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Abstract: The pursuit of a good candidate to biomonitor environmental pollutants has been on the
increase. In this study, the concentrations of Fe, Mn, Cu, Zn, Cd, Cr, Pb and Ni in sediment, seawater
and seagrass Cymodocea serrulata compartments and antioxidant enzymes activities in C. serrulata were
determined. Our results revealed that bioconcentration factors for all the metals were less than 1
(BCF < 1) and concentrations in seagrass compartments were in the order root > leaf > rhizome for Fe
and Mn, leaf > root > rhizome for Cu, Zn, Pb and Ni, and root > rhizome > leaf for Cd and Cr. Effect
range low concentrations (ER-L) revealed that Cu, Zn, Cd, Pb and Ni concentrations were above ER-L
values and Cr concentration was below ER-L values while concentrations in seawater for all the heavy
metals were above the estimate average element concentrations in seawater (ECS). Significant variation
(p < 0.05) was recorded for heavy metals in sediment, seawater, seagrass compartments and heavy
metal concentrations across stations. Influence of heavy metals on antioxidant enzymes activities;
catalase (CAT), superoxide dismutase (SOD), glutathione S-transferase (GST) and acetylcholinesterase
(AChE) were recorded, and high activities of the antioxidants were recorded in station S8 corresponding
to high concentrations of heavy metals in the same station. There is a need for the promotion of
biomonitoring networks across the marine environment using C. serrulata and antioxidant enzymes as
biomarkers of oxidative stress caused by environmental pollutants.
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1. Introduction

Heavy metal pollution in the marine ecosystem is on the increase worldwide and the concentrations
of heavy metals in natural aquatic ecosystems in the last decade have reached dramatic levels [1,2].
Unlike organic pollutants, the persistent nature of heavy metals creates accumulation potential of these
pollutants in sediments and moves up to different trophic levels in food webs with negative health
effects on end-users of aquatic ecosystems resources, which are humans [3,4].

Heavy metals are one of the major pollutants of anthropogenic sources in the Red Sea, Saudi
Arabia [5]. This is a result of pressures from humans such as dredging, reclamation, desalination and
above all oil spills, as the region is one of the largest producers of crude oil worldwide [6]. The increase
in heavy metal concentrations in the marine environment has led to the need for effective monitoring
of the status of this environment as regards pollution by heavy metals. This provides opportunities for
vital preservation of the marine ecosystem and conservation of other natural resources from the same
environment [7,8].
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The use of organisms such as seagrasses as biological indicators of marine pollution gives
an advantage as to the provision of information on the spatial and temporal effects of pollutants
such as heavy metals [9]. Organisms such as seagrasses with the potential to bioaccumulate heavy
metals into their compartments are very important for use in the evaluation of pollutant loading in
the environment and understanding the impacts of pollutants in the food web [10,11]. Seagrasses
significantly contribute to the primary productivity in the marine ecosystem but are also employed
in evaluating the concentration of heavy metals due to the principal uptake routes of heavy metals
by these plants [11]. Features and characteristics such as the ability to bioaccumulate pollutants in
high concentrations, importance in the food chain, abundance in an environment and widespread and
easy identification made seagrasses suitable for use as good bioindicators [12]. The employment of
seagrasses for assessment of heavy metals concentrations in components of the marine ecosystem is
linked with the major routes of metal uptake as seawater/sediment to leaf/root pathways [13].

In organisms, when normal cellular activities are in progress, cell organelles such as chloroplast,
mitochondria and peroxisomes as part of their function produce reactive oxygen species (ROS; HyO»,
O,7, OH™) [14,15]. The production of ROS in cells may become high in conditions of stress that may
be caused by pollution of an environment which affects the wellbeing of an organism. The excess
production of ROS may cause oxidative damage/stress or cell damage by oxidation of nucleic acids,
proteins, carbohydrates and lipids which are biological macromolecules [2,4,16].

