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SUMMARY OF KEY FINDINGS

Objective 1: Quantify microplastics in the surface waters of Matagorda Bay.

A novel pyrolysis gas chromatography and triple quadrupole mass spectrometry (Py-
GCMS/MS) method was developed to quantify up to 12 nano(micro)plastics (NMPs, >700
nm particle size) in surface waters or biota sampled from Matagorda Bay.

The sum of total NMPs measured in the surface waters of Matagorda Bay ranged from 0.1
—3.91 ug L', with the highest level reported at Port O’Connor. Given its location near the
entrance to Matagorda Bay, the high NMP levels measured may be a consequence of the
bay’s hydrodynamic properties towards concentrating microplastics at this location.

The top three most prominently detected plastics were polycarbonate (PC) > polyethylene
(PE) > polyvinyl chloride (PVC). The prominence of PC, PE, and PVC highlights the
presence of general plastics degradation products, including those from plastic pellets such

as nurdles.

Objective 2: Quantify persistent and microplastics pollutants in the biota (shellfish and fish) of

Matagorda Bay.

We report the concentrations of 12 nano(micro)plastics (NMPs, >700 nm particle size), 14
polycyclic aromatic hydrocarbons (PAHs), and 28 polychlorinated biphenyls (PCBs,
including 11 dioxin-like PCBs) in the gill/mantle tissue of eastern oysters (Crassostria
virginica) and; muscle and liver tissues of gafftopsail catfish (Bagre marinus), red drum
(Sciaenops ocellatus), and spotted seatrout (Cynoscion nebulosus) from Matagorda Bay.

Py-GCMS/MS was used to quantify the NMPs, and GCMS was used for PAHs and PCBs
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quantifications.

Analysis of the total contaminant concentrations across all the biota showed NMPs to
exhibit the highest body-burdens (~2,000x - 60,000x) relative to PAHs and PCBs. Amongst
the biota, oysters exhibited the highest contaminant body-burdens versus fish. For PAHs
and PCBs, the gill/mantle of oysters exhibited ~2 - 11x higher body-burdens than the muscle
tissue of fish. And for NMPs, 5 - 25x higher body-burdens than in fish muscle.

Source ratio analysis for PAHs indicated the presence of mainly petrogenic (oil-derived)
hydrocarbons.

Toxic equivalents (TEQ) based risk assessment for dioxin-like PCBs indicated the
likelihood for adverse health effects in catfish only.

Finally, the calculation of human average yearly NMPs consumption through seafood
indicated the ingestion of 0.01 — 0.2 grams of plastics per year.

A key finding of our work is that the body-burdens of NMPs (emerging pollutants) were

several orders of magnitude higher than those for PAHs and PCBs (persistent pollutants).

Objective 3: Assess the toxicity of bioaccumulated persistent pollutants and microplastics using

embryo-larval life stages of zebrafish (Danio rerio).

In this study we showed that exposures to mixtures of PAHs or PCBs strongly induced a
CYP450 biotransformation response (i.e., EROD activity), which also corresponded with
an elevated metabolic rate (i.e., MO,).

The elevated metabolic rate likely reflects the increased metabolic demand for molecular

oxygen (O2), which in turn satisfies the increased catalytic mono-oxygenation reactions as
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catalyzed by CYP450s.

Exposure of fish to only polystyrene (PS) microplastics particles in suspension (10 pg L
final concentration) caused no statistically significant effects on any of the biomarkers
measured. However, co-exposure of the fish to PHE + PS or PCB 81 + PS induced MO,
activity by 70% and 57% respectively relative to their respective solvent control group
(0.1% DMSO). Although these increases were not statistically significant.

Finally, we observed a statistically significant decrease in cardiac blood flow activity in fish
co-exposed to PCB 18 + PS, PCB 81 + PS, and PCB 105 + PS. We postulate this effect to
be more reflective of exposure to PCBs than the PS microplastics.

Our studies show the utility of using in vivo EROD activity as a likely proxy for MO,
measurements for exposure assessments to PAHs and PCBs. And the importance of
including cardiac function biomarkers in the toxicity assessments of persistent (PAHs,

PCBs) and/or emerging (microplastics) pollutants.

Objective 4: Promote educational outreach to local high school students on the science of

ecosystem health monitoring.

Public educational outreach demonstrating key issues related to plastics pollution in
coastal and marine environments was performed through four summer camp
modules/activities, that were integrated into the annual TAMUG Sea Camp (over the
summer of 2022). These activities were led by the P.I.'s Hala and Kaiser, and involved
graduate students who were either fully or partially funded by this MBMT award

(Mortuza, Wharton, Summers, Miller).
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e Funding from this MBMT award has, either directly or indirectly, supported the graduate

research activities of four graduate students: Mrs. Asif Mortuza and Marcus Wharton; and

Ms. Emily Summers and Katie Miller. And supported the public presentations of 6

platform (oral) and 3 poster presentations at various scientific conferences or meetings.

e Funding from this MBMT award has, either directly or indirectly, supported the research

activities of 11 undergraduate students from TAMUG.

e A collection of photographs taken on Matagorda Bay with Dr. Kaiser and the two graduate
students directly funded by this MBMT award, Mr. Asif Mortuza and Mr. Marcus

Wharton, are shown below:

Image: a) Asif Mortuza (graduate student), and b) Dr. Karl Kaiser (collecting a water sample)
and Mr. Marcus Wharton (graduate student, standing) while sampling on Matagorda Bay (August

171, 2021).
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1. OVERALL BACKGROUND

Matagorda Bay is located along the upper mid coast of Texas and is the second largest estuary
along the Gulf coast of Texas (TSHA, 2023). The natural wildlife of Matagorda Bay serves the
local birding and fishing tourism industry, with commercial fishing generating ~$7 million dollars
in revenue annually (Fisher, 2016). The bay is also home to major chemical industries such as the
Aluminum Company of America, Union Carbide, Du Pont, and Formosa Plastics (TSHA, 2023).
More recently, the Formosa Plastics company was litigated against and found liable for the
release of up to 121 tons of plastics nurdles (i.e., plastic pellets) into the Bay (Conkle, 2018;
Anchondo, 2019). However, the overall extent of plastic pellets and powder release into
Matagorda Bay is considered to be much more extensive with accounts of observable pollution
spanning for almost a decade (starting in 2010) (Wilson, 2018). The case was settled for a fine

$50 million dollars to Formosa Plastics (Conkle, 2018; Moore-Eissenberg, 2019).

The current project, funded by the Matagorda Bay Mitigation Trust (MBMT), aimed to study the
overall environmental distribution (or fate) of microplastics pollution in the surface waters and
biota (shellfish and fish) of Matagorda Bay. In addition, and taking the opportunity of the biota
sampling efforts, we also studied the extent of persistent pollutant exposure of the biota sampled
from Matagorda. Finally, we addressed an important knowledge gap in the assessment of likely
toxicity effects due to exposure to mixtures of persistent pollutants and microplastics. Using
embryo-larval life stages zebrafish (Danio rerio) as a model organism, we exposed the fish to

pollutant concentrations spanning the levels measured in the body-burdens of biota from
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Matagorda Bay. Taken together, the results of this project provided new data on the fate and

toxicity of persistent and microplastics pollutants in the Matagorda Bay system.

1.1. Pollution concerns along the Gulf of Mexico

The U.S. coastline along the Gulf of Mexico (GoM) is a heavily developed coastal zone with an
extent of urbanization and industrialization ~10% higher than the U.S. national average
(census.gov, 2019; comptroller.texas.gov, 2020). Furthermore, its offshore zone hosts ~3,200
active oil and gas structures (NOAA, 2024). Such a high level of development has led to concerns
for aquatic pollution from persistent pollutants, such as oil or combustion derived polycyclic
aromatic hydrocarbons (PAHs) and ‘legacy’ pollutants such as polychlorinated biphenyls (PCBs)
(Frank et al., 2001; Kennicutt, 2017; Oziolor et al., 2018; Pulster et al., 2020; Rowe et al., 2020).
However, there is recent concern for the presence of so-called ‘emerging’ pollutants, such as
pharmaceuticals, per/poly-fluoroalkyl substances (PFAS), and microplastics in nearshore coastal
environments (Deblonde et al., 2011; Gavrilescu et al., 2015; Geissen et al., 2015; Arman et al.,
2021). Given these concerns, there is an overall paucity of information on the presence of
emerging pollutants (especially microplastics) in the aquatic environment (Horton et al., 2017;

Burns and Boxall, 2018; Mintenig et al., 2018; Bhattacharya and Khare, 2022).

