Using an exclusion mechanism, these ions are filtered by the root
system to prevent the build-up of salts in the conducting system that leads to the green
parts at the top of the plant. Notably, many ions are still transported to the leaves, where
some of them accumulate, while many of them are excreted by salt glands [94] (Figure S2).
This might attract camels and cattle to feed on the green leaves of the plant, which could
endanger mangrove forests and possibly result in their disappearance. Therefore, this
plant has developed major mechanisms to avoid high levels of salinity from seawater [74]
(Figure S3).

Some chemical methods of soil and plants and modern techniques have been adopted
for protection, management, and conservation of such the mangrove ecosystem in Qatar [95].
Mangroves have good nitrogen availability and high amounts of photosynthetic pigments.
Remote sensing techniques have proven efficient in chlorophyll prediction and estimation.
One major method of salt tolerance is osmoregulation, and some compatible osmolytes
such as proline and glycinebetaine are accumulated in the cytoplasm of plant cells to
balance the absorbed toxic ions that accumulate in the vacuoles [94,96].

5. Seagrasses

Seagrasses are flowering plants found in shallow coastal waters, where they are
anchored to the seabed by roots that can tolerate saline seawater. Seagrasses are the only
true marine plants that can live completely submerged under water, and the depth at which
they are found is limited by water clarity, which determines the amount of light reaching
the plant. Notably, seagrasses are a critical component of coastal components and provide
various ecological and environmental benefits. One benefit is that they provide an essential
habitat for various types of marine organisms, such as fish, invertebrates, and various
species of algae [97].

Furthermore, seagrass improves water quality by trapping sediments and filtering
out pollutants. Lee et al. [98] found that the seagrass Zostera marina is efficient in phyto-
remediating heavy-metal-contaminated coastal sediments. They found that this plant
accumulated substantial amounts of heavy metals, such as As, Cd, Co, Cu, Fe, Hg, Pb, and
Zn. Many of these heavy metals are the main components of industrial waste water from
gas activities.
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Seagrass also protects the coastline and reduces coastal erosion by stabilizing sedi-
ments and attenuating wave energy [99], and it helps combat climate change by storing
significant amounts of carbon in its biomass and sediments. Removing carbon dioxide
from the atmosphere by photosynthesis helps to mitigate the negative impact of continuous
increases in the carbon around the globe [100]. Seagrasses also support marine ecosys-
tems by producing oxygen via photosynthesis [101]. Three main species of seagrass are
found in the Arabian Gulf, which are monocots: Halodule uninervis, Halophila ovalis, and
Thalassia hemprichii.

5.1. Halodule uninervis (Forssk.), Syn. Zostera uninervis Forssk

H. uninervis is an indigenous perennial seagrass with long rhizomes and linear leaves
at the nodes. This widespread seagrass lives at shallow depths and forms dense meadows.
This plant provides an important habitat and feed for marine organisms, and as such, its
roles are being monitored in some Arab countries in the Arabian Gulf, such as the United
Arab Emirates, Oman, and Qatar. Yasseen and Al-Thani reviewed the research on its role
in the desalination of seawater [74].

Remediation of seawater includes the removal of Na*, Cl—, K*, and some trace ele-
ments such as Cu, Fe, Ni, and Pb [102]. When such trace metals accumulate in the plants,
they end up in the food chain and cause contamination of the ecosystem. Some organic com-
pounds might be remediated by this plant as well [103-105]. Recent studies have shown
that this plant might have an active role in removing carcinogenic polycyclic aromatic hy-
drocarbons, and dead leaves from this plant were used to adsorb petroleum hydrocarbons
such as acenaphthylene, phenanthrene, and fluoranthene from seawater [106].

5.2. Halophila ovalis (R.Br.) Hook.f., Syn. Caulinia ovalis R. Br. (1810)

H. ovalis is a dioecious perennial seagrass that occurs at shallow depths with opposite
ovate leaves. It has been extracted from waters in the areas of Ras Al Noof near Alkhore,
Eastern Qatar. It is also commonly known as paddle weed, spoon grass, or dugong grass
and belongs to the family Hydrocharitaceae. It is a small, herbaceous plant that occurs in
sea beds and other saltwater environments. It is often found in meadows that dominate
sand banks or other patches of the sea floor.

Early reports showed that this seagrass can be used as a bioindicator of pollution by
various petrochemical compounds and heavy metals, such as Cu, Cd, Pb, and Zn, which is
achieved by testing the chlorophyll fluorescence [107-109]. Ralph [110] used this seagrass
to examine herbicide toxicity by adopting the same techniques. Runcie et al. [111] reviewed
the toxic effects of petrochemicals on this seagrass, as well as morphological, structural, and
physiological aspects. They discussed the resulting reduction in their resistance to other
stress factors, reduction in growth rate, and toxic appearance on leaves and flowers that
might lead to the death of the plant. Petrochemicals might break down the waxy cuticle,
which leads to more penetration of toxic compounds and phytotoxicity. Furthermore,
disturbances in the ultrastructure of cell organelles such as thylakoids of the chloroplasts
can occur.

Thus, H. ovalis is not typically considered a viable candidate for the remediation
of organic compounds and heavy metals from industrial wastewater from oil and gas
activities, but is considered as a bioindicator. However, this plant might play limited
biological and phytoremediation roles in seawater and sediments. This plant is sensitive
to contamination with petroleum hydrocarbons, as high levels of pollutants could have a
negative impact on it. The pollutants can damage the tissues and reduce the photosynthetic
growth apparatus.

Furthermore, the plant thrives in clear, shallow marine water where light easily
penetrates to boost autotroph growth. This plant lacks the physiological and structural
capabilities to remediate pollutants and their degraded components by metabolizing or
sequestering them in the vacuoles. Lastly, petroleum hydrocarbons could mainly be de-
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graded by microorganisms, as the role of this seagrass in secreting substances to encourage
and boost microorganism activities is limited [109].

5.3. Thalassia Hemprichii

T. hemprichii is also called Pacific turtlegrass. This widespread species is native to the
shores of the Indian Ocean, Red Sea, Western Pacific Ocean, and the Arabian Gulf region.
This plant has strap-like or curved sickle-shaped leaves that are 0.5-1 cm wide and 7-40 cm
long (usually less than 25 cm). The tips are usually rounded and smooth. The leaves may
appear speckled due to tannin cells that appear red, purple, or dark brown. The growth
rate of this plant increases with the enrichment of CO,, and it can tolerate lower light
conditions caused by algal blooms.

Some studies have shown that this seagrass can accumulate high amounts of heavy
metals such as Cd and Pb in the root system [112], while its ability to transport them to the
shoot system is limited. This species adopts mechanisms similar to those described for A.
marina [74]. While it is not a food source for humans or livestock, it has ecological roles as a
source for marine herbivores such as crustaceans, fish, dugongs (marine mammals), and
turtles [113].

The salts and other elements that are transported to the leaves and other parts of
the plant are sequestered in the vacuoles, which is balanced by the accumulation of some
compatible organic and inorganic solutes in the cytoplasm. Various research and review
articles provide more details [9,114,115]. Phytoremediation of petroleum hydrocarbons
using T. hemprichii has not been studied, but there are some indications that it might enhance
microbial activities that stabilize and degrade these compounds. The degraded organic
compounds might then be absorbed and metabolized inside the plant tissues [116].

6. Seaweeds

Seaweeds are multicellular and macroscopic algae autotrophs that grow in coastal
areas in many water bodies such as oceans, seas, rivers, and lakes. Taxonomically, they
are categorized into three groups (Divisions) based on their photosynthetic pigments:
Chlorophyta (green algae), Rhodophyta (red algae), and Phaeophyta (brown algae). These
algae are non-vascular photosynthetic organisms that lack true roots, stems, and leaves and
absorb nutrients and water directly from the surrounding water. They have different shapes
and sizes and play crucial ecological roles in marine ecosystems. These roles cover various
functioning aspects in these environments, including climate change, health, and economy.

One of their roles is the production of significant amounts of organic components,
such as sugars and oxygen. Thus, these organisms provide a significant source of food
and energy. They also create habitats and shelter for a wide range of marine life, such as
fish, invertebrates, and microorganisms. This role includes protection from predators and
providing places to attach and grow for sessile organisms.