However, cells can respond to an increase in the production of ROS through a defence network of
antioxidant enzymes with the capability of scavenging ROS produced [17,18]. This is the key reason
why antioxidants are utilised as oxidative stress biomarkers that might have occurred as a result
of an increase in ROS production, which has a positive correlation with increased pollutants in an
environment [11,19]. The antioxidant enzymes frequently used are, but not limited to, catalase (CAT),
superoxide dismutase (SOD), glutathione S-transferase (GST), acetylcholinesterase (AChE), peroxidase
(POD) and malondialdehyde (MDA), among others [16,17].

The focal objective of this study was to assess heavy metal accumulation and anti-oxidative
feedback as biomarkers in seagrass Cymodocea serrulata. C. serrulata is the most abundant seagrass in
the Rabigh lagoon, Red Sea, Saudi Arabia.

2. Materials and Methods

2.1. Study Area and Sample Collection

The study area for this study was Rabigh lagoon, Red Sea (Figure 1). The lagoon (22°45” N39°00" E,
23°00” N38°45’ E) is situated northwest of Rabigh City, Kingdom of Saudi Arabia. Rabigh lagoon has
a length on the average of 17 km with a width of 3 km, and a depth ranging from 1 to 11 m. At the
northwestern part of the lagoon is its mouth where it is open to the Red Sea. The bottom of Rabigh
lagoon possesses rich communities of seagrasses [5,11]. Very low tidal range (20-30 cm) is evident and
the sediment texture in the lagoon ranges from mud and gravel sand to sandy mud [5].

The Sampling of C. serrulata was done putting into consideration the compartments (root, rhizome,
and leaf) from the benthic region of the lagoon in eight stations selected based on factors like physical
features, possible anthropogenic influence, the mouth of the lagoon, accessibility and abundance of
seagrass. A T10 handheld GPS meter was used to read and record coordinates of the sampling stations
and the stations labelled S1 to S8 (Figure 1).

The ranges of 10 x 10 m to 30 x 30 m of seagrass beds were considered for sampling and samples
were collected randomly in an average area of 2000 X 100 m for sampling in the study area. Coarse
materials were removed from the sampled seagrasses, which were then rinsed with deionized water.
The seagrass samples containing root, rhizome, and leaf were divided into two; one sample for heavy
metal analysis and the second for antioxidant enzyme activity determination. The two samples were
sealed in plastic zip-lock bags and placed in an icebox. At each station, benthic sediment (0-20 cm) and
seawater were also collected into a zip-lock bag and amber coloured 1 L reagent bottles respectively.
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For the seawater samples, they were acidified by the addition of 1.6 mL L™ HNOj3_ All samples were
placed in an icebox and moved to Ecophysiology Laboratory, Department of Biological Sciences, King
Abdulaziz University for further analysis.

Legend
’ Stations

Land

Figure 1. Map of Rabigh lagoon indicating the eight (8) sampling stations.

2.2. Sample Preparation for Metal Analysis

In the laboratory, samples of seagrass were washed again with deionized water and checked
again for the presence of coarse materials, dead grasses, and epiphytes, which were removed if found.
The seagrass was separated into the root, rhizome, and leaf. Samples of seawater were filtered using
a filter paper (2.0 um) while a sieve of 2.0 mm mesh size was used to sieve sediment samples. Both
sediment and C. serrulata samples from each site were pooled together to normalize the spatial effect
of variability within a particular sampling site. Sediment samples were freeze dried at =20 °C and
C. serrulata samples were oven-dried for 48 h at 70 °C to a constant weight, ground into a fine powder
using pestle and mortar, and sieved using 63 um mesh size sieve. Sediment and seagrass samples
were then stored in zip-lock bags until analysis. Homogenized samples of sediment and C. serrulata
compartments in triplicate were digested using concentrated 4:1 HNO3/HCIO4 in a microwave oven
(Milestone Ethos 1600) at 105 °C for 2 h [9,11].
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2.3. Heavy Metal Analysis

The digested sediment, seagrass (root, rhizome, and leaf), and seawater samples were analysed to
determine concentrations of Fe, Mn, Cu, Zn, Cd, Cr, Pb and Ni using inductively coupled plasma mass
spectrometry (ICP-MS: Thermo iCAP Qc ICP-MS; Thermo Fischer Scientific, Massachusetts, USA).