1.2. Legacy or persistent pollutants in the Gulf of Mexico
PAHs in aquatic environments are mainly derived from pyrogenic sources (i.e., combustion of
petroleum derived hydrocarbons) or from petrogenic sources (i.e., petroleum or derived from oil

spills) (Hylland, 2006). These hydrocarbons contain various alkyl (short or long chain), cyclic
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(naphthenes or cycloalkanes) and aryl (polycyclic aromatic > 2 aromatic rings) hydrocarbons.
Some hydrocarbons also contain sulfur (ethanethiol) and nitrogen atoms (carbazole) (Eneh, 2011).
Among the PAHs, the low molecular weight hydrocarbons (LMWs, <3 aromatic rings) are
volatile and easily degraded in the environment. Whereas high molecular weight hydrocarbons
(HMW, >4 aromatic rings) tend to persist in the environment longer and have higher toxic effects.
Increasing the number of aromatic rings and thus molecular weights of these hydrocarbons have
been correlated with their bioaccumulation potential as well as toxicity (Southworth et al., 1978;
Black et al., 1983). PAHs have been shown to cause metabolic (loss of energy), hemolytic

(anemia), endocrine, osmoregulatory and teratogenic effects in organisms (Vandermeulen, 1987).

PCBs comprise a diverse group of chlorinated hydrocarbons that contain 1-10 chlorine atoms
distributed across two benzene rings (Safe et al., 1985). PCBs were originally used as dielectrics
and coolants in electronics prior to getting banned in the late 1970s due to environmental
concerns (Boyle and Highland, 1979) and thus are considered to be “legacy” pollutants. However,
PCBs are still detected in aquatic systems and biota due to their persistence, long half-lives and
low degradation rate (Porta and Zumeta, 2002). PCBs have been shown to interfere with the
immune system, nervous system, endocrine systems and cause cancer in humans (Carpenter,
1998). Metabolites of PCB have been shown to exhibit carcinogenicity, reproductive impairment,
developmental neurotoxicity due to the efficient transfer of the metabolites to the brain across the
placenta from mother to fetus in comparison to the parent PCBs (Quinete et al., 2014). Thus,

these chemicals can pollute the environment, bioaccumulate in biota and cause health damage to
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not only the biota but also negatively affect the health and economy of human population that rely

on them for food and livelihood.

1.3. Emerging pollutants in the Gulf of Mexico

Plastics were first invented in the 1940s and have been widely used due to their nature as a
flexible, lightweight, durable, inexpensive and low thermo-conductive material (Andrady, 2011).
Since its conception, the global production of plastics has increased from 15 million tons to 335
million tons in the last 70 years (Gall and Thompson, 2015; Dawson et al., 2018). Plastics are
made of synthetic polymers such as lipophilic polyethylene, polypropylene, polystyrene,
polyolefin, polyethylene terephthalate, polyvinyl chloride. Their polymeric nature makes them
durable and can survive in nature as microplastics and nanoplastics when degraded. Plastics are
introduced into the environment from two sources. Primary plastics are produced for industrial
and domestic use. Examples include pellets, fibers, films, microbeads etc. that can be made into
consumer or industrial products (Andrady, 2011; Cole et al., 2011; Duis and Coors, 2016).
Secondary plastics are produced over time due to physical, chemical and biological degradation
processes from primary plastics (Browne et al., 2008; Ryan et al., 2009). Once degraded, plastics
can form microplastics of various shapes such as disk, circular, fragment, fiber and particle (Qiao
et al., 2019). Due to their varying sizes, different sized plastic particles have been found in

different tissues.

Plastics can physically block the intestine of organisms and lead to death through starvation.

However, smaller particles can penetrate various tissue and affect enzymatic activity and cell
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metabolism (Deng et al., 2017). Furthermore, microplastics can act as a vector in introducing
chemical additives such as flame retardants, persistent organic pollutants, pesticides, heavy metals
etc. (Brennecke et al., 2016; Wang et al., 2016) to organisms, which can pose threat to biota
health. Some of the health hazards of microplastics include induction of oxidative stress (Barboza
et al., 2018; Pitt et al., 2018; Liu et al., 2019), altered gene expressions (Sleight et al., 2017; Qu et
al., 2018), induced genotoxicity (Brandts et al., 2018), changes in cellular metabolic pathways
(LeMoine et al., 2018), disrupted endocrine system (Rochman et al., 2014), induced neurotoxicity
(Barboza et al., 2018), reproductive abnormalities, imbalance of energy reserves (Bour et al.,
2018), activation of antioxidant enzymes (Tang et al., 2018). Bioaccumulation and
biomagnification of microplastics and sorbed chemicals can reach organisms in higher trophic

levels and ultimately pose hazard to human health (Wright et al., 2013; Yang et al., 2015).

1.4. Key Objectives

The key objectives of the project were as follows:

Objective 1: Quantify microplastics in the surface waters of Matagorda Bay.

Objective 2: Quantify persistent and microplastics pollutants in the biota (shellfish and fish) of
Matagorda Bay.

Objective 3: Assess the toxicity of bioaccumulated persistent pollutants and microplastics using
embryo-larval life stages of zebrafish (Danio rerio).

Objective 4: Promote educational outreach to local high school students on the science of

ecosystem health monitoring.
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Objective 1: Microplastics Pollution in the Surface

Waters of Matagorda Bay
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1. Introduction

Plastic pollution has grown to a global environmental crisis, affecting marine ecosystems, and
posing significant risks to marine life and human health (Sharma and Chatterjee, 2017). Plastic is
versatile, lightweight, and robust, making it a preferred material in various industries and
consumer products (Andrady and Neal, 2009). However, its durability also means that once
disposed, plastic can endure in the environment for hundreds of years. With the popularization
and wide application of plastics in the 20" century, the global production of plastics has increased
from 1.5 million tons in 1950s to 359 million tons in 2018 (Markic et al., 2020). Annually, an
estimated 4 to 23 million metric tons of plastic pollution are discharged into the ocean,
contributing to the Global Plastic Cycle (Zhu et al., 2024). This influx of plastic waste has
resulted in the formation of massive floating debris patches, the most infamous being the Great
Pacific Garbage Patch (Lebreton et al., 2018). These patches consist of millions of tons of plastic
debris and are concentrated in ocean gyres, where ocean currents converge, trapping and
accumulating plastic waste. Due to this cycle, billions of tons of plastic waste have accumulated
in natural habitats, from the highest mountains to the deepest ocean trenches, significantly

impacting wildlife and ecosystems (Lebreton et al., 2018; Lebreton et al., 2019).

Statistical data from 2018-2019 gives the amount of plastic shipping in American dollars in
Figure 1. Texas plastic shipping is double that of the nearest state of Ohio. All of Texas ship
ports reside along the coast of the Gulf of Mexico making investigation of plastic concentrations
and transport of tantamount importance. Much of the plastic shipping can be attributed to the Port

of Houston where it is the nation’s top gateway for preproduction plastic where it currently holds
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a market share of 60% nationally (Statista, 2025). A deeper dive into industry, urbanization,
population density, and mitigation practices in this region will give a better idea of where these

strategies fail or are less than sufficient.

Figure 1. Value in plastic industry shipment in the US by state (2021) in billion US § (Statista,

2025).

Mitigating plastic pollution in marine environments is an intricate challenge that demands
concerted efforts from governments, industries, communities, and individuals (Alpizar et al.,
2020). Plastic pollution is a global problem that transcends national boundaries. Coordinating
international efforts and policies to address plastic pollution effectively requires collaboration
among countries. Raising public awareness about the consequences of plastic pollution and

promoting responsible consumption and waste disposal behaviors is crucial to reducing plastic
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waste. Despite advancements in research, there are still knowledge gaps concerning the long-term

effects of plastic pollution on marine ecosystems and human health.