Many fish species also use seaweed beds as a safe environment for feeding and
hiding, which increases their survival rate. Furthermore, seaweeds are good source of
food and dietary components for various marine herbivores, such as urchins, sea slugs,
and fish, and nutrient cycling is another role these seaweeds can play. They absorb and
store nutrients from around seawater, but after their decay, the nutrients are released and
support the ecosystem.

Seaweeds also absorb CO, and produce O, during photosynthesis, which helps to
stabilize the ecosystem and mitigate the great negative effect of climate change around
the globe. Moreover, they support marine life through the respiration process. Seaweeds
help stabilize the shoreline by reducing the impact of waves and currents. Their holdfasts
(root-like structures) anchor them to the substrate and act as a natural barrier against
coastal erosion [117,118]. Seaweeds can also be used for various medical and industrial
uses, including pharmaceutical, cosmetic, and food applications, as they contain bioactive
compounds that are used for their medicinal and nutritional properties.
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Biodiversity support is another role that seaweeds play by providing diverse microhab-
itats for a wide range of organisms. This role might increase species richness and ecological
interactions within the marine ecosystem. Phytoremediation (or phycoremediation) plays
a crucial role in the filtration of polluted water, which can help improve water quality
in marine environments. Many macroalgae have proven efficient in removing organic
and inorganic pollutants [59,119,120]. Furthermore, these macroalgae play an ecological
role as primary producers in seawater and sustain several benthic animal communities
that contribute to the food chain. They can also act as bioindicators of water quality for
bioremediation [21,22,26,121,122].

6.1. Chemical Constituents and Uses

Chemical components of seaweeds have various uses and advantages. These con-
stituents include proteins; amino acids; minerals including heavy metals; vitamins (water
and lipid-soluble vitamins); lipids; dietary fibers; antioxidant compounds; and antibacterial,
antifungal, and antiviral compounds. Notably, some components could be useful as food
for animals and humans and as medicines or pharmaceuticals to treat many diseases.

All these components and their secondary metabolites, such as terpenoids, phenolic
compounds, and compatible solutes, might be affected by environmental conditions and
pollution levels in the Arabian Gulf. This is due to the continuous spills during transport,
military exercises, and wars. It is not the objective of this article to discuss the roles of these
components in seawater, which need further detailed follow-up to look into the impacts
of these constituents on marine and human life in the Arabian Gulf. The potential for
remediation of industrial wastewater by many seaweeds is discussed.

Rizk et al. prepared a list of seaweeds in the Arabian Gulf around the Qatari penin-
sula [123]. Tables 1-3 contain the species of seaweeds, their families, the main chemical
constituents, and possible roles that they may play in the marine ecosystem. Their potential
for remediation has been addressed in many studies. Further studies should examine their
phycoremediation processes to avoid and reduce pollution in the Arabian Gulf region.

6.2. Phycoremediation

Phycoremediation is a promising method to utilize seaweeds such as green, brown,
and red algae (macroalgae) to degrade or remove various pollutants from seawater. Macroal-
gae are efficient in these methods because their growth rate is significantly high, which
leads to the production of substantial biomass, and they can absorb and accumulate
many heavy metals, including those involved in oil and gas activities. They can also
metabolize organic compounds produced during oil and gas extraction, processing, and
transportation [124,125]. Seaweeds use at least four methods to remediate these pollutants:
(a) biosorption, (b) bioaccumulation, (c) biodegradation, and (d) nutrient uptake [126,127].

Table 1. List of Chlorophyta (green algae) species and the possible constituents and roles.

Species Family Main Constituents Possible Roles References

Proteins (4.5%), lipids (4.2%),
carbohydrates (33.4%,), and
ash including minerals (57.3%),

Phycoremediation of: Cd, Cr,
Cu, Hg, Ni, Pb, and Zn, organic

Acetabularia caliculus Polyphysaceae o components, and nutrients such [123,128,129]
yphy others (0.6%) as secondary as ni}zrogen and phosphorus
metabolites such as phenolic antioxidants !
compounds and terpenoids
Antioxidants, anticancer, H,O,
a 7 7
oramwaonol-sterods scavenging activity
Avrainvillea amadelpha Dichotomosiphonaceae bromophenols ’ hemagglutination, antibacterial, [123,130-132]
P - heavy metal phycoremediation:
Sulfono-glycolipid (Cd, Cu, Pb) *
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Table 1. Cont.

Species Family Main Constituents Possible Roles References
B-sitosterol, loliolide P and 13
2 -hydroxy-(13 2
Boodlea composita Boodleaceae -S)-phaeophytin-a, fatty acids, = Possible ren}edlatlon role in [123,124,133-136]
sterols, sulphated polluted saline waters
polysaccharide, agglutinins,
glycinebetaine, prolinebetaine
Xylan, carotenoids, free amino  Possible role in remediating
Bryopsis implexa Bryopsidaceae and fatty acids, sterols, polluted and saline waters, [119,123,130,137]
bryopsin, kahalalide F anticancer action
Degradation of petroleum
. e . . g4 hydrocarbons, possible
Siphonaxanthin ¢, siphonein ¢, removal of heavy metals
Caulerpa mexicana Caulerpaceae various polysaccharides, fatty L y metals, [123,138-140]
. . R nutritional uses, medical
acids, amino acids .. . .
uses: antiviral, antibacterial,
etc.
Chaetomorpha spp., Sulph.at.ed polygaccharldes; Anticoagulant activities
(5 species): C. aerea, C containing arabinose, and (antithrombin type)
T iy L Cladophoraceae galactose, and other sugars . . S [123,141-145]
indica, C. linum, C. possibly toxic, remediation
- such as glucose, xylose, and
koeiei, C. patentarama . . of IWW
fucose, hemolytic saponin
Pigments such as 3-carotene, Phytoremediation of
xanthophyll, petroleum hydrocarbons;
Cladophora spp., xanthophyll-epoxide, antibacterial and antiviral
3 spec1es): C. koeie, C. Cladophoraceae V{olaxanthln, and other related aCthltlE_TS; anFl{n}toFle and [123,146-150]
patentirama, C. pigments, water-soluble cytotoxic activities;
sericoides sulphated polysaccharides, monitoring heavy metals
other related compounds, such as Cd, Co, Cr, Cu, Fe,
various types of amino acids Hg, Mn, Ni, Pb, and Zn
. . Little is known about role in
Cladophorop o1 Boodleaceae Xanthophyll, 10roxanthm phytoremediation; needs [123,151,152]
sundanensis siphonaxanthin . L
more investigation
Dictyosphaeria Alkylxanthate, bicyclic lipid, Possible phycoremediation
caz) erZosa Siphonocladaceae dictyosphaerin, some heavy of heavy metals, [123,128,153-155]
metals anti-mosquito larvae
Bioactivity such as
Enteromorpha spp., Water-soluble polysaccharides, hypocholesterolemic effect,
(2 species): E. kylinii, Ulvaceae fatty acids and sterol, essential  antibacterial and diuretic [123,156-159]
E. ramulosa amino acids activities, mutagenic activity,
indicator of pollution
Antibacterial, beta-blocker,
5-hydroxytryptamine
blocker, folk medicine for
Rhlzo;lonzum Cladophoraceae Scanty information, crystalline  burns, verml'fuge, possible [123,160]
kochianum cellulose phycoremediation of heavy
metals and organic
compounds, nutritional
value
Polysaccharides, fatty acids,
non-acidic glycohpld fracFlons, Bioindicator of seawater
monogalactosyl, diglyceride, ollution. remediation of
Ulva purtusa Ulvaceae isofucosterol, amino acids, p / [123,158,161-164]

ascorbic acid (vitamin C),
heavy metals such as Fe, Mn,
Ti, Ni, Cu, Pb, and others

petroleum hydrocarbons
and heavy metals

2 Rawsonol and Isorawsonol: polybromophenols (a type of terpenoid, an inhibitor), ? B-sitosterol, loliolide is
one of several phytosterols of plant sterols, ¢ carotenoid, dC19 acylated siphonaxanthin. * Definition of heavy
metal: the definition of heavy metals can come from three criteria. These are the density, atomic weight, and the
behavior of a metal beyond a certain limit [165,166].
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Table 2. List of Phaeophyta (brown algae) species and the possible constituents and roles.