Periodic evaluation of the instruments against the low-level standards was conducted once
every four samples and recalibrated whenever there were signs of drift or after every 10 samples.
The blanks were run concurrently and analytical grade reagents (Merck, Darmstadt, Germany) and
matrix modifiers (ammonium phosphate monobasic, Palladium and magnesium nitrate; Perkin Elmer,
Massachusetts, USA) were used. The analysis of samples was conducted after about 10-fold dilution
using a solution of internal standard, and the precision of the method was verified as described in
standard reference material; CRM 279: Ulva lactuca [20].

2.4. Antioxidant Enzymes Analysis

Seagrass samples for antioxidant enzymes analysis were washed with deionized water and
homogenized by crushing in mortar and pestle, which is ice-cold to maintain the activities of the
enzymes, using 0.01(M) chilled phosphate buffer and pH 7. The homogenized samples were centrifuged
at 14,000 rpm for 25 min [11,18]. The supernatant was used for the measurement of antioxidant enzyme
activities using a spectrophotometer (LT-291 Single Beam UV-VIS).

2.4.1. Assay of Catalase (CAT) Activity

Activities of catalase (CAT) in the leaves of C. serrulata were determined at 230 nm using a
spectrophotometer by measuring the decrease in absorbance for 2 min. The reaction mixture was made
to contain the initial 0.01 M phosphate buffer, 30 mM hydrogen peroxide and 1 mL of twice diluted
enzyme extract. The solution was centrifuged at 5000 rpm for 10 min. Enzyme activity was measured
in units/min/mg protein. 1 IU = change in absorbance/min/extinction coefficient (0.021) [21].

2.4.2. Assay of Glutathione S-Transferase (GST) Activity

The reaction mixture containing 1 mM 1-chloro 2,4-dinitrobenzene (CDNB), 0.1 M potassium
phosphate buffer pH 6.5, 1 mM—40 mM GSH, 100 pL of seagrass tissue extracts in a total volume of
1 mL was used for the assay [22]. The activity of GST was estimated following the production of
GS-DNB (GS-Dinitrobenzene) conjugate by measuring the change in absorbance at 340 nm for 5 min at
25 °C in a UV-visible spectrophotometer.

2.4.3. Assay of Superoxide Dismutase (SOD) Activity

A total of 100 mg of C. serrulata leaves were homogenised after addition of 500 uL of the buffer
(40 mM KoHPOy, pH 7.4), 1 mM EDTA, 5% (w/v) and polyvinylpyrrolidone (molecular weight
= 40,000). The homogenised leaf samples were centrifuged at 12,000 rpm for 20 min and the
resulting supernatants were used to assay SOD activity, using a spectrophotometer by estimating
the absorbance at 450 nm after 20 min and at 37 °C [23]. However, prior to assay of SOD activities
spectrophotometrically, 10 puL of the supernatant was measured and added to a mixture of 0.1 mM
xanthine, 6.25 nM xanthine oxidase, 50 mM K, HPO,4, pH 7.8, 0.1 mM EDTA, 0.025% (w/v) Triton X-100,
0.1 mM 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1). Before the
determination of protein concentrations in the plant extract, bovine serum albumen was utilised as
the standard. One unit of enzyme activity was equal to the concentration of enzyme required to stop
chromogen production by 50% in one minute under the assay conditions, and specific activity was
expressed as units/mg protein.
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2.4.4. Assay of Acetylcholinesterase (AChE) Activity

C. serrulata tissues were homogenized in 0.1 M phosphate buffer, pH 7.5, centrifuged at 14,000 rpm
for 5 min. AChE activity was determined using the supernatants and a Sigma MK113 AChE Assay
Kit (Sigma Aldrich, UK). AChE activity assay using the kit was conducted as described by the
manufacturer and was used as a protocol. Samples prepared initially were diluted 40-fold in assay
buffer. The supernatant was utilized after homogenization and centrifuging. ELISA plate reader was
used with the kit for AChE assay at 412 nm.