Towards this end, chemical analysis tools are fundamental to driving research on the effects of
plastic pollution on natural ecosystems. For example, a significant challenge lies in
comprehensively assessing the distribution of nano and microplastics (< 5 mm size), that can
easily enter aquatic ecosystems and potentially pose risks to organisms where nanoplastics can
cross the intestinal barrier (Mattsson et al., 2015; Ugwu et al., 2021). The development of
analytical methodologies is crucial for assessing the long-term consequences of plastic
contamination, providing a greater understanding of the ecological effects, physical transport, and

guiding policy decisions for environmental protection.

In this Objective, pyrolysis gas chromatography and triple quadrupole mass spectrometry (Py-
GCMS/MS) was used to analyze nano- and microplastics (NMPs) pollution in the surface waters
of Matagorda Bay. Py-GCMS/MS is a powerful analytical technique used to analyze plastics in
various sample matrices (Santos et al., 2023). In Py-GCMS/MS, a small sample of plastic is
heated to high temperatures in the presence of an inert gas. This process breaks down the polymer
chains, producing a mixture of volatile compounds. The released compounds are then separated
based on their chemical properties using a GC column, which separates them according to their

boiling points and polarities.

Page 20 of 158



Contract# 0013 Texas A&M University at Galveston
Matagorda Bay Mitigation Trust 1001 Texas Clipper Road
Galveston, TX 77554

2. Materials and Methods

2.1. Materials used for calibration curve set-up, sample collection, and processing

A microplastic calibration standard kit containing polymethyl methacrylate (PMMA),
polypropylene (PP), polyvinyl chloride (PVC), polyamide (PA), polycarbonate (PC), nylon-66
(N-66), polyethylene (PE), polyethylene terephthalate (PET), styrene butadiene (SBR),
polyurethane (PUR), acrylonitrile butadiene styrene (ABS), and polystyrene (PS) was purchased
from Frontier Labs (USA) along with 80uL Frontier Labs eco cups. Polyfluorinated styrene (PFS)
was purchased from PSS (Germany). A pump was obtained from Jabsco (USA). Critical process
(USA) supplied a filter housing and stainless-steel filter with 5 um mesh. 0.7 and 2.8 um glass
fiber filters (GF/F) supplied by CYTIVIA Whatman. Toluene (HPLC grade), methanol, acetone,
and Calcium carbonate (CaCO3) were obtained from J.T. Baker (USA). A vacuum aspirator was
purchased from Brinkmann (USA). Glass microvolume syringe was attained from SGE
(Australia). Quartz wool was purchased through ThermoScientific (USA). Milli-QTM water was
utilized from a Milli-Q EQ 7000 Ultrapure Water Purification System acquired from Merck

KGaA (Germany).

2.2. Collection of water samples

Surface water samples were collected at various locations within Matagorda Bay (Figure 2). Prior
to collecting water samples, the stainless-steel filter was sonicated in deionized water and then
rinsed with deionized water to remove any extraneous contaminants. One hundred liters of surface
water for each sample was collected into a Pentair Pentek 150072 standard filter housing

manufactured from Styrene-Acrylonitrile using a pump filtration system capturing particles Sum
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and larger. The pump assembly consisted of a 5 mm prefilter placed in the top 20 cm of the water
column at the collection site. The water was then pumped using a pump into a housing containing
the stainless-steel filter with Sum mesh. A flow meter was placed on the discharge line to measure
surface water filtered with a target volume of one hundred liters. Upon completion, the filter was
transported to the laboratory in the housing, where it was sonicated and washed with Millipore
water to dislodge all particles. The sample was then vacuum filtered using all glass containers onto
a 47 mm diameter GF/F with a pore size 0.7 pm, which was subsequently placed in an oven in a

glass Petrie dish covered with aluminum for 24 hours at 35° C to remove water.

Figure 2. Average concentrations of microplastics in the surface waters of Matagorda Bay

as shown at the various sampling locations. ICW, Intracoastal Waterway.
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2.3. Pyrolysis GC-MS/MS analysis

Pyrolysis gas chromatography was carried out with a Frontier Auto-Shot AS-2020E sampler and
an EGA/PY-3030D multi-shot pyrolyzer connected to an Agilent 8890 GC and 7010B triple
quadrupole MS (Py-GCMS/MS). Pyrolysis temperature was 600 °C. Prior to pyrolysis, GFF
filters with particulates from water samples were spiked with PFS serving as an internal standard,
transferred to Frontier Eco Cups and topped with 5 mg of CaCO3 and quartz wool to ensure
proper packing. The injector split was set to 50:1 with a column flow of 0.8 mL/min of helium as
the carrier gas. The injector inlet temperature was set to 300°C. The septum purge flow was 20
mL min!. Straight liners packed with non-deactivated glass wool were used. Separation was
achieved on a Frontier Ultra Alloy 5 (UA5-30M-0.25F) column with the following temperature
program: start temperature 35°C, hold for 0.25 minutes, ramp at 20°C min™! to 310°C, hold for 3

minutes, totaling runtime at 17 minutes.

The MS detector settings were source temperature 230 °C, quadrupole temperature 150 °C, and
auxiliary temperature 280 °C with a 5 min solvent delay. Helium at 2.25 mL min™' was used as
the quench, and nitrogen at 1.5 mL min™! was used as the collision gas. The detector was regularly
autotuned using routines provided with the Agilent ChemStation software. The quantification of
major plastic types was based on selected reaction monitoring (SRM) using characteristic product
ions listed in Table 1. Qualifier ions monitored parallel to the quantifier ions provided additional
identification of plastic analytes. Both quantifier and qualifier ions were selected by analyzing
pure plastic standards and considering background ions from the organic matter matrix observed

in biological particulates in full scan mode (50 - 650 ™/;). Quantification was based on an internal
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standard calibration with PFS as the internal standard. Calibration standards were a homogenous

mixture of plastics with the inert filler CaCOs3 to enable calibration at pg and ng amounts.

Table 1. List of plastics and their acronyms that were measured in the surface waters of
Matagorda Bay using Py-GCMS/MS. Symbols, relative retention times (RRT), characteristic

mass fragments and limit of detection (LOD) for plastics.

Plastic type Abbreviation | RRT? Precursor | Product ions® LOD¢
(min) ("/z) ("/z) (ng)
Polymethylmethacrylate | PMMA 0.519 100 41, 39 295
Polypropylene PP 0.591 126 55, 41 31
Polyvinyl chloride PVC 0.677 128 102, 76 37
Polyamide PA 0.731 113 56, 30 1
Polycarbonate PC 0.787 134 119,91 1
Nylon-66 N-66 0.796 84 55,41, 39 7
Polyethylene PE 0.857 82 67, 41 605
Polyethylene PET 0.955 182 105, 77 49
Polyurethane PUR 1.206 198 93, 77 2
Acrylonitrile butadiene | ABS 1.215 170 143, 128 5
Styrene butadiene SBR 1.248 212 170, 119 1654
Polystyrene PS 1.324 312 129,91 9
Polyfluorinated styrene* | PFS 10.80 122 96, 101 N/A

“Retention times (minutes) are relative to PFS on a Frontier Ultra Alloy 5 column. °Product ions
are used for SRM quantification, italicized ions are used for quantification, and other ions were

used as qualifier ions. ‘LOD was calculated using Signal/Noise > 3. *Internal Standard.

3. Results and Discussion
Results from Matagorda Bay showed average concentrations of plastics in the surface waters of

Matagorda Bay to range from 0.10 —3.91 pg L' (Figure 2).
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Table 2. Table listing the proportional concentrations (as a percent of total concentration) of each microplastic particle type. The

average concentration of microplastics quantified at each sampling site is given in ug L™ (as mean + standard error).