Species Family Main Constituents Possible Roles References
Cytotoxic fractions with
complex mixture of saturated  Possible role of heavy metal
Colpomenia sinuosa Scytosiphonaceae and unsaturated fatty acids, remediation, its presence is a [123,167-169]
carotenoid fucoxanthin, some  sign of pollution
amino acids
Cystophyllum Little information available, Possible remediation of heavy
muricatum Ceratophyllaceae presence of some fatty acids metals and organic components (123,170]
A sulphated polysaccharide
containing some soluble
sugars, fucoidan,
Cystoseira spp., glycinebetaine and related o .
(2 species): C. Sargassaceae compounds, alginic acid, iegvz(izhon of heavy metals in [119,123,163,171-173]
myrica, C. trinodis uronic acid, laminaran,
mannitol, amino acids,
palmitic acid, lipid
components, diterpenoids, etc.
Cytotoxic effects, many deterred
Fucoidan, diterpenes, feedings by some sea animals
. . . . diterpenoids, sterols such as such as fish and sea urchins, etc.,
Dictyota cervicornis Dictyotaceae fucosterol, phloroglucinol as possible phytoremediation of (123,174]
toxic compound heavy metals and petroleum
hydrocarbons
Sexual pheromone,
Ectocarpus Mannitol, ectocarpene, hemagglutinin activity, possible
mitchellae Ectocarpaceae fucoidan, alginin, ectocarpene  remediation of heavy metals and (123,158,175]
petroleum hydrocarbons
Hemagglutinin activity, no
. L . . . reports about remediation, needs
Giffordia mitchellae Acinetosporaceae Giffordene, stereoisomers to be tested for [123]
phycoremediation
Carbohydrates (59%), proteins
(9%), lipids (7%), and ash s
Hormophysa (25%); sterols; fatty acids; Blomdlcators .for heavy metal
cuneiformis Sargassaceae amin acids: some heav pollution, anticancer and [119,123,176,177]
metals are f(;un d such azFe possible antimicrobial potential
Zn, Co, Pb, Cu, Mn, and Al
Sulphated . . -
hetle)ropolysaccharides; fucan Antlcoagula’nqn activity, human
contained monosaccharides; H.L_60. leukgmla cell-line,
neutral sugars such as bioactive primary and secondary
arabinose. fucose. ealactose metabolites with antibacterial
lucose rrllannosé grhamnos/e activity against Bacillus spp and
adina australis ictyotaceae ta 0coccus spp., monitorin ,178—
Padi trali Dicty ;;gnd X lé)se' other ’su ar ' Staphyl PP itoring [123,178-181]
compZnen’; complex%:s are heavy metals, high capacity of
found such as uronic acid and the polyphenols for the chelating
fucosterol; fatty and amino Of)ls’lseif;lley}?el sfzalsr’ne tal
acids such as glutamic acid, ph 'Y
arginine, and proline phycoremediation
Polysaccharides, sargassan: High nutritional values, trace
AN elements are found such as Ag,
many ool s A R o o 5 G,
acids are found in the peptide Fe, Mn., S.b S, Te, V, U, and Zr};
. . . remediation of trace elements is
Sargassum spp., portion; high fucoidan content likelv: biological activities:
(2 species): S containing some complex very likely; biological activities;
P e Sargassaceae antitumor activity; [123,163,182-184]

aquifolium, S.
boveanum

polysaccharides; high
percentage of alginate and
mannitol; fatty acids of
various types are found;
glycerides and many other
complex compounds, etc.

interferon-activity;
immunosuppressive effects;
anticoagulant activity;
hypo-cholesterolemic activity;
other medical uses have been
reported
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Table 2. Cont.

Species Family Main Constituents Possible Roles References
Alginic acid, alginate, An't 1b§cter1al and'antlf'ur}gal
. activities, cytotoxic activity,
laminaran, fucan complex . L. :
contains monosaccharides herbivorous activity, possible
Turbinaria conoides Sargassaceae ’ phycoremediation activity of [123,185-187]

D-mannitol, fucosterol,
antibiotic sarganin, antifungal
activity, turbinaric acid

some heavy metals such as
thulium, role in biosynthesis of
nanoparticles

Table 3. List of Rhodophyta (red algae) species and the possible constituents and roles.

Species Family Main Constituents Possible Roles References
Cholesterol, non-protein amino Possible role of remediation in
acids; low-rlnolecular-weight polluted water; ellagic acid
carbohydrates; floridoside, ;nay help preventlfancgrdcells
mannoglyceric acid; bioactive rom growing; garic act
compounds such as ellagic acid contains antioxidant,
Amphiroa fragilissima Corallinaceae gallif:) acid. and phenolicg ’ anti-inflammatory, and [123,188,189]
compounds; major polyamines are aﬁzrr:gﬁglcas:;f EL?;:;:?
found; trace elements are found p p . > may
such as Fe. Zn. Co. Pb, M. Cu. Al have more roles: antitumoral,
otc A 777777 anticoagulant, antiviral, and
’ hypocholesterolemic
Centroceras Rich in protein, non-protein amino ?(/)[(l)gdh;r?g Esoergcogzseigional
Ceramiaceae acids, fatty acids, cholesterol, rich ne teed, po [123,190]
calvulatum in vitamin C remediation role in polluted
sea water
Agar, some complex compounds Possible indicator of H
containing monosaccharides are ossible universal mongig’;or for
found, carotenoids, cholesterols, Eeav metals. antibacterial
Ceramium . bromoperoxidase containing vy e -
.. Ceramiaceae ; X ¢ activity, antimitotic activity, [123,191-193]
luetzelbergii vanadium (V), trimethylamine, agelutinin activity, folk
nitrate, choline, crystalline sulfur, rr%;gdicine used fcfl}r,,chest
Hg is found in some species of .
Ceramium diseases
Polysaccharides composed of
mannose and galactose; . . L
xylogalactan sulphate; chondriol: a ﬁgj\sllbﬁ;f;fslzﬁﬁiil?zsgof
halogenated acetylene; volatile c tot}(I)xic acti;/it activi !
acids: sarganin and chonalgin; ayains t animal e};, throctyteS'
Chondria armata Rhodomelaceae amino acids with some new amino & . ythrocytes; [60,123,194]
acids: chondriamides: other medical activities were
hem11,1agglutinin5' cyélic recorded such as antitumor,
polysuphides; some trace elements :Ezigmroblal, and antiviral
are found such as: Fe, Zn, Co, Pb,
Mn, Cu, and Al
Agar contains: galactose, glucose, isr?ﬁzgfc?izt?jgés ;?13 be used
xylose, etc., agarose, sulphate ester; .. L . .
ectin analysis showed the cosmetic industries; digenic
Digenea simplex Rhodomelaceae P acid is effective in expelling [123,195,196]

presence of galactose, fructose, and
arabonic acid, floridoside, digenic
acid (kainic acid)

ascaris, possibly remediates
heavy metals and organic
compounds
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Table 3. Cont.