2.5. Data Analysis

The Kruskal-Wallis H-test was used to determine significant variations or likely relationship
between (i) heavy metals in sediment, water, and seagrasses (ii) heavy metals concentrations across
the stations. Spearman correlation coefficient was used to determine the relationships between
concentrations of heavy metals and activities of antioxidants. Multivariate factor analysis was used to
determine the influence of heavy metals on antioxidative feedback and source and migration of heavy
metals. Cluster analysis was used to determine the relationship between the stations in terms of heavy
metals concentrations.

The bioconcentration factor (BCF) was computed as:

Clea f

BCF = 1)

sediment
where Cje,f is the concentration of a given metal in leaf in mg/kg dry weight, and Cgediment is the
concentration of a given metal in sediment in mg/kg dry weight.
BCF defines the effectiveness of C. serrulata to bioaccumulate heavy metals in its tissue by taking
them up from the sediment [24].
Data analysis was conducted using IBM SPSS v.22.0 and Minitab v.17.0 Statistics Software Package.

3. Results

Results revealed that the bioconcentration factors (BCF) were less than 1 (BCF < 1) for Fe, Mn, Cu,
Zn, Cd, Cr, Pb and Ni (Table 1). Cr recorded the highest value of bioconcentration factor (BCF = 0.43).
For the concentrations of heavy metal in seagrass compartment, there was a significant decrease
displaying different patterns as root > leaf > rhizome for Fe and Mn, leaf > root > rhizome for Cu, Zn, Pb
and Ni, and root > rhizome > leaf for Cd and Cr. Significant variation (p < 0.05) was recorded for heavy
metals in sediment, water, and seagrass compartments with sediment displaying high concentrations
for all the heavy metals determined in this study. Using sediment quality guidelines (SQGs) [25] to
make comparisons with concentrations of metals in sediment and effect range low concentrations
(interpreting monitoring concentrations for their toxicity effect or ecological risk) revealed that Cu,
Zn, Cd, Pb, and Ni concentrations were above ER-L values and Cr concentration was below ER-L
values. In contrast, concentrations in seawater for all the heavy metals were above the estimate average
element concentrations in seawater ECS [26].

Analysis of variance (ANOVA) at p < 0.05 revealed significant variation in heavy metal
concentrations across the eight stations selected in Rabigh lagoon during the study, with station
S8 recording the highest concentrations in sediment and leaves of C. serrulata (Figure 2). However, the
similarity of the stations in terms of heavy metal concentrations was revealed using cluster analysis
(Figure 3). The amalgamation steps for the cluster analysis revealed seven similarity levels, with the
most significant at 99.82 being the highest value (Table 2). At 99.82 similarity level and distance of
0.003685, the dendrogram revealed five new cluster formations. Cluster 1 (S1 and S2), cluster 2 (53 and
S6), cluster 3 (57 and S8), cluster 4 (54) and cluster 5 (S5).
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Table 1. Heavy metal concentrations in C. serrulata compartments (mg/kg), seawater (ug L™1) and
sediments (mg/kg), and bioconcentration factors along Rabigh lagoon.