Sampling PE N66 PMMA PA PP PVC PC ABS PET PUR SBR PS Average
Locations (%) () (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) | (ngL?
Magnolia 051+ 0.15+ 000+ 001+ 006+ 0.15+ 003+ 000+ 0.09+ 0.00+ 000+ 003+ | 0.10+
Beach (n=2) 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.06
Carancahua 021+ 004+ 000+ 001+ 018+ 0.13+ 030+ 0.11+ 0.01+ 0.00+ 000+ 001+ | 098+
Bay (n=2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19
Palacios Center | 0.08 + 0.03+ 001+ 000+ 005+ 0.09+ 041+ 0.10+ 0.02+ 0.00+ 021+ 001+ | 0.69+
Pier (n=4) 0.03 0.01 0.01 0.00 0.02 0.02 0.20 0.04 0.01 0.00 0.12 0.00 0.19
Port Lavaca 021+ 005+ 0.02+ 0.01+ 0.13+ 0.19+ 0.14+ 0.12+ 003+ 000+ 0.10+ 001+ | 037+
Pier (n=4) 0.02 0.01 0.01 0.01 0.01 0.05 0.07 0.05 0.01 0.00 0.06 0.00 0.10
Port O'Connor | 0.15+ 0.10+ 0.01+ 001+ 0.11+ 022+ 0.12+ 0.06+ 005+ 000+ 007+ 0.01+| 391+
(n=7) 0.01 0.03 0.01 0.00 0.03 0.05 0.10 0.05 0.01 0.00 0.02 0.00 0.91
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Colorado River | 0.18+ 0.10+ 0.01+ 001+ 0.06+ 0.11+ 048+ 004+ 001+ 0.00+ 000+ 0.01+ | 0.81+
(n=3) 0.10 0.07 0.00 0.00 0.02 0.07 0.24 0.02 0.00 0.00 0.00 0.00 0.49
133+ 046+ 0.06+ 0.05+ 058+ 090+ 148+ 043+ 020+ 0.00+ 037+ 006+ | 685+
2 Plastics
0.06 0.02 0.00 0.00 0.02 0.02 0.07 0.02 0.01 0.00 0.03 0.00 0.57
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The results shown in Figure 2 and Table 2 indicate that by concentration, the top three most
prominently detected plastics were PC>PE>PVC. The prominence of PC, PE, and PVC highlights
the presence of general plastics degradation products, including those from plastic pellets such as
nurdles (specifically for the presence of PE) (OSPAR, 2018). Interestingly, we also see the
prominence of the tire-derived microplastic, SBR, at the most urbanized sampling points, namely:
the Palacios Center Pier, Port Lavaca Pier, and Port O’Connor (Figure 2 and Table 2). SBR
indicates a major source of tire-derived microplastics, which accumulate on road surfaces through
daily vehicular activity. SBR is a synthetic rubber and is a major source of microplastics pollution
into the environment (Hagg et al., 2023). For example, rainfall events can facilitate the transport
of this debris into aquatic systems, transferring it to estuarine environments. This pathway
underscores the significance of urban runoff as a vector for the introduction of tire-derived
materials into marine ecosystems, highlighting the interconnectedness of terrestrial and aquatic

pollutant sources.

Finally, a comparison of surface water samples between the various sampling sites shows
urbanized sites to have higher microplastic concentrations vs. more rural sites. For example, the
mean microplastics levels at Port O’Connor (3.91 + 0.91 pg L!) were 41x higher than those
quantified at Magnolia Beach (0.10 + 0.06 pg L!). Port O’Connor also exhibited the highest
levels of mean microplastics quantified (Figure 2 and Table 2). Given its location near the
entrance to Matagorda Bay, we may be seeing a consequence of the bay’s hydrodynamic

properties towards concentrating microplastics at this location (Figure 2).
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Objective 2: Persistent and Microplastics Body-

burdens in the Biota from Matagorda Bay
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1. Introduction

For this objective, we used gas chromatography and mass spectrometry (GCMS) to measure the
levels of 14 PAHs and 28 PCBs (including 11 dioxin-like PCBs or DL-PCBs) in shellfish
(gill/mantle from oysters) and fish (liver and muscle) from Matagorda Bay. We also used
pyrolysis gas chromatography and tandem mass spectrometry (Py-GCMS/MS) to quantify 12
NMPs in the biota. We hypothesized that the legacy and lipophilic nature of PAHs and PCBs
will result in greater body-burdens in biota relative to NMPs. In addition to measuring the body-
burdens of pollutants, the likely sources of PAHs in the bay was also assessed by comparing the
ratios of diagnostic low vs. high molecular weight (LMW vs. HMW) PAHs (Budzinski et al.,
1997; Yunker et al., 2002). The cancer risk of PAHs to the human consumers of seafood was
also calculated, and a toxic equivalents (TEQs) risk assessment was performed to determine
likely adverse health effects of the dioxin-like PCBs in fish (Van den Berg et al., 1998; Barron et
al., 2004). Lastly, the adult human average yearly intake of plastics was evaluated using the
NMPs levels measured in the muscle tissue of fish and estimated amounts of seafood

consumption (Nolen et al., 2022).

2. Methods

2.1. Sample collection and preparation

The following biota species were sampled from Matagorda Bay: eastern oysters (Crassostria
virginica), gafftopsail catfish (Bagre marinus), red drum (Sciaenops ocellatus), and spotted
seatrout (Cynoscion nebulosus). All oysters and fish were weighed, and their total and fork (fish
only) lengths measured. A skin-free muscle fillet and liver was excised from each fish, and

gill/mantle tissue was collected from each oyster. All tissue samples were stored at -20 °C until
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analysis. Prior to analysis, ~0.5 g of the previously frozen tissue samples was lyophilized for 24
hours at 0.20 mBar vacuum and -87 °C using a LABCONCO freeze dryer. The resulting freeze-

dried tissue was pulverized into a fine powder using a pestle and mortar.

2.2 PAH and PCB quantification

2.2.1. Accelerated solvent extraction: An accelerated solvent extraction (ASE) system (Dionex
ASE 350) was used to extract persistent pollutants (i.e., PAHs and PCBs). Approximately 0.5 g
of previously freeze-dried, pulverized, and re-weighed (to obtain dry weight) muscle or liver
tissue was packed into a 34 mL stainless steel ASE cell, with the remainder volume packed with
Ottawa sand (standard 20-30 mesh, Cat# S1010, Spectrum Chemical) above and below the
sample in the cell. The sample was spiked with 10 uL of 50 ug mL! internal standards B[a]P-d >
and PCB65-ds. Control or blank cells (comprising Ottawa sand only) were also spiked with
internal standards to account for any background contamination. The solvent extraction was
conducted at 100 °C and 1500 psi pressure with a heating time of 5 min, preheat 5 min and a
static phase of 4 min in the ASE. The flush rate was 60 % with a purge time of 300 sec. Two
static cycles were completed per sample. The resulting solvent extracts were collected in 50 mL
amber glass bottles and dried under a gentle stream of nitrogen (N2). The resulting residue was
reconstituted in 1 mL dichloromethane (DCM) (CAS# 75-09-2, ThermoFisher) and transferred to
a smaller 5 mL test tube. The resultant solution was then subjected to solid phase extraction
(SPE) through a Captiva lipid filter cartridge (Agilent Captiva EMR- Lipid, 1 mL, 40 mg) using
a vacuum manifold to remove lipids from the sample. Each SPE cartridge was conditioned with
1 mL DCM, followed by the entire sample volume passing through the cartridge at a steady rate

of ~1 drop sec™!. The recovered solution was dried under a gentle stream of N2, with the resulting

Page 30 of 158



Contract# 0013 Texas A&M University at Galveston
Matagorda Bay Mitigation Trust 1001 Texas Clipper Road
Galveston, TX 77554

residue reconstituted into 0.2 mL acetonitrile. The resuspended solution was transferred to a
small volume glass insert and frozen at -20 °C to promote the precipitation of any remainder
lipids and tissue debris (Hong et al., 2004). Subsequently, 0.1 mL of the solvent supernatant was
removed and dried under N, with the final residue reconstituted into 0.1 mL DCM, pipetted into

a small volume insert and analyzed via GCMS.