Species Family Main Constituents Possible Roles References
Food and animal feed, some
agglutanins have agglutinating
activity towards a variety of
Sulphated galactans; carotenoids biOI.O gical cells, including tumors,
such as x-carotene, 3-carotene, against humap blood groups A, B,
lutein, and possibly others; and O and animal erythrocytgs;
Hypneq spp., peptidic agglutanins; sulphated p.olysacchaljldes might
@ spec1e§). H. Cystocloniaceae phycolloid-containing have a role in supporting bones [120,123,187,197,198]
CErULCOTnLS, H. k-carrageenan; various forms of anc! may be used as
valentine sterols and fa tt,y acids; contains antl-lnﬂammatory agents and for
some elements such as Ca, Mg, other medlca! uses;
K. Al Fe. Mn. Cr. Ni. Cd. and Co pharmacologlc.al constituents
A could play various roles such as
muscle relaxant, hypothermic
activity, and phytoremediation of
heavy metals such as Cd
Various carotenoids such as
-carotene, zeaxanthin, Phytoremediation of heavy metals
Jania spp. fucoxanthin, 97-cis-fucoxanthin,  is possible; not much information
(2 species were fucoxanthinol, is available for some species;
recorded): J. Corallinaceae 9~ -cis-fucoxanthinol, and ameliorative effect on the toxicity [123,199,200]
adhaerens, |. epimeric mutatoxanthins; other ~ of heavy some heavy metals for
ungulata organic compounds might be some animals and possibly
found; some heavy metals might humans
be found
L ) Various types of polysaccharides, Various roles played by t.h '
aurencia spp. sesquiterpencides, diterpenoids macro-alga as foqd, medicine,
(6 species were triterpencids othe,r compoun. ds/ numerous ecological roles *, refuge
recorded): L. elata, such };S C15-a,c ctogensis p for marine organisms, hosts of
L. 8 landulzfem, L. Rhodymeniaceae secondary metabolites such as various microorganisms and [123,151,201]
intermedia, L. sterols, fatty acids. amino acids parasitic algae (such as
paniculata, L. minerall eleyments K Na. Ca Mé Janczewskia); they are fed on by
papillosa, L. N7 ® some grazers such as crabs, queen
perforata Fe, Zg’l Pb’f o Cg ! l\lilln, éli’ conch, and sea hares; possible roles
possibly others: Cr, Ni, Cd, etc. in phycoremediation
Antibiotic (antibacterial and
. antifungal) and antioxidant
Polysiphonia spp. Suiphateﬁl g.eﬁact}:nls, to th activities; other roles such as
(4 species were po ysalcc an des elong Sh N antimitotic activity, increase
recorded): P. aglar ¢ dass a(r; agaro}fe, other survival of vorticellids; serum
brodiei, P. Rhodomelaceae re ate. tr;em ;is shucl as " lipolytic activity; agglutinin; heavy [123,163,202,203]
crassicolis, P. g; i;n(l) Oh:;ols r?ati OZZ;SC" metals are found such as As, Cd,
ferulacea, P. h }}: lipid ’ ly i Ad’ Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Ti,
kampsaxii PROSPROUPLAS, poiar Ap1as, V, and Zn; possible
some structural components o
phycoremediation of petroleum
hydrocarbons
) Sl i s ket 901 gl ity ofaqueous
‘SP yridia Callithamniaceae in some species; main elements extracts, l.olosynthems‘ of silver [123,204,205]
filamentosa found are Al Ca. Co, Cu. Fe. K nanoparticles, removing heavy
Mg, Mn, Na,/Pb,,an d/ Zn/ s metals from industrial wastewater
Wrdemannia o Little informatign is known . .
miniatat Solieriaceae about the chemical constituents ~ No reported roles of this species [123]

(needs to be investigated)

Tissues of some seaweeds accumulate heavy metals, particularly those found in the

industrial wastewater of gas activities, such as As and Hg. Examples include Acetabularia
caliculus, Cladophora spp. (green algae), Sargassum spp. (brown algae), and Polysiphonia spp.
(red algae) (see Tables 1-3). Some other heavy metals found in industrial wastewater from
oil and gas activities are found in many seaweeds as well, including Al, As, Ba, Cd, Co, Cr,

Cu, Fe, Hg, Mn, Mo, Ni, Pb, V, and Zn [21,25,59,206].
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Al-Thani and Yasseen [26] recently showed that heavy metals from industrial wastew-
ater might accumulate in the tissue of marine animals or bind to the cell walls of algae,
which could lead to negative impacts or disturbances in the food chain and human health.
Therefore, monitoring the ecosystem in the Arabian Gulf could help to avoid or reduce the
detrimental impacts of these trace elements on marine life. Some reported seaweeds in the
Arabian Gulf have the ability to efficiently remediate heavy metals, including Acetabularia
caliculus, Avrainvillea amadelpha, Cladophora spp., and Ulva purtusa (green algae); Hormo-
physa cuneiformis and Sargassum spp. (brown algae); and Ampbhiroa fragilissima, Ceramium
luetzelbergii, Chondria armata, Hypnea spp., Jania spp., Laurencia spp., Polysiphonia spp.,
and Spyridia filamentosa (red algae). Organic components could be absorbed by seaweed
biomass, biodegraded into smaller less toxic units, or metabolized [21,163,207].

Notably, microorganisms in seawater may be freely floating or are otherwise asso-
ciated with or harbored by living marine organisms, including seaweeds. They might
play significant roles in the degradation of organic compounds by converting them into
smaller, less toxic units. Degradation of organic industrial wastewater can be achieved
completely or partially (to less-toxic components) by microorganisms, particularly bacte-
ria, that are sequestered in the vacuoles of seaweed tissues or involved in the metabolic
pathways. Recent reports [21,22,26] have discussed the most common bacteria species
found in the Arabian Gulf around the peninsula of Qatar that might play crucial roles in
biodegradation and bio-stabilization of organic and inorganic components of industrial
wastewater [163,208-210].

Seaweeds might also absorb extra essential elements such as nitrogen and phosphorus
to avoid eutrophication in marine environments [211], which would lead to a loss of aquatic
biodiversity, as well as a reduction in ecosystem services related to various important
aspects of human life, such as fisheries, aquaculture, and recreation. Moreover, toxins
released from some harmful algal blooms could have detrimental impacts on marine life
and great negative consequences on human life.

Practical methods of phycoremediation using seaweeds include encouraging the
cultivation of seaweeds that have proven efficient in removing toxic trace elements and
metabolizing organic components of industrial wastewater (Tables 1-3). These seaweeds
can be cultivated alongside fish and shellfish, which might help to improve the water quality
and lead to healthier environments for aquaculture species. Construction of wetlands that
involve seaweeds could improve the water quality by removing or stabilizing pollutants,
and polluted seawater can be remediated under controlled conditions using seaweeds.
They can be considered as bioreactors where contaminated water is treated and allow for
the optimization of conditions for maximum pollutant removal [21,60,126,212].

Despite the success of practical methods of phycoremediation, some challenges and
considerations should be considered. One of the most important issues is the monitoring the
success of ecological restoration and maintaining a healthy environment [86]. Furthermore,
the biomass of plants and seaweeds should be involved in various industrial and agro-
biotechnological activities [213], such as manufacturing furniture, paper, domestic products,
and food. They could also be used in composting, fertilizers, and transformation into less
toxic forms and non-degradable complex molecules, as well as incineration for the chemical
and electronics industries.

All the components need to be monitored and recycled safely to keep the toxic metals
and any other dangerous components away from the food chain and to maintain the
safety of ecosystems [21]. It is also important to spread awareness about the effects of
environmental factors on remediation methods, such as temperature, salinity, light, and the
presence of other pollutants [214]. Lastly, the introduction of edible plants and seaweeds to
any remediation programs must be avoided to prevent any deterioration of the ecosystem,
and monitoring in this regard should be involved in every step of the remediation [10].
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7. Conclusions

The biological approach has emerged recently to solve pollution problems of industrial
wastewater. It is an environmentally friendly solution for many issues facing the ecosystem
and human life at various sectors of health, agriculture, and the economy. Recognizing the
marine autotrophic organisms that have proven efficient in remediating polluted seawater
is the first step in the right direction to speed up the process of removing or avoiding
toxic components that result from oil and gas activities. Several plants, seaweeds, and
microorganisms are promising candidates for remediation of the polluted seawater around
the Arabian Gulf. Joint works are desperately needed to make the water of the Gulf suitable
for marine life and humans. Such efforts are important in the context of increasing demands
for energy components and with the great impacts of wars, conflicts, competition, and
economic activities. Future research on sustainable ecological restoration in the Arabian
Gulf should concentrate on the following aspects: (a) encouraging cultivation of autotropic
living organisms reported in this article, (b) recognizing more autotrophs to boost the
efforts for more active remediation of industrial wastewater, (c) establishing a continuous
monitoring system of the seawater and the biomass of these marine organisms to set up a
database and determine the possible threat of pollution at the ecosystem, (d) engaging the
biomass of these living organisms with agro-biotechnology and recycling their components
in various industrial activities, and (e) conducting modern bio-technological research like
genetic engineering and tissue culture to develop transgenic marine autotrophs to boost
the efforts of remediation methods.
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Abstract: A biological treatment is the core process for removing organic pollutants from industrial
wastewater. However, industrial wastewater often contains large amounts of toxic and harmful
pollutants, which can inhibit the activity of microorganisms in a treatment system, precipitate
the deterioration of effluent quality, and threaten water ecological security from time to time. In
most of the existing anaerobic biological treatment processes, toxic effects on microorganisms are
determined according to the amounts of end-products of the biochemical reactions, and the evaluation
results are relatively lacking. When microorganisms contact toxic substances, changes in biological
metabolic activity precede the accumulation of reaction products. As sensitive units, electroactive
microorganisms can generate electrical signals, a change in which can directly reflect the toxicity
level. The applications of electroactive microorganisms for the toxicity monitoring of wastewater
are very promising. Further attention needs to be paid to considering the appropriate evaluation
index, the influence of the environment on test results, mechanisms, and other aspects. Therefore, we
reviewed the literature regarding the above aspects in order to provide a research foundation for the
practical application of electroactive microorganisms in toxicant monitoring.