of 13

Fe Mn Cu Zn Cd Cr Pb Ni
Leaf Mean + SE 43.23 +3.88 60.94 +2.82 26.82+2.01  59.38 £4.22 323+057 724+134 17.96 +1.98  11.75+1.05
Rhizome Mean + SE 39.76 +2.88 57.49 +3.32 19.77 +1.89  48.64 +3.65 330+023  7.95=+1.06 11.99 + 1.34 9.33 +1.26
Roots Mean + SE 46.56 + 3.51 64.38 +3.01 21.88+2.65 51.74+5.64 4.03+0.21 8.04 £1.02 1428 +138 1022 +1.01
Seawater Mean + SE 3.99 +0.49 5.76 + 0.53 40.08 £3.40 3293 +212 3.38+0.06 10.62 +0.53 9.72+1.92 16.10 +1.43
Sediment Mean +SE  1595.50 + 176.11  847.79 +125.68 68.88 +548 16647 +12.79 1238+1.86 16.89+154 113.44+4.84 56.52+6.04
ECS? 11 042 0.31 0.3 0.048 0.19 0.13 0.37
ER-LP 34 150 12 81 46.7 20.9
BCF CL/CS 0.02 0.07 0.29 0.29 0.26 0.43 0.11 0.17
F value 78.547 3.552 54.116 49.911 17.462 19.700 328.392 47.348
p value 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000

ECS: Estimated average element concentrations in seawater (ug L™!). ER-L: Effects Range Low guideline values
(mg/kg). * After Richir et al. (2013). P After Long et al. (1995). CL = Concentrations of a given metal in leaf in mg/kg
dry weight. CS = Concentrations of a given metal in sediment in mg/kg dry weight.
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Figure 2. Variation in heavy metals concentration in sediment and seagrass C. serrulata across the

stations (S = station, L = leaf, SD = sediment).
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Figure 3. Cluster analysis dendrogram base on heavy metals concentration in seagrass C. serrulata
(S = station).

Table 2. Amalgamation steps for cluster analysis based on heavy metal concentrations across stations

at Rabigh lagoon.
Number of Similarity . No. of Observation in
Step Clusters Level Distance Level New Cluster the New Cluster
1 7 99.82 0.003685 5 2
2 6 99.79 0.00418 3 2
3 5 99.76 0.004888 1 2
4 4 99.44 0.011222 4 2
5 3 99.36 0.012887 3 4
6 2 98.23 0.035314 3 6
7 1 93.63 0.127323 1 8

In this study, antioxidative feedback was determined by evaluations of four antioxidant enzymes
activities. These antioxidants are important biomarkers of oxidative stress in organisms expose to
environmental pollutants either in-situ or ex-situ. Changes in plant physiology can be monitored
in a scenario where the organism is under stress as a result of persistent environmental pollutants
in an environment, leading to the production of reactive oxygen species such as HyO,, OH, O, in a
biosystem [2,4,19]. The antioxidants are catalase (CAT), superoxide dismutase (SOD), glutathione
S-transferase (GST) and acetylcholinesterase (AChE).

The activities of these antioxidants are presented in Figure 4. Significant variations (p < 0.05) in
CAT, SOD, GST, and AChE were established across the eight stations where samples were collected, with
peak activities of the antioxidants at station S8 corresponding to the peak heavy metal concentration
in sediment and C. serrulata. Antioxidants activities in C. serrulata range from CAT: 6.67-89.69 U g~
protein, SOD: 2.70-20.57 U g~! protein, GST: 23.29-72.70 and AChE: 11.89-142.75 U g~! protein. Pearson
correlation coefficient (p < 0.01) showed a significant positive correlation between the heavy metals
and between the four antioxidant enzymes and heavy metal concentrations in C. serrulata (Table 3).
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Figure 4. Antioxidant enzymes activities in seagrass C. serrulata across the stations. CAT = catalase,
GST = glutathione S-transferase, SOD = superoxide dismutase, AChE = acetylcholinesterase.