2.2.2. PAH and PCB quantification using GCMS: The concentrations of 14 PAHs and 28 PCB
congeners were quantified using GCMS. The 14 PAHs include: acenaphthene (ACE), fluorene
(FLU), anthracene (ANT), phenanthrene (PHE), fluoranthene (FLT), chrysene (CHR), pyrene
(PYR), benzo[a]anthracene (BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo[a]pyrene (BaP), dibenz[a,h]anthracene (DahA), benzo[g,h,i]perylene (BghiP), and
indeno[ 1,2,3-cd]pyrene (IcdP). The 28 PCB congeners include PCBs 1, 18, 33, 52, 77, 81, 95,
101, 105, 114, 118, 123, 126, 128, 138, 149, 153, 156, 157, 167, 169, 170, 171, 177, 180, 183,
187, and 189. All PCBs are identified according to the [IUPAC numbering system. The GCMS
analysis was performed using a Hewlett Packard HP 6890 Series GC System coupled with
Agilent Technologies 5973 Mass Selective Detector (GCMS). Samples were injected in splitless
mode (2 puL) onto a DB-5MS (J&W Scientific) capillary column (30 m x 0.25 mm i.d.: 0.25 pm
film thickness). Helium was used as the carrier gas at a flow rate of 1.0 mL min™!. Temperatures
at the front inlet and the MS interface were set to 250 °C and 280 °C, respectively. Following
injection of the sample, the GC oven initiated at 40 °C for 1 min, then ramped up to 180 °C at 20
°C min’!, and then to 300 °C at 5 °C min’!, for a hold of 10 min. The total runtime of the method
was 40 min. The MS was operated in electron impact (EI) mode at an electron energy of 70 eV,

while the MS source temperature was maintained at 230 °C. Selected ion monitoring (SIM)
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mode was used to identify and quantify all 42 analytes. The respective retention times for the
PAHs and associated "/, ions selected for quantification are reported in Hernout et al., (2020).
The quantification of each PAH and PCB was performed against a linear 11-point calibration
curve using serially diluted standards from 10 to 0.01 ug mL"!. The limit of detection (LOD) for
each compound was determined as the lowest standard that yielded a signal-to-noise ratio >5:1.

All body-burden concentrations are reported as ng gram™! tissue dry weight (or ng g”! DW).

2.2.3. Quality assurance of PAH and PCB quantification: Sample quality assurance included the
preparation of sample blanks comprising Ottawa sand spiked with internal standards. Blanks
yielding values for a compound greater than the respective LOD was used for background
correction by subtracting its averaged value from all samples. Standard addition samples were
also spiked with select PAHs (BaA and PYR) and PCBs (PCB 18 and 101) into muscle and liver
from fish to measure recovery. For every batch of 10 muscle or liver samples analyzed, two
additional replicates comprised blanks as well as standard addition samples for quality assurance.
All samples were ASE extracted and analyzed via GCMS. The average recovery of selected
PAHs and PCBs was (mean + s.e.m), 74.07 & 0.44% for BaA, 46.01 £+ 9.24% for PYR, 69.07 +

3.88% for PCB 18, and 68.5 + 5.83% for PCB 101.

2.2.4. Source assessment of PAHs: To identify the predominant sources of PAHs, a source ratio
graph was constructed. High molecular weight (HMW) PAHs (i.e., comprising > 4 aromatic
rings) are typically products of combustion at higher temperatures (400 — 700 °C) and are
therefore mainly pyrogenic in origin. Whereas low molecular weight (LMW) PAHs (i.e.,

comprising < 4 aromatic rings) are products of combustion at lower temperatures (i.e., 100 — 300
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°C), and are therefore considered to be mainly petrogenic in origin (Budzinski et al., 1997;
Wolska et al., 2012). Specifically, the ratios of ANT/(ANT+ PHE) and FLT/(FLT+ PYR) were

used to indicate petrogenic/pyrogenic sources of PAHs.

2.2.5. Cancer risk Assessment of PAHs: To evaluate cancer risk via sea food consumption, a BaP
equivalent (BaPE) concentration for fish body-burdens was calculated and compared against the
Level of Concern (LOC) concentration calculated by the FDA risk assessment for exposure risk
from the consumption of fish (0.035 pg g'! BaPE) or oysters (0.142 pg g'! BaPE) (FDA, 2010).
In addition to considering the BaP body-burdens to calculate the BaPE, the individual toxicity
equivalent factors (or TEFs) for PAHs whose toxicity have been standardized to that of BaP (i.e.,
BaA, CHR, BbF, IcdP, and DahA) were also summed to that of the BaPE value to generate an
overall concentration for comparison with the FDA reference values for fish and oysters. The
BaPE concentration was reported in pg g™ of wet weight (WW) BaPE. Only muscle tissue body-
burden was used in the calculation as it is consumed by humans and is therefore relevant for the

risk assessment. The formula used is as follows:

BaPE concentration

= BaP cocentration

+ Z(equivalent PAHs concentration x respective TEFs)

2.2.6. Toxicity equivalents (TEQs) assessment of dioxin-like PCBs (or DL-PCBs): To assess the

potential toxicity of DL-PCBs to fish, toxic equivalents (TEQs) were calculated using toxic
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equivalent factors (TEFs) proposed by Van den Berg et al. (1998). This approach takes into
account the additive effects of DL- PCBs (i.e., non-ortho and mono-ortho PCBs) congeners in
hepatic tissue. The toxicity potential was assessed for eleven DL-PCBs quantified in fish livers,
namely PCBs 77, 81, 105, 114, 118, 123, 126, 156, 167, 169, and 189. The remainder PCBs were
non-dioxin-like or NDL-PCBs. The lipid-normalized hepatic body-burden of each congener was
multipied with its respective TEF, and then summed to calculate the TEQ value (Van den Berg et
al., 1998). The summed TEQ values for each fish species were reported as logio pg g™ lipid
weight (LW) and compared against reported upper and lower limit values shown to be toxic in
aquatic mammals (1400 - 160 pg g'' LW) and fish (600 - 57 pg g”! LW) (Kannan et al., 2000;
Steevens et al., 2005). Steevens et al. (2005) determined the TEQ upper and lower limits that
were protective (survival) of 90% and 99% of fish respectively, whereas Kannan et al. (2000)
determined high TEQ values that are associative with immunosuppression and endocrine

disruption in marine mammals.

2.3 Microplastics quantification

2.3.1. Enzymatic digestion for isolation of plastics particles: An enzyme solution was prepared to
digest the freeze dried tissue samples for microplastics extraction using a protocol adapted from
von Friesen et al. (2019). Briefly, 6 g of porcine pancreatic enzyme (Pez, Millipore-Sigma, CAS#
8049-47-6) was dissolved into 100 mL of tris (tris(hydroxymethyl) aminomethane)/tris
hydrochloride solution (Tris solution) (Sigma-Aldrich, Cat# T3038). Pez contains protease,
amylase, and lipase enzymes, which help break down proteins and lipids in the tissue to release
microplastics particles from the tissue matrix. To further remove any plastics contamination from

the pancreatic enzyme, the Pez/Tris solution was placed in an oven at 40 °C for 3 hours and then
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vacuum filtered through 2.8 um and 0.7 um glass fiber filters (CYTIVIA Whatman GF/F and
GF/D, VWR) using a Brinkmann Model B-169 vacuum aspirator. Approximately 0.02 g of dried
fish and oyster tissue was placed in round bottom glass vials to be treated with 1 mL of Pez/Tris
solution (0.06 g Pez/mL buffer) while maintaining an optimal pH 8 for pancreatic enzymes
(Berdutina et al., 2000). The vials were then shaken for 24 hours at 40 °C on a shaker tray. The
samples were then filtered through cleaned and furnaced 0.7 pm x 24 mm glass fiber filters using
a vacuum filter and rinsed with Milli-Q water (Milli-Q EQ 7000 Ultrapure Water Purification
System, Merck KGaA, Darmstadt, Germany). The utilized portion of each filter was then cut out
using a cork borer, separated and placed in a glass Petri dish where it was dried for 24 hours at 38
°C. The filters were folded after drying and placed in separate stainless-steel Pyrolysis cups (Eco-
Cup LF, Frontier Labs, Japan) that had been treated with 20 pug of polyfluorinated styrene (PFS)
as internal standard. Finally, the sample cups were topped with 5 mg of calcium carbonate and
quartz wool to pack the sample and placed in a Frontier Laboratories Ltd. Auto-Shot Sampler: AS-

1020E Pyrolizer for pyrolysis analysis.