Keywords: microbial fuel cell (MFC); electroactive microorganisms; toxic monitoring; influence

factor; mechanisms

1. Introduction

Microbial fuel cells (MFCs) are reactors that use electroactive microorganisms to gen-
erate electricity [1]. In addition to being used in energy production [2-4] and wastewater
treatments [5-8], electroactive microorganisms are often used as a sensitive unit for detect-
ing water quality [9-11]. Electroactive microorganisms can reflect the magnitude of a toxic
effect through changes in an output electrical signal, so they can be applied to the water
quality monitoring [12] of domestic sewage [13,14], petrochemical wastewater [15], rivers,
and groundwater [11,16], and they can even be used to monitor the damage inflicted by
acid rain on crops [17].

The research and applications in the toxic monitoring of wastewater are very promis-
ing. Biological treatment is the core process in removing organic pollutants in industrial
wastewater [18]. However, industrial wastewater often contains numerous toxic and harm-
ful pollutants, which inhibit the activity of microorganisms in the treatment system [19],
precipitating the deterioration of effluent water quality and threatening water ecological
safety.

Toxicants in wastewater will affect microorganisms in biological treatment systems.
According to the type of sewage-focused biological treatment process used, biological treat-
ment can be divided into aerobic biological treatments and anaerobic biological treatments,
as shown in Figure 1. The toxicity measurement approaches [20] of aerobic biological
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processes are relatively mature, and commonly used methods include the activated sludge
oxygen consumption rate inhibition test [21], the nitrification rate inhibition test [21], etc.
For many high-concentration refractory organic wastewaters, before aerobic biological
treatment, anaerobic pretreatment can reduce the concentration of organic matter and
improve biodegradability, so the anaerobic biological treatment unit bears the brunt of the
impact. Therefore, the evaluation and control of the toxicity of wastewater via anaerobic
processes deserve great attention. However, the current domestic and foreign toxicity
measurement methods are still limited to the direct determination of the final products
of biochemical reactions, and these methods mainly include assessing anaerobic methane
production via monitoring the methane content [18], evaluating hydrolytic acidification
by monitoring the content of volatile fatty acids [18], and so on. It is well known that, in
the process of contact between microorganisms and toxic substances, changes in biological
metabolic activity precede the accumulation of reaction products. Therefore, the method
of expressing biological metabolic activity with light and electrical signals, thereby indi-
cating the toxicity of wastewater, offers the advantages of fast detection speed and strong
sensitivity and is a promising method for assessing the toxicity of wastewater.

) Metabolic activity with
light and electrical signals
’ A

A
( - - - -\
Anaerobic biological treatment The final products of

*Anaerobic methane production
' *Volatile fatty acids

Aerobic biological treatment
*Activated sludge oxygen consumption rate
| *Nitrification rate

biochemical reactions

J

Figure 1. Characteristics of toxicity assessment methods.

2. Principle and Application of Electroactive Microorganism in Toxicants Monitoring
2.1. The Principle of MFCs

Using microorganisms to efficiently convert chemical energy into electrical energy is
the working principle of MFC [22]. A schematic diagram of the structure of an MFC [1] is
shown in Figure 2. The electroactive microorganisms at the anode degrade organic matter
through biological oxidation reactions and produce electrons, which are transferred to the
outside of the cell, and protons are released into the solution at the same time. The electrons
are transferred to a cathode via an electrode, an external wire, and load, and the protons
that pass through the proton exchange membrane enter the cathode chamber [22]. The
electrons, the protons, and the final electron acceptor complete the reduction reaction at the
cathode [3].

Electroactive microorganisms can indicate the inhibition of toxicants because these
microorganisms are very sensitive to environmental changes. When the influent contains
toxicants, the activity of microorganisms is inhibited [23], and the voltage or current
generated immediately decrease [24]. Changes can reflect the concentration and the toxicity
of the toxic substances.

Electroactive microorganisms mainly originate from soil, river bottom mud [6], deep
sea rock mud, and activated sludge from sewage treatment plants [25]. Taxonomic statistics
of electroactive microorganisms isolated from different systems have revealed that these
microorganisms are mainly distributed in the phyla Proteobacteria, Firmicutes, Acidobacte-
ria, Bacteroidetes, etc. [1,26]. Proteobacteria is an important category of electrically active
microorganisms, among which the Shewanella spp. and the Geobacter spp. are representative
model bacteria.
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Figure 2. A schematic diagram of the structure of an MFC.

2.2. Configuration of MFCs

The configurations of MFCs are mainly dual-chambered and single-chambered. The
cathode can be a biological or chemical cathode; in the latter, potassium ferricyanide is
often used. The use of a chemical such as Fe (III) can improve the energy output of an
MEFC, but it also involves chemical losses in the cathode. The classic reactor format of an
MEC for inhibitory responses is shown in Figure 2. A reactor with a small volume usually
has a lower internal resistance and a higher sensitivity. For example, the micro-MFCs
fabricated by Di Lorenzo using 3D-printing technology can rapidly detect cadmium in
water at 1-25 pg/L [27]. The cathode-shared MFCs sensor array proposed by Jiang was
applied to monitoring toxic substances in reclaimed water [28]. Zhao demonstrated the
feasibility of using both bioanodes and biocathodes for suppression detection with continu-
ous flow membrane-less MFCs [7]. Qi combined luminescent bacteria with electroactive
microorganisms, allowing the simultaneous detection of electrical and optical signals [29].

The cathode of a single-chamber MFC is often an air cathode [6], but the proton
exchange membrane has difficulty in completely isolating the air, and oxygen can therefore
infiltrate into the anode, snatching electrons and reducing the sensitivity of the anode.
With the increase in operating time, the side of the proton exchange membrane in contact
with the air is prone to the formation of a biofilm [25] or salting out [30], increasing
resistance. Air cathodes have been modified [31] by means such as the use of nano silver
particles [32], quaternary ammonium salt [33], or enrofloxacin [34] to reduce the effects of
this phenomenon. The half-wavelength alternating current is applied to counteract fouling
and purify air cathodes [31]. Ionic liquids” proton-exchange membranes have recently
received widespread attention [8]. They have unique physicochemical properties (in a
liquid state at room temperature), containing organic cations [35] presenting excellent
conductivity and thermal stability [36,37], and they can also reduce the size of cathode
biofilms.

2.3. Electrode Material Modification

Many scholars are committed to the development of new electrode materials by adding
active agents or modifying materials to improve the biocompatibility of the electrode. In
doing so, more electroactive microorganisms can be enriched on the electrode surface, and
the conductivity between the biofilm and the electrode can be improved. The transfer
efficiency of MFCs can be improved [38].

The superhydrophilic semiconductor polydopamine is an efficient anode modifica-
tion material that can shorten the startup time of MFCs and increase power density. The
experimental results show that, after adding the polydopamine, the startup time of MFCs
is shortened from 88 h to 76 h, the maximum power density is increased from 613 + 9
to 803 £ 6 mW/m?, and the power generation efficiency is increased by 29%. In addi-
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tion, polydopamine can affect the anode microbial community structure, increasing the
proportion of Proteobacteria and Firmicutes [39].

Zhang developed a novel graphene and manganese anode carbon felt coating using
graphene and manganese oxide. This binder-free anode material has excellent electrical
conductivity and a large surface area, resulting in a 154% increase in maximum power
density, with a final value of 2065 mW/ m? [38].