Table 3. Pearson correlation matrix for heavy metal concentration and antioxidant activities in

C. serrulata.

Fe Mn Cu Zn Cd Cr Pb Ni SOD CAT AChE GST
Fe 1
Mn  0.904 ** 1
Cu 0.866 **  (0.957 ** 1
n 0.878 **  0.956 **  (0.923 ** 1
Cd 0.931* 0.935* 0.917* 0.972* 1
Cr 0.864 **  0.958 ** (0.944* (0.978** (.955** 1
Pb 0.939** 0971** 0953* 0968 ** 0983 ** (0.977** 1
Ni 0.924*  0.965* 0.947* 0.946* 0.962* 0.971* 0.988 ** 1
SOD 0904 * 0948 * 0.956* 0.936* 0.943* 0.914* 0.948* 0.940 ** 1
CAT  0.890** 0.920** 0.940* 0.883* 0913** 0.884* (0.929* 0.945** 0.976** 1
AChE 0.831* 0.941* 0.971* 0.953* 0.919* 0.940* 0.929* 0.914* 0.966 ** 0.920 ** 1
GST 0.837* 0.952* 0.977* 0.955* 0.917* 0.954* 0.937* 0.925* 0.946* 0.908 ** 0.992** 1

Note: ** Correlation is significant at the 0.01 level (2-tailed), CAT = catalase, GST = glutathione S-transferase, SOD =

superoxide dismutase, AChE = acetylcholinesterase.

Factor analysis performed to determine the interrelationship between the antioxidants and heavy
metals concentration in C. serrulata, in terms of source input, migration of heavy metals, and their
influence on the rise in antioxidants activities, is presented in Table 4 and Figure 5. The extent to which
data were spread was determined by the value of eigenvalue, and the reason for consideration of high
eigenvalue as the principal component. Our results revealed that factors 1, 2 and 3 accounted for 33.6%,
32.7%, and 31.8% of the total variation, respectively. Factor 1 has a variance of 4.0285, dominating
factors 2 and 3 with a variance of 3.9206 and 3.8213, respectively. The loadings for heavy metals and
antioxidants in factor 1 have moderate positive loadings (>0.50) of Mn, Cd, Pb, Ni, AChE, and GST
while strong positive loadings (>0.70) were displayed for Zn and Cr. For factor 2, moderate positive
loadings (>0.50) for Mn, Zn, Cd, Pb, Ni, SOD, and CAT and strong positive loading (>0.70) of Fe was
recorded. Factor 3 with less variation recorded moderate positive loadings (>0.50) of Mn, Cu, SOD,
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AChHE and GST, and strong positive loading (>0.70) of CAT. However, the results of these loadings are
translated in factor analysis biplot (Figure 5) revealing the relationships between the parameters with
the measurement of their vectors corresponding to the positive loadings. Grouping the antioxidants
and metals in such a way give a better explanation as to the influence of heavy metals on the increasing
activities of the four antioxidants.

Table 4. Factor analysis loadings for heavy metal concentrations in C. serrulata and antioxidants activities.

Variable Factor 1 Factor 2 Factor 3 Communality
Fe 0.394 0.814 0.395 0.974
Mn 0.6 0.555 0.541 0.961
Cu 0.551 0.463 0.676 0.975
Zn 0.716 0.51 0.458 0.983
Cd 0.602 0.651 0.433 0.974
Cr 0.731 0.499 0.452 0.989
Pb 0.606 0.64 0.466 0.995
Ni 0.567 0.644 0.489 0.974
SOD 0.452 0.563 0.681 0.985
CAT 0.349 0.608 0.701 0.982
AChE 0.607 0.381 0.691 0.99
GST 0.645 0.383 0.652 0.989

Variance 4.0285 3.9206 3.8213 11.7704

% Var 0.336 0.327 0.318 0.981

Strong loading values (>0.7); moderate loading values (>0.5).

09

Fe

08

0.7

06

05

0.4

Second Factor

03

0.2

01

0.0

0.0 01 02 03 0.4 05 0.6 07 0.8

First Factor

Figure 5. Factor analysis biplot for heavy metal concentrations and antioxidants. CAT = catalase,
GST = glutathione S-transferase, SOD = superoxide dismutase, AChE = acetylcholinesterase.