2.3.2. Microplastics quantification using Py-GCMS/MS: A Frontier Laboratories Auto-shot
sampler pyrolyzer in conjunction with an Agilent 8890 GC System coupled with an Agilent
7010B triple quadrupole mass spectrometer (Py-GCMS/MS), was used to identify and quantify
plastics polymers. The microplastics quantified included: polymethyl methacrylate (PMMA),
polypropylene (PP), polyvinyl chloride (PVC), polyamide (PA), polycarbonate (PC), nylon 66
(N66), polyethylene (PE), polyethylene terephthalate (PET), acrylonitrile butadiene styrene
(ABS), polyurethane (PUR), styrene-butadiene rubber (SBR), and polystyrene (PS). The

pyrolysis or combustion of tissue samples at 600 °C allowed for the complete oxidation of
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organics, while the microparticles were volatilized and fragmented to smaller and more stable
particles (pyrolyzates). These pyrolyzates were chromatographically separated using an Ultra
Alloy*-5 Capillary Column (30 m length x 0.25 mm L.D. x 0.25 um Film) (Frontier Labs, Japan)
in an Agilent 8890 GC System with an increasing temperature gradient before being introduced
to an Agilent 7010B GCMS/MS Triple Quadrupole for precise mass analysis. The injector was
set to a split ratio of 50:1, with a split flow of 40 mL min™'. The injector temperature was set to
300 °C. The septum purge flow was 20 mL min™'. Straight liners packed with non-deactivated
glass wool were used. Helium at a flow rate of 2.25 mL min™' was used as the carrier gas and
nitrogen at 1.5 mL min’! was used as the collision gas. Chromatographic separation was achieved
with the following temperature program: starting temperature 35 °C, hold for 0.25 min, ramp at
20 °C min™ to 310 °C, hold for 3 min, a total runtime of 17 min. The mass detector settings
were: source temperature 230 °C, quad temperature 150 °C, and auxiliary temperature 280 °C,
with a 5 min solvent delay. MassHunter acquisition and associated data analysis software were
used for accurate mass analysis. The quantification of individual plastic polymers was based on
individual distinctive mass ions (which were blank subtracted) (as shown in Table 1 for
Objective 1). The quantification of each polymer was performed against a linear five-point
calibration curve spanning from 1500 — 150 pg, with 40 pg of Internal standard (Polyfluorinated
styrene). All standards were placed onto a GF/F (0.7 um pore size, 25 mm diameter) Whatman
filter, transferred into Eco-cups (Frontier Labs, Japan), packed with 5 mg of CaCO3, and finally

sealed with a plug of quartz wool.

To correct for the interference of lipids on Polyethylene quantification as described by Rauert et

al. (2022), we used a lipid triglyceride mixture from Sigma (CAS# 17810) as control. We found
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sample lipids to mainly interfere with the quantification of PE, PP, N66, PMMA, and PVC. To
account for lipid contamination, a 5-point lipid calibration curve was constructed from 0.25 mg
to 1.25 mg using the weights of lipids against the concentration for each of the plastics.
Assuming, there were no plastics in the lipid standard from Sigma, this calibration curve showed
the relation between lipid concentrations and lipid content, therefore yielding a correction factor

which was subtracted from the plastic quantification in each sample.

2.3.3. Quality assurance of microplastics quantification: For each batch of 10 samples, two blank
controls, two recovery controls, and a replicate were also analyzed. Each blank control pyrolysis
cup contained 40 pg of Internal standard (Polyfluorinated styrene), GF/F (0.7 pm pore, 25 mm
diameter) Whatman filter (after filtering 1 mL of Pez/Tris), 5 mg of CaCO3, and quartz wool to
measure background contamination to be subtracted from sample quantification. The standard
addition/recovery control contained 40 pg of Internal Standard (Polyfluorinated styrene), GF/F
Whatman filter (0.7 pm) containing a known amount of the Frontier plastics standard (Frontier
labs, Lot#21101501), 0.02 g of dry weight tissue (digested with 1 mL of Pez/Tris), 5 mg of CaCOs,
and quartz wool to measure the percentage recovery of plastic standards. The replicate pyrolysis
cups also contained a replicate of a sample (muscle matrix) to confirm reproducibility of data. The
percent recovery of notable plastics in the muscle matrix was 115 + 0.15% for PP, 93 + 0.08% for

N66, and 113 £+ 0.05% for PE.

2.3.4. Estimated Average Daily Intake of plastics: Seafood Daily Intake (DI) and NMPs Average

Daily Intake (ADI) rates were calculated as follows:
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DCshelifish or fish
DI =——p, —— ey

ADI = Cpygstics * DI (2)

First, a seafood daily intake (DI) in g Kg™! human body weight day™! was determined (Eq. (1)) by
dividing the estimated daily consumption (DCshenfish/fish) of shellfish or fish (in g day™) by the
body weight (BW) of an average adult human (Kg). The Texas Department of State Health
Services' (DSHS) Seafood and Aquatic Life Group's (SALG) standard adult weight of 70 kg and
consumption of 30 g of shellfish or fish per day were used to calculate the DI (DSHS, 2011).
Subsequently, an Average Daily Intake (ADI) rate of plastics consumption (in mg Kg! human
body weight day™!) was calculated by multiplying the average plastics concentration in muscle of
fish or gill/mantle of oysters in ug gram™ wet weight (WW) (Cplastics) by the DI (Eq. (2)). While
the Cplastics Were initially quantified as pg gram™ dry weigh (DW) (and then converted to mg
gram! DW), the DW values were converted to their respective wet weight (WW) basis by using
an average correction factor (for each species) that accounted for the proportion of tissue weight
change after freeze-drying, i.e., indicating the loss of tissue water content (as described in section
2.1. Sample collection and preparation). Finally, the ADI in mg Kg! human body weight day!
was converted to an annual or yearly plastics intake by multiplying the ADI’s for each species by

365 days.

2.4 Statistical analysis
Statistical analysis was conducted using R (v4.1.3) and associated packages, tidyr and ggplot2

(for visualization) with significance at o < 0.05. The normality of data was tested using Shapiro-
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Wilk’s test followed by Levene’s test for homogeneity of variance. For pairwise comparisons,
either a parametric t-test or non-parametric Mann-Whitney U test was conducted. The statistical
analysis of data comprising a main effects variable was performed using either one-way
ANOVA (parametric) or the Kruskal-Wallis test (non-parametric). With post hoc testing

comprising either Tukey’s or Dunn’s test respectively.

3. Results

3.1. Morphometric parameters of biota

Among the fish, only reddrum exhibited a significantly higher (2x) body weight compared to the
spotted seatrout (Table 1). There were no significant differences between the fish for total or
fork lengths. Oyster total lengths or weights were not compared to fish as they comprised the

only shellfish species monitored in our study.

Table 1. Average weight (g), fork length (cm), and total length (cm) of fish and oysters collected
from Matagorda Bay reported as mean + standard error. Among the finfish, significant

differences (p < 0.05) in weight are noted by different letters.

Number of Fork length | Total length
Common name samples Weight (g) (cm) (cm)
Gafftopsail catfish 10 415.80£73.928> | 30.30+2.43 | 3520+2.48
Red drum 7 620.71 + 138.90* | 31.57+2.83 | 37.00+3.17
Spotted seatrout 9 297.78 £53.53> | 29.30+1.83 | 33.46+2.24
Eastern oyster 10 41.60 + 6.52 - -
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3.2. Contaminant body-burdens in biota

3.2.1. PAH body-burdens: Tables 2 and 3 list PAHs body-burdens in muscle and liver
respectively. The sum of total PAH levels in muscle showed no significant differences across the
biota (Table 2(a)). However, oysters exhibited the highest (not significant) concentrations at
levels 2x higher than those in catfish, and 1.2x of seatrout and red drum respectively (Table
2(a)). The livers exhibited sum of total PAH levels 5x - 14x higher than those measured in the
muscle tissue (Table 3(a)), with a statistically significant difference only between red drum vs.

catfish being evident (levels 4x higher in red drum).

A comparison of PAH congener profiles showed a broad representation of LMW and HMW
PAHs in muscle vs. liver (Figure 1 and 2). In the muscle of fish (and gill/mantle of oysters),
PHE levels equivalently dominated in all species with levels ~2x higher than the other LMW
PAHs (Table 2(a)). Whereas BaA was the most prominent HMW PAH in oysters, red drum and
seatrout, with levels respectively 70x, 65x, and 26x higher than the remainder HMW PAHs
(Table 2(a)). In catfish muscle, FLT and PYR were the most prominent HMW PAHs at 43x and
47x higher than the remaining HMW PAHs (Table 2(a)). While the seatrout muscle exhibited a
near equivalent abundance for PYR and IcdP (19% and 17% respectively of the total HMW

PAHs) (Table 2(a)).