2.4. Application of Electroactive Microorganisms in Toxicants Monitoring

Kim and colleagues used MFCs for toxic substances detection in 1999. After decades
of development, they are now suitable for testing various wastewaters and can enable
the toxicity measurement of various substances such as organics, antibiotics, and heavy
metals [40]. The common forms of MFC used for toxicity monitoring include single-
chamber and double-chamber designs, and the electrical signals monitored include voltage,
current, and power. Table 1 shows the application of the electroactive microorganisms
reported in a toxicity assessment.

Table 1. Application of electroactive microorganisms in the evaluation of toxicants.

Detection

Toxicants Reactor Signal Concentration (mg/L) References
Formaldehyde double-chamber current 0.1% v/v [41]
Acetic Acid double-chamber voltage 15 [42]
Organics p-Nitrophenol single-chamber current 50 [43]
Azide single-chamber current 0.02 [44]
2,4-Dichlorophenol double-chamber voltage 0.7 [45]
Pyridine double-chamber voltage 0.1 [45]
Levofloxacin single-chamber current 0.0001 [46]
o Imipenem double-chamber voltage 1.25 [47]
Antibiotics Tobramycin single-chamber current 0.1 [48]
Neomycin Sulphate single-chamber voltage 20 [49]
Cu(ID) double-chamber current 2 [28]
Heavy metals Cd(II) double-chamber current 0.001 [27]
Cr(VI) single-chamber voltage 1 [50]
Fe(III) single-chamber power 2.8 [51]

3. Common Indicators for the Toxicity Assessment of Electroactive Microorganisms

The inhibition degree of electroactive microorganisms can be compared by response
time or inhibition. Response time consists of the time when a current begins to significantly
drop [40,52]. The magnitude of the response level can be calculated using current (I) [27],
voltage (U) [28,53], and charge [24]. The difference between current and voltage changes
can be directly indicated by Al and AU [52,54,55], and the corresponding calculations are
shown in Equations (1) and (2), respectively.

Al = (Inor - Itox) (1)

AU = (unor - utox) (2)

Among them, I, and Uyor are stable electrical signals (mA or mV) under normal
conditions; Iiox and Ujox are the signals (mA or mV) after adding toxic substances; and Al
and AU are the changes in current and voltage (mA or mV) with toxic substances.

Among the above indicators, the voltage inhibition rate is currently the most com-
monly used indicator in research for indicating inhibition [28,40,56]. The calculation
method is as follows (Equation (3)):

IRy (%) = 100 X (Unor — Utox)/ Unor ®3)
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Among the terms of the equation above, IRy is the voltage inhibition rate (%); Unor is
the maximum voltage (mV) before adding toxic substances; and Uy is the voltage (mV)
after adding toxic substances.

There are two ways to calculate the voltage inhibition rate. If the inhibition rate is
calculated according to the maximum voltage in one power generation cycle, the results
can be obtained after two cycles with and without toxic samples. Therefore, this method
takes a long time: for 2~4 mg/L Cu?*, the calculation period of the voltage inhibition rate
is 50-60 h [53].

Another method consists of calculating the inhibition rate according to the voltage
values before and after the addition of toxic samples in one power generation cycle. This
method takes a relatively short time. For example, it takes 4 h for a voltage inhibition rate of
5 mg/L of Cu®* to reach 30% [56]. But, as the measurement time is prolonged, the voltage
may continue to decrease, so the inhibition rate calculated at different times is different
(as shown in Figure 3a). The choice of reaction endpoint varies in studies, ranging from
10 min [27] to several hours [24], making it difficult to compare the levels of toxicity with
different studies.

I y(@) IR, < IR, < IR, I 4+(b) IR, = IR, = IR,
|

f h f C G, G

Figure 3. Voltage inhibition rate under different conditions: (a) inhibition rate of the same concentra-
tion at different times; and (b) inhibition rate at different concentrations and times.

In addition, the electrical signal curve usually changes with different concentrations
of a sample, as shown in Figure 3b. The electrical signal immediately decreases with
the addition of a higher-concentration toxic sample, and it decreases after a significant
hysteresis period at a lower concentration. But, the final stable voltage is almost the same
as that at a high concentration.

4. Factors Affecting the Toxicity Assessment of Electroactive Microorganisms

The factors influencing the toxicity assessment of electroactive microorganisms are
the pH, the temperature, the flow rate, the incubation time, the acetate concentration, and
the sodium chloride concentration. Among these, temperature, pH, acetate concentra-
tion, and ionic salinity are the characteristics of water quality related to a sample. These
factors affect the activity and electrochemical performance of anode biofilms. Electroac-
tive microorganisms are especially sensitive to acids, which affect microbial activity [28].
Temperature is associated with the bacterial metabolism. Chouler found that, when the
temperature was changed in the range of 15-35 °C, the output current of MFCs changed
by only 8% [57]. Studies have suggested that neutral pH conditions at room temperature
are more suitable for the growth of microorganisms [58,59]. Acetate concentration and
sodium chloride concentration will affect the components content of extracellular polymers
in microorganisms and indirectly affect the performance of the bioanode [60]. The flow
rate and the incubation time are influencing factors related to operating conditions, and
the flow rate affects biofilm formation. Different thicknesses of the biofilms formed on the
electrode surface over different incubation times directly affect the response time. It has
been found that, when the concentration of sodium acetate is 1 g/L and the corresponding
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biofilm is cultured for about 7 days, the monitoring sensitivity of toxic substances is higher.
Other monitoring conditions need to be scrutinized to improve the monitoring accuracy
of sensors.

4.1. Flow Rate

Studies have shown that the flow rate affects the power generation and sensitivity
of electroactive microorganisms. Di Lorenzo found that reducing the flow rate led to
better power generation efficiencies [61]. Shen found that reducing the flow rate could
accelerate the response to Cu?*, and intermittent nitrogen perturbation could increase the
contact speed of toxic substances with microorganisms and accelerate the response to toxic
substances [56].

Chen found that higher flow rates favored matrix diffusion into biofilms but increased
biofilm density, causing the rate of matrix diffusion within the biofilm to decrease [62].
Under a high flow rate, a biofilm is dense with a high shear rate, and toxic substances do
not easily diffuse into the biofilm, a circumstance which is not conducive to the system’s
response to said toxic substances [56,62]. A high flow rate causes an irreversible loss of
biofilm, so a reasonable shear rate has an important impact on the attachment of electroac-
tive microorganisms [63]. The effects of flux on biofilm properties such as biofilm density
and porosity have been reported. It is necessary to carry out research on the responses of
different flow rates and explore reasonable flow rates suitable for responses.

4.2. Culture Time

One of the advantages of MFCs is that they can operate for a long time and gen-
erate energy continuously [64], but long-term operation leads to the formation of thick
biofilms [56]. A thick biofilm reduces the performance of an anode. The electron transfer of
biofilms depends on the conductivity of the substrate, and the thicker the biofilm, the lower
the conductivity [65]. As the thickness of the biofilm increases, the resistance to biomass
production and mass transfer increases [56]. After long-term operation, a thick biofilm
reduces the electron transfer efficiency and increases charge transfer resistance [66-68]. The
material exchange rate can be accelerated by scraping the biofilm to improve the perfor-
mance of the anode [69]. Studies have shown that long-term culturing will reduce anode
performance and is unfavorable in terms of responses to toxic substances. It is necessary
to study responses to culture time in order to improve the sensitivity of the responses of
MEFCs by enhancing anode redox capacity and microbial community structure.

4.3. Substrate Concentration

The available substrates for electroactive microorganisms are acetate, ethanol, glucose,
etc. Substrate oxidation involves many electrochemical and biochemical reactions, and the
generated current can indicate the oxidation rate of the substrate [40]. Different substrates of
MEFCs have different electricity production capacities and byproducts. When the substrate
is glucose, glucose is hydrolyzed to form acetone and then hydrolyzed to lactic acid and
acetic acid. There are three main stages in generating electrons [70]. Compared with
low-molecular-weight substrates, glucose is less efficient in electricity production [71], and
electroactive microorganisms are more likely to utilize low-molecular-weight substrates
(such as acetate) as electron sources [71,72] and respond faster.