4. Discussion

The results from this study put forward that C. serrulata is an excluder and accumulator [6,11] of
Fe, Mn, Cu, Zn, Cd, Cr, Pb, and Ni, and has on average the ability to translocate heavy metals from
sediments to the seagrass compartments. In summary, bioaccumulation or translocation of heavy
metals from benthic sediment to above-ground seagrass compartments are not a function of only
morphological or structural and physiological variations in seagrass compartments, but also the element
involved [13]. Translocation of metals may be because of interactions between several environmental
factors such as the physicochemical properties of an environment and metal speciation [1,10,27].
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This might be the key reason for variation in BCF values of heavy metals determined in this study
and the highest value of BCF recorded for Cr. Our results are in line with the findings of Bonanno
and Raccuia [1] where they compare accumulation of heavy metals in three species of seagrasses and
reported variations in BCF values ranging between 0 and 3 for different elements determined.

Concerning the concentrations of heavy metals in seagrass compartments, the different patterns
or trends established suggested the individual roles of the compartments in the translocation of metals.
However, the root is seen to play a more prominent role as bioaccumulator compartment for Cd, Cr, Fe,
and Mn using the trends with root > rhizome > leaf and root > leaf > rhizome, while leaf plays a more
prominent role as bioaccumulator compartment for Cu, Zn, Pb, and Ni in the trend with leaf > root
> rhizome. The mechanism of exclusion and detoxification may be the key reason for more efficient
heavy metal sink in root and leaves compartments [1].

The accumulation of high concentrations of metals in tissues that are not involved in photosynthesis,
for example, roots, and detoxification strategy in non-permanent tissues such as leaves are the main
tolerance strategy [6,28]. This may be the reason for the high concentrations of metals in root and
leaves compartments of C. serrulata [6,29]. Heavy metals such as Fe, Cu, and Mn at the tolerable range
are essential for growth but become toxic if the concentrations rise above tolerable limits. In contrast,
metals such as Pb, Cd, and Cr are toxic to plants even at low concentrations [30]. Exclusion and
detoxification as a strategy of tolerance have been reported from previous studies to have a link with
translocation of noxious metals from roots to leaves which may speed up the loss of metals due to
recurring regeneration of C. serrulata leaves [9,10].

The significant variation and higher concentrations of heavy metals in sediment compared
to seawater and C. serrulata compartments could be due to the presence of allochthonous metal
pollutants link to anthropogenic activities at the catchment and atmospheric deposition of some the
metals [2,4,12]. This can also be a reflection of aquatic benthic sediment as sinks for heavy metals
in polluted aquatic ecosystems [7,31]. The high concentrations of these metals in sediment is also
revealed in the relationship between the metal concentrations with ER-L and ECS values [26] with all
the metal concentrations except Cr exceeding ER-L, and all exceeding ECS. This implies these metals
possess a high ecological risk [25,32] to the Rabigh lagoon.

Heavy metal distribution variability across the sampling stations and high concentrations at
station S8 can be due to irregularity in depositional [33] and input of surface runoff from the Rabigh
city into the lagoon. Most of the surface runoff gets into the lagoon through station S8, and coagulation
and sedimentation are evidenced here due to intermixing of freshwater and the seawater, and also
inefficient circulation and exchange between the lagoon and the Red Sea [11]. The presence of
autochthonous metals because of geomorphological factors, the process of natural weathering, and
several allochthonous sources such as anthropogenic activities may play a key role in variations in
metal concentrations in the stations both for sediments and leaves of C. serulata [18,33,34]. The different
groups of clusters for stations formed based on heavy metals concentrations are a result of the
close relationships of stations in the same cluster. The characteristics of these stations relative to
autochthonous and allochthonous sources of metals and other physiological features could be some
key reasons for groups formed in the different clusters [11,35].