In contrast to muscle, the liver tissue for all fish exhibited a predominance of LMW PAHs with
the overall proportion of LMW PAHs constituting 69%, 93%, and 98% to the sum of total PAHs
in catfish, red drum, and seatrout respectively (Table 3(a)). Of the LMW PAHs, FLU and ACE

accounted for the most prominent congeners. While FLU accounted for 45%, 70%, and 81% to
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the sum of total PAHs in catfish, red drum, and seatrout respectively; ACE contributed 14%,
21%, and 15% to the sum of total PAHs in catfish, red drum, and seatrout respectively (Table
3(a)). For the HMW congeners, catfish exhibited high contributions of FLT (8%), PYR (6%),
CHR (5%), and BaA (4%) to the sum of total PAHs (Table 3(a)). In red drum and seatrout, only

BaA (4%) and PYR (1%) contributed sufficiently to the sum of total PAHs respectively (Table

3(a)).

3.2.2. PCB body-burdens: PCBs body-burdens in the muscle and liver tissue of biota are detailed
in Tables 2 and 3 respectively. The analysis of PCB congeners in muscle of fish (or gill/mantle
of oysters) indicated a prominent representation of DL-PCBs, with >75% DL-PCBs congeners
detected vs. >24% of NDL-PCBs. The DL-PCBs comprised 44%, 85%, 28%, and 33% of sum of
total PCBs in oysters, catfish, red drum, and seatrout respectively (Table 2(b)). Overall, sum of
total PCBs in the gill/mantle tissue of oysters exhibited higher levels relative to those measured
in muscle from catfish (11x higher, statistically significant), red drum (2x higher, not
significant), and seatrout (5x higher, not significant) (Table 2(b)). Amongst the fish species, red
drum exhibited the highest sum of total PCB levels (not statistically significant) in muscle

relative to catfish (6x higher) and seatrout (3x higher) (Table 2(b)).

The livers of fish exhibited the highest sum of total levels of PCBs relative to the muscle,
ranging from 11x — 15x higher in liver vs. muscle (Tables 2 and 3). The normalized PCB
congeners in the livers of fish also indicated a prominent representation of DL-PCBs, with >75%
DL-PCBs congeners detected vs. >59% of NDL-PCBs. The DL-PCBs comprised 67%, 26%, and

51% of sum of total PCBs in catfish, red drum, and seatrout respectively (Table 3(b)). The
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analysis of sum of total PCBs in the livers of fish showed red drum to exhibit the highest levels

(not statistically significant) vs. catfish (5x higher) or seatrout (3x higher) (Table 3(b)).

3.2.3. NMPs body-burdens: The sum of total NMPs in the gill/mantle tissue of oysters exhibited
statistically significantly higher body-burdens relative to muscle in fish, at levels 5x higher than
catfish, 9x higher than seatrout, and 25x higher than red drum (Table 2(c)). In oysters, PP was
the most prominent NMP comprising 60% of the sum of total NMPs (Figure 3(a)). In catfish, PE
dominated at 64% of the sum of total NMPs. And in red drum and seatrout muscle, N66
predominated at >97% of the sum of total NMPs (Table 2(c)). The sum of total NMP levels in
the livers of red drum and seatrout were 51x and 7x higher than in their respective muscle tissues
(Table 2(c) and Table 3(c)) (Figure 3(b)). Despite red drum exhibiting a mean level 3x that of
seatrout, there were no statistically significant differences between them (Table 3(c)). The
analysis of NMPs in the livers of catfish were precluded from analysis due to a lack of sufficient

tissue biomass remaining after the persistent pollutant (PAHs and PCBs) analysis.
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Table 2. Muscle concentrations of a) PAHs, b) PCBs, and ¢) NMPs in oysters (gill/mantle tissue) and fish from Matagorda Bay.

Levels are reported in ng g'! DW for PAHs and PCBs, and pug g DW for NMPs (mean + standard error). Levels below the limit of

detection are represented by ‘- ‘. Different letters for sum of total show significant differences (p < 0.05) between species.

a) PAHSs (ng g! DW) Oysters (n=10) Catfish (n=10) Red drum (n=7) Seatrout (n=9)
Low Molecular Weight (LMW)
Acenaphthene (ACE) 17.79 +5.73 12.27 +2.46 6.47 £0.71 15.80 +3.01
Fluorene (FLU) 19.53 £ 11.17 8.97 +1.43 1.83 +1.25 8.30 +£4.01
Phenanthrene (PHE) 28.50 +8.32 23.10+5.24 11.55+1.07 4491 +£20.74
Anthracene (ANT) 1.31£0.50 14.36 + 3.23 3.83 £ 1.41 8.12+3.13
High Molecular Weight (HMW)
Fluoranthene (FLT) 4.48 £2.54 28.02+5.14 2.22+2.22 9.59+5.75
Pyrene (PYR) 8.47 +2.60 31.13 £5.18 6.57+1.73 22.71 £ 3.62
Benzo[a]anthracene (BaA) 114.48 £40.45 2.80 £ 1.87 114.71 £59.47 30.95+16.33
Chrysene (CHR) 15.72 +£3.15 091 +£0.61 19.06 + 15.24 13.06 +9.44
Benzo[b]fluoranthene (BbF) - - 3.44 +£1.27 7.30+1.83
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Benzo[k]fluoranthene (BkF)
Benzo[a]pyrene (BaP)
Indeno[1,2,3-cd]pyrene (IcdP)
Dibenzo[a,h]anthracene (DahA)
Benzo[g,h,i]perylene (BghiP)

XPAHs

1.13+0.95

4.62 +2.37

2.96 £1.29

6.21 £2.20

531+1.25

230.50 + 82.53*

Texas A&M University at Galveston

1001 Texas Clipper Road
Galveston, TX 77554

0.25+0.25

2.59 +0.80

124.40 £ 26.21°

1.80 +1.21

1.43+£0.93

22.72 £1.89

2.48 +0.88

0.80 £0.80

198.91 + 90.08*

8.90+1.71

2.82+2.12

20.23 £2.28

2.60 £ 1.48

1.12+£0.75

196.40 + 76.18*

b) PCBs (ng g' DW)

Oysters (n=10)

Catfish (n=10)

Red drum (n=7)

Seatrout (n=9)

Non-ortho (dioxin like)
PCB 77

PCB 81

PCB 126

PCB 169

Mono-ortho (dioxin like)

PCB 105

62.08 +33.90

17.07 +£9.83

1.01 £ 1.01

3.16+1.44

1.00 = 1.00

1.30 £ 0.67

12.84 £ 8.87

0.99 +0.32

3.50+1.92
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2.76 £2.23

0.68 +0.68

6.02 +1.98

0.57+0.38

221+ 1.14
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PCB 114

PCB 118

PCB 123

PCB 156

PCB 167

PCB 189

Non-dioxin like

PCB 1

PCB 18

PCB 33

PCB 52

PCB 95

PCB 101

PCB 128

PCB 138

PCB 149

26.83 £12.80

471 +1.89

3.60 +1.22

592+2.01

2.70 £ 1.50

0.29 £0.29

470 +1.78

109.24 + 29.54

36.62 +12.17

0.31+£0.31

1.22+0.82

2.99 £1.21

1.89 £1.25

0.93 +0.49

0.87 £ 0.46

Texas A&M University at Galveston

1001 Texas Clipper Road
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1.17 £ 0.82

0.70 £ 0.70

0.84 £0.84

2.34+1.45

0.48 £0.48

1.09 £0.73
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3.82+2.08

5.74 £4.02

2.40+1.84

11.54 £7.48

86.44 + 54.78

6.58 £3.83

1.25+0.59

1.33£0.86

1.99 +1.99

0.57+0.57

442 +3.12

1.97 £ 1.00

1.66 + 0.85

1.61 £0.82

.11+ 1.11

4.62 +4.62

31.12 £ 14.61

0.79 +£0.79

0.21+0.17

7.94 +£7.94

0.45+0.45
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PCB 153

PCB 157

PCB 170

PCB 171

PCB 177

PCB 180

PCB 183

PCB 187

2XPCBs

0.32+£0.22

0.85+0.46

0.30 £0.30

0.76 £ 0.76

1.00 £0.52

0.37 £0.37

0.55+0.55

290.29 +117.102

Texas A&M University at Galveston
1001 Texas Clipper Road

Galveston, TX 77554

26.25 £ 17.80°

0.65+0.65
2.49 +1.63
1.32+1.32
3.69+1.95

344+223

158.53 + 101.142P

0.77 +£0.77

0.60 £+ 0.60

0.49 + 0.49

0.51£0.51

64.04 + 40.532P

¢) NMPs (ug g' DW)