Ledezma studied the effect of substrate concentration on the electricity production
of MFCs and found that, when the acetate concentration was greater than 100 mM, the
current was no longer enhanced, and the substrate reached a saturated concentration,
which was in line with the growth in microbial-saturated substrates’ kinetics [73]. Chouler
added 0.1-200 mM of potassium acetate, and the response to potassium acetate conformed
to the Mono equation [57]. For marine microbial fuel cells cultured with mixed bacteria,
current density is close to a constant value when the acetate concentration is greater than
0.50 mM [74].
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Earlier studies showed that the current in response to substrate concentration corre-
sponds to a first-order equation: that is, a finite substrate concentration corresponds to a
low current density [75]. Acetate concentration is one of the key factors affecting microbial
community composition and extracellular polymer composition [76]. There have been
many reports on the effect of acetate concentration on electricity production but few on
the response to toxic substances. In most studies, the acetate concentration was 1 g/L [77].
Therefore, it is necessary to carry out research on the responses to toxic substances measured
for different acetate concentrations in order to obtain relatively accurate response results.

4.4. Sodium Chloride Concentration

NaCl concentration affects the activity of anode microorganisms and the electrochem-
ical performance of MFC biosensors [57]. The pH of a solution and that of an electrode
are often controlled using a buffer solution [78]. A phosphate-buffered solution is often
used for MFCs because its pKa is close to neutral, and its biocompatibility is better [79,80].
The concentration of sodium chloride affects extracellular electron transfer and, thus, the
power density of MFCs. Studies have shown that power density and output voltage reach
a maximum when the concentration of sodium chloride is 1% (w/v) [81]. Although in-
creasing the concentration of NaCl can increase the conductivity of the solution, it does
not improve the electrical performance [82,83]. When the sodium chloride concentration
is 0.1 M, the power density of the Geobacter spp. largely fluctuates [84]. Applying more
than 0.1 M NaCl changes the bacterial species’ presence in anode biofilms and, ultimately,
reduces electricity generation [85]. The effect of sodium chloride concentration on electricity
production in MFCs has been reported, but there are few reports on the corresponding
response, and the effects on biological activity and redox capacity are even less reported.
Therefore, it is necessary to carry out research on different sodium chloride concentrations
to ensure reliability.

5. Reasons for Indicating the Toxicity of Electroactive Microorganisms
5.1. Electron Transfer of Electroactive Microorganisms

Electroactive microorganisms are mostly Gram-negative bacilli, which can oxidize
electron donors in the cytoplasm, generate electrons, H*, etc., and transfer electrons to
electron acceptors through the outer membrane of cells. The generation and transmission
of electrons are mainly realized through respiration in the cell and via the nanowires of
cytochrome c and mediators outside the cell. Respiration occurs in the cell membrane
(including the outer membrane, inner membrane, and periplasm). The proteins required
for the transfer of electrons are usually five intermediate proteins: reduced coenzyme I,
dehydrogenase, ubiquinone, coenzyme Q, and cytochrome [86].

For some specific bacterial strains, such as the Shewanella spp. and the Geobacter spp.
direct electron transfer is considered an efficient electron transfer pathway. Research on
the conduction mechanism of nanowires or cytochrome c in direct electron transfer can
be realized by technical means such as gene chips and gene knockouts. Islam reported
that nanowires did not show high electrical conductivity [67]. Through genomics studies,
it was found that the electron transfer process of Shewanella oneidensis MR-1 involves six
cytochromes c. The CymA of the inner membrane transfers electrons to Fcc3 and STC in the
periplasm and then to the complex protein on the outer membrane. The electron transport
process of the outer membrane involves MtrA, MtrB, and MtrC [11,87]. In one study, when
the gene related to CymA was knocked out, the rate of metabolism using extracellular solid
and dissolved electron acceptors was inhibited [88].

The electron transfer process of Geobacter sulfurreducens PCA (Figure 4) is more com-
plicated than that of Shewanella oneidensis MR-1. Through genomics studies, it was found
that ImcH and CbcL in the inner membrane transfer electrons to PpcA in the periplasm;
these electrons are then transferred to the four complex proteins on the outer membrane,
respectively. The electron transport process of these four outer membrane complex proteins
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involves 2643, 2644, and 2642; OmaB, OmbB, and OmcB; OmaC, OmbC, and OmcC; and
2725,2726, and 2742 [11,87].
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Figure 4. Electron transfer pathways of Geobacter sulfurreducens PCA.

Electron mediators are redox-active substances that can be used as electron carriers
for periodic cyclic electron transfer between extracellular electron acceptors/donors and
microbial cells. The indirect extracellular electron transfer mediated by electron mediators
enables substances to undergo redox reactions without entering the intracellular membrane
and periplasmic space. Electronic mediators include cellular secretions and agents added
via exogenous dosing. Among these, the mediators secreted by cells include riboflavin [68],
pyocyanin [89], phenols, proteins, and quinines, as well as the exogenous addition of
phenazine and neutral red and so on.

5.2. Electron Transfer and Metabolism Change between Electroactive Microorganisms

According to the electron transfer mechanism of electroactive microorganisms, the
electroactive microorganisms in the anode chamber of MFCs not only use themselves as
electron donors and electrode materials as electron acceptors but also complete the transfer
and transformation of electrons through other forms. Electroactive microorganisms can
cooperate with other microorganisms in a heterotrophic metabolic pattern. Interspecific
electron transfer is another syntrophic metabolic mechanism different from intraspecific
electron transfer. Microorganisms transfer the electrons generated via the metabolism
to other microorganisms through their own nanowires or cytochromes c and conductive
substances. One study found that Arcobacter [90] and Desulfovibrio [91] can transfer electrons
to each other.

The syntrophic metabolizing microorganisms that transfer energy through interspe-
cific electron transfer channels are Gram-positive bacilli such as Clostridium pasteurianum,
Geobacter sulfurreducens, and anaerobic photosynthetic bacteria. In the system in which
Geobacter sulfurreducens coexists with other flora, Geobacter sulfurreducens oxidizes acetate,
and electron transfer is realized by cytochrome c and nanowires (Equation (4)) [70,92]. In
addition, Klebsiella, Aeromonas, and Tolumonas can carry out direct interspecies electron
transfer by oxidizing electrons from glucose through cytochrome c to the anode complex
(Equation (5)). Therefore, electron transport in a wide variety of mixed bacteria is the result
of the coexistence of multiple electron transport modes [70].

h ili
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Life activities are inseparable from energy metabolism, which directly affects microbial
respiration, in turn affecting metabolic flux and redox balance [93]. Organic molecules un-
dergo glycolysis to produce acetyl-CoA and then participate in the tricarboxylic acid cycle.
Microbial redox reactions and energy production are inseparable from NAD(H) [94], as
NAD(H) is an important carrier for extracellular electron transfer [94,95]. During substrate
metabolism, dehydrogenase is an important enzyme involved in redox reactions [96] and
can also transfer electrons between metabolic intermediates [97]. Studies have shown that
extracellular acetic acid enters the cell and is then converted into acetyl-CoA. After isotope
labeling, the enzyme generates ethanol through NADPH. Through metabolomic analysis,
it was found that microbial respiration in this context was enhanced, the ratio of ATP/ADP
was higher, and the ratios of NAD*/NADH and NADP*/NADPH were lower [93]. Toxic
substances not only inhibit the energy synthesis of microorganisms but also inhibit the
enzymes that the microorganisms need to synthesize during respiration [53], blocking the
transfer of electrons and causing a voltage drop.