Antioxidative feedback due to heavy metal bioaccumulation in C. serrulata at the cellular level
causes the production of reactive oxygen species (ROS) which may lead to oxidative stress or cellular
damage. To prevent oxidative stress, the biological system produces antioxidant enzymes such as
CAT, SOD, GST, and AChE, among others, to scavenge ROS like an antibody reaction to infections by
pathogenic microorganisms [2,18]. Significant variations across the stations with higher antioxidant
enzyme activities in station S8 corresponds to the trend for concentrations of heavy metals. This can
be due to increased ROS production with increase heavy metal concentrations and forms the basis
for significant positive correlation (p < 0.01) between the four antioxidants and the heavy metals
determined in this study. Similar findings were reported in several works of literature [15,18,19].
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However, AChE stands out as the first antioxidant in line of defence presenting higher activities
to scavenge ROS than the other antioxidants. This may be due to the sensitivity of AChE to the
heavy metals and direct effects of heavy metals on AChE coding genes [17]. However, the decrease in
antioxidants activities in some stations like stations S1 and S2 corresponds to a decrease in heavy metal
concentrations. The key reason for the decrease in antioxidants activities could be due to decreased
ROS production and displacement of vital metal ions from biomolecules by heavy metals [36].
Our observations were consistent with Lin et al. [17] where they describe activities of antioxidants as
biomarkers in seagrass exposed to copper, lead, and cadmium.

The use of factor analysis in this study revealed the sources and migration of heavy metals and
their influence on antioxidant activities. For factor 1, moderate positive loadings of Mn, Cd, Pb, Ni,
AChE, and GST and strong positive loadings of Zn and Cr recorded revealed a significant influence of
Mn, Cd, Pb, and Ni on the increasing activities of AChE and GST. Also, the close relationship between
Zn and Cr may be as a result of the two metals having the same sources. This also implies that Mn,
Cd, Pb, Ni, Zn, and Cr could be from urban and industrial sources or effluents that end up into the
lagoon through surface runoff [37]. The same reason is attributed to loadings displayed for factor 2
and 3 with less variance when compared to factor 1. However, factors 2 and 3 revealed moderate
positive loadings for Mn, Zn, Cd, Pb, Ni, SOD, and CAT and moderate positive loadings of Mn, Cu,
SOD, AChE, and GST, respectively. This suggests that Mn, Zn, Cd, Pb, and Ni influence an increase in
activities of SOD and CAT while Mn and Cu influence an increase in SOD, AChE, and GST activities;
Mn, Zn, Cd, Pb, Ni, and Cu could be products of urban and industrial waste from the catchments of
Rabigh lagoon [2,38,39].

5. Conclusions

This study revealed that C. serrulata is a good accumulator and excluder of Fe, Mn, Cu, Zn,
Cd, Cr, Pb, and Ni. However, it has a different capacity to bioaccumulate or translocate each heavy
metal as shown in the variation in bioconcentration factor. Root plays a more prominent role as a
bioaccumulator compartment for Cd, Cr, Fe, and Mn, and leaf for Cu, Zn, Pb, and Ni, revealing the
mechanism of exclusion and detoxification as a key reason for more efficient heavy metal sink in these
two compartments. Concentrations of heavy metals in sediment and seawater samples were above
ER-L and ECS except Cr in sediment and were a reflection of benthic sediment as a sink for heavy
metals in a polluted environment. Concentrations of heavy metals were particularly high at station S8
and corresponded to high antioxidative feedback at the same station.

Significant variations existed in CAT, SOD, GST, and AChE activities across the stations and were
influenced by concentrations of heavy metals. Mn, Cd, Pb, and Ni influence increased activities of
AChE and GST while Mn, Zn, Cd, Pb, Ni, influence increased activities of SOD and CAT. In contrast, at
the lowest variation, Mn and Cu influence an increase in SOD, AChE and GST activities.

Our result established the bioaccumulation efficiency of C. serrulata and the need for the potential
use of antioxidative feedback as biomarkers of metal pollutants through assays of CAT, SOD,
GST, and AChE. Thus, the need for promotion of a biomonitoring network across the marine
environment using seagrasses and antioxidant enzymes as biomarkers of oxidative stress caused by
environmental pollutants.
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