5.3. Mechanism of Electroactive Microorganisms to Resist Adverse Environment

i.  Changes in the intracellular antioxidant enzymes of electroactive microorganisms

In recent years, scholars have found that membrane damage caused by oxidative
stress is the main bactericidal mechanism behind the toxicity of toxic substances to mi-
croorganisms [98]. Microbial cell membranes are prone to change after being attacked
by pollutants [99], and heavy-metal stress causes microorganisms to produce superoxide
radicals or hydrogen peroxide, which damage proteins, lipids, and nucleic acids [100].
Microorganisms secrete various antioxidant enzymes such as superoxide dismutase [101],
catalase [101], and glutathione peroxidase to carry out oxidative stress detoxification,
thereby protecting cells from oxidative stress damage [102]. Lipids are the main targets
of oxidative stress damage. Free radicals directly react with polyunsaturated fatty acids
on cell membranes, causing lipid peroxidation, resulting in decreases in cell membrane
fluidity, changes in cell membrane properties, and the destruction of cell membrane pro-
teins [103]. The protein aggregation of cell membrane and the loss of activity forms ion
channels. Then, the integrity of the cell membrane is destroyed, and the membrane’s
permeability is changed [103], finally leading to the disintegration and death of the bacteria.
At present, there are relatively few studies on the inhibitory mechanisms of electroactive
microorganisms. Therefore, by examining the single-electron transfer pathway related to
respiration on the cell membrane and the changes in the related enzymes, it is possible to
explore the effects of toxic substance inhibition mechanisms.

ii. ~ Changes in electroactive microbial extracellular polymers

Electroactive microorganisms first contact toxic substances via the extracellular poly-
mer (extracellular polymeric substances, EPSs) on the outermost layer of bacteria. The
main components of the extracellular polymer include exopolysaccharide, protein, nucleic
acid, and other substances [104]. Regarding the cause of toxicity, it is inseparable from
microbial cell membrane adsorption [99]. EPSs are key structures in bacterial cells [105]
and have important physiological effects on bacteria [106,107]. The content of EPSs affects
the sensitivity of electroactive microorganisms [11,76].

6. Toxicity Evaluation Methods of Anaerobic Biological Treatments

For industrial wastewaters with a high organic concentration and a high toxicity [108],
hydrolytic acidification is used as the first biological treatment process to improve biodegrad-
ability. Therefore, it is necessary to pay attention to the inhibition of hydrolytic acidification
and acid production. In addition, due to its short monitoring time, high sensitivity, and au-
tomation, the acute toxicity test for luminescent bacteria is often used in various biological
toxicity or inhibition tests.
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6.1. The Toxicity Assay of Anaerobic Methane Production

The anaerobic toxicity assay (ATA) [18] based on methane production is a toxicity
evaluation method for evaluating the effect of substrates on methanogenesis. Similar to
the CO, emission test, the ATA (Figure 5a) measures methane production in batches and
uses the ratio of methane production relative to the control to assess substrate toxicity.
The ATA method based on methane production is widely used and well developed. In
tests conducted in different laboratories, the inhibition rate of 32 mg/L-510 of mg/L 3,5-
DCP for microorganisms in an anaerobic treatment system was 50%, as per the evaluation
standard [109]. Most ATA experiments are carried out under anaerobic conditions at
mesophilic temperatures (about 35 °C). The commonly used calculation method in the
ATA consists in determining the specific methane production rate of toxic substances in a
sample. The calculation formula is as follows:

Iata = 100% X (1 — Rt/Ro) (6)

(by T T - =
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Anaerobic digestion device Hydrolysis acidification device

Figure 5. Toxicity evaluation methods: (a) the toxicity assay of methane production; and (b) the
volatile fatty acids assay.

Among the terms of the equation above, Ity is the inhibition rate of methane produc-
tion (%); Ry is the methane production rate of the tested wastewater group (mL/h); and Ry
is the methane production rate of the blank control group (mL/h).

6.2. The Inhibition of Acid Production by Hydrolysis and Acidification

Volatile fatty acids (VFA) are metabolic intermediates that exist in biological reaction
systems and can reflect the acid production capacity of fermentation systems [18]. In an
anaerobic reactor, the accumulation of VFA (Figure 5b) can reflect the inactive state of
hydrolytic acidifying bacteria [19]. Higher VFA concentrations have an inhibitory effect
on methanogens. The toxicity of toxic substances can be investigated by comparing the
changes in the production rate of VFA before and after adding toxic substances. The
formula for calculating the inhibition rate of volatile fatty acid production is as follows:

IVFA =100% x (1 — Rt/RO) (7)

Among the terms of the equation, Iypa is the acid production inhibition rate (%); Ry is
the production rate of total volatile fatty acids (mg/(L-h)); and R is the production rate of
total volatile fatty acids in the control group (mg/(L-h))

6.3. Evaluation of Relative Luminescence Inhibition

The toxicity evaluation of luminescent bacteria involves the use of photoelectric de-
tection technology, which is applied in the evaluation of pollutants and environmental
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monitoring. At present, this method has been applied to assess the quality of indus-
trial wastewater and the toxicity of marine sediments and in the toxicity evaluation and
environmental monitoring of some toxic organic pollutants and heavy metals.

There are generally three types of expressions for acquiring toxicity evaluation results
using luminescent bacteria: the relative luminescence rate, the relative inhibition rate, and
ECsp. ECsy is the concentration of a substance at which the relative light inhibition rate
reaches 50% or more. The precision standard [110] stipulates that the relative deviation of
the three repeated determination results of a sample should not be greater than 15%.

The toxicity toward luminescent bacteria is expressed by the relative photo inhibition
rate, and the calculation formula is as follows:

I=100% x (1 — R¢/Rq) 8)

Among the terms of the equation, I is the photoacid production rate inhibition rate
(%); Rt is the light intensity of the sample (cd); and R is the light intensity of the control
group (cd).

6.4. The Toxicity Assay of Electroactive Microorganisms

Traditional toxicity measurement methods can be used to monitor the types and
concentrations of toxic substances in water, but the pre-treatment process is cumbersome,
and the monitoring results are often lacking. Compared with traditional analytical methods,
electroactive microorganisms do not require complex pre-treatment, are inexpensive, and
can be used to effectively monitor toxic and harmful substances, revealing promising
application prospects.

When the voltage is maintained at 620 = 20 mV and kept stable for three cycles, it can
be used for toxicity testing. The calculations for the inhibition rate, a toxicity evaluation
indicator, include the entire toxic process [45]. The average current inhibition rate refers
to the average current, taking into account the stable current of MFCs after adding toxic
substances and comparing it with the normal current without toxic substances added.

The average current and its inhibition rate are calculated as follows:

T= (/tt2 1d8)/(ts — 1) )

1

II ((Vo) =100 x (Inor - T)/Inor (10)

Among the terms of the equation above, t; is the time it takes for the current to
decrease more than 5% of the normal value; t; is the time required to stabilize again with
a fluctuation of no more than 5%; I is the average current of the toxic test; and I is the
normal value before adding toxic substances.

Among all the microorganisms that act as sensing elements, electroactive bacteria and
luminescent bacteria are the two most important, because, without any additional chemical
mediators, they can generate detectable fluorescence and current as warning signals [11].
Luminescent bacteria have been used in toxicity assays, and TOXcontrol® has developed
an online bioluminescence assay system. However, it has been found that, as an indirect
measure, luminescent bacteria may be too sensitive and often trigger false positive signals
in wastewater assessments [18].

By investigating the toxicity evaluation method, an evaluation method consisting
of electrical signals that can output toxicity levels online and in a timely fashion was
developed. Electroactive microorganisms have been introduced into wastewater toxicity
evaluation as a supplementary method to enrich toxicity evaluation methods and provide
technical support for ensuring stable operations in wastewater biological treatment.
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7. Conclusions and Perspectives

When using indicators to evaluate toxicity levels, the instantaneous values of electrical
signals can easily lead to biased results. Before the voltage becomes stable, the inhibition
rates at different times inevitably increase over time. Therefore, the selection of evaluation
indicators requires consideration of the overall evaluation results. The environment has a
significant impact on toxicant monitoring, especially in terms of cultivation time, substrate
flow rate, sodium chloride concentration, and acetate concentration, which affect the char-
acteristics and community composition of microorganisms. Therefore, these aspects greatly
affect the power generation performance and sensitivity of electroactive microorganisms.
In order to apply electroactive microorganisms in wastewater toxicity assessment, it is
necessary to clarify the influencing factors and optimal operating conditions. The contri-
butions of electroactive microorganisms in electron generation and transfer are different,
and the competitive or complementary effects with respect to toxic substances are not yet
clear. It is necessary to reveal their mechanisms with regard to toxic substances based on
the characteristics of electron conduction, growth metabolism, and self-defense behavior.
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