Oysters (n=10)

Catfish (n=10)

Red drum (n=7)

Seatrout (n=9)

Polymethyl Methacrylate
(PMMA)
Polypropylene (PP)

Polyvinyl Chloride (PVC)

5,320.77 + 2442.74
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¢) NMPs (ug g DW)

Oysters (n=10)

Catfish (n=10)

Red drum (n=7)

Seatrout (n=9)

Polyamide (PA)

Polycarbonate (PC)

Nylon 66 (N66)

Polyethylene (PE)

Polyethylene Terephthalate (PET)
Acrylonitrile Butadiene Styrene
(ABS)

Polyurethane (PUR)
Styrene-Butadiene Rubber (SBR)
Polystyrene (PS)

XNMPs

1,815.61 +£452.94

1,789.33 + 733.87

8,925.72 +2,590.50?

577.19 £ 259.06

1,055.82 + 535.54

3.96+2.13

1,636.97 + 594.91°

355.42 +183.75

355.42 + 183.75"

33.66 £ 18.05

933.06 + 192.51

966.71 + 193.35P
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Table 3. Liver concentrations of a) PAHs b) PCBs, and ¢) NMPs in fish collected from Matagorda Bay. Levels are reported in ng g™!
DW for PAHs and PCBs, and pg g' DW for NMPs (mean + standard error). Levels below the limit of detection are represented by ‘-¢.

Different letters show significant differences (p < 0.05) between species.

a) PAHSs (ng g! DW) Catfish (n=10) Red drum (n=7) Seatrout (n=3)

Low Molecular Weight (LMW)

Acenaphthene (ACE) 94.99 + 16.46 592.43 +194.09 431.40 + 135.46
Fluorene (FLU) 307.02 + 108.20 1,969.08 + 872.06 2,287.88 +1498.61
Phenanthrene (PHE) 23.57+9.34 47.20+13.51 47.32 +£23.96
Anthracene (ANT) 43.57+4.04 2424 +10.33 3.51+1.82

High Molecular Weight (HMW)

Fluoranthene (FLT) 52.87+12.50 2.69 £ 1.35 0.84+0.84
Pyrene (PYR) 41.69 +10.10 15.07 £4.27 19.61 £+ 5.65
Benzo[a]anthracene (BaA) 29.71 £12.90 111.88 +£79.47 3.98 £3.98
Chrysene (CHR) 34.44 £ 14.02 30.58 £ 16.55 243 +243
Benzo[b]fluoranthene (BbF) 1.60 +0.84 - -

Page 48 of 158



Contract# 0013
Matagorda Bay Mitigation Trust

Benzo[k]fluoranthene (BkF)
Benzo[a]pyrene (BaP)
Indeno[1,2,3-cd]pyrene (IcdP)
Dibenzo[a,h]anthracene (DahA)
Benzo[g,h,i]perylene (BghiP)

XPAHs

Texas A&M University at Galveston

1001 Texas Clipper Road
Galveston, TX 77554

2.224+0.93
6.80 +=4.53
21.94 +£7.81
15.62 £6.12
4.05+1.28

680.08 + 209.07°

2.46 +1.45

7.96 £ 1.81

1.35+0.95

12.85+4.84

2,817.79 +£1,200.68*

4.09 £+ 3.64

11.62 £7.49

2,812.69 + 1,683.882P

b) PCBs (ng g'! DW)

Catfish (n=10)

Red drum (n=7)

Seatrout (n=3)

Non-ortho (dioxin like)
PCB 77

PCB 81

PCB 126

PCB 169

Mono-ortho (dioxin like)

PCB 105

26.38 +£12.34

7.61 +£4.50

173.47 + 63.13

1.50+1.01

22.95£5.18
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3.09+2.00

78.03 +26.82

16.18 £ 11.80

3.00+1.52

17.50 £17.50
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PCB 114

PCB 118

PCB 123

PCB 156

PCB 167

PCB 189

Non-dioxin like

PCB 1

PCB 18

PCB 33

PCB 52

PCB 95

PCB 101

PCB 128

PCB 138

PCB 149

Texas A&M University at Galveston
1001 Texas Clipper Road
Galveston, TX 77554

8.88 £4.53

7.95+3.84

7.18 £3.15

0.47 +0.47

8.18 £ 5.66

0.40+£0.40

40.01 + 15.94

38.79 £ 11.65

7.35+2.81

17.04 £16.37

4.07+2.01

12.10 £10.19
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191.38 +52.33
59.48 +29.65
45.13 £28.78
9.71 £3.89
50.70 £ 21.25

7.33£5.45

39.53+£11.21
1,251.44 £ 654.69

26.66 £7.16

2142+ 13.44

55.30+19.29

87.85 +41.07
0.87 +£0.87

7.69 +£3.22

176.66 + 84.50

19.52 £6.16

26.27 £21.98

1.56 £ 1.56

102.21 £ 22.51

44.64 £5.56

65.06 = 32.96

5.63+0.73

17.00 +9.89

195.97 + 39.44

9.81 +3.97
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PCB 153

PCB 157

PCB 170

PCB 171

PCB 177

PCB 180

PCB 183

PCB 187

2XPCBs

Texas A&M University at Galveston
1001 Texas Clipper Road
Galveston, TX 77554

0.99 £ 0.66

1.76 £ 1.28

2.33 £1.65

3.35+2.00

392.76 + 168.77*

0.54 £ 0.54
546 +4.73
2.62+1.24
1.87 +1.87
0.68 = 0.68
1.42 £0.94

0.61 £0.61

2,032.03 +980.20*

0.33+£0.33

3.36 £ 1.71

2.38 £2.38

2.22+2.22

709.30+ 266.72*

¢) NMPs (ug g' DW)

Red drum (n=5)

Seatrout (n=5)

Polymethyl Methacrylate (PMMA)
Polypropylene (PP)
Polyvinyl Chloride (PVC)

Polyamide (PA)
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¢) NMPs (ug g'' DW) Red drum (n=5) Seatrout (n=5)
Polycarbonate (PC) - -
Nylon 66 (N66) 16,082.04 £+ 6,524 .91 6,536.69 +5,176.33
Polyethylene (PE) - -

Polyethylene Terephthalate (PET) - -

Acrylonitrile Butadiene Styrene (ABS) - -

Polyurethane (PUR) - -
Styrene-Butadiene Rubber (SBR) 2,084.06 £ 1,150.49 -
Polystyrene (PS) - -
YXNMPs 18,166.10 £ 6,625.56* 6,536.69 +5,176.33*
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Figure 1. Normalized PAHs congener profiles in the a) gill/mantle of oysters and muscle from
fish; and b) in the livers of fish collected from Matagorda Bay. All the mean values are

normalized to total PAH to show relative abundance.
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Figure 2. Normalized PCBs congener profiles in the a) gill/mantle of oysters and muscle from
fish; and b) in the livers from fish collected from Matagorda Bay. All the mean values are

normalized to total PCB to show relative abundance.
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Figure 3. Normalized NMP levels in a) oyster gill/mantle and fish muscle; and b) fish liver. All

concentrations are normalized to total to show relative abundance.
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3.3. Source and Toxicity assessments

3.3.1. Source assessment of PAHs: The source ratio analysis for muscle tissues showed 55% of
the ratios to indicate petrogenic sources for the PAHs, 29% indicated petrogenic combustion
sources, and 16% indicated pyrogenic sources (Figure 4). Similarly, analysis of the livers showed
72% of ratios to indicate petrogenic sources, 7% from petrogenic combustion, and 21% were
pyrogenic sources. Overall, the analysis of both tissues (muscle and liver) indicated the

predominance of mainly LMW petrogenic PAHs (Figure 4).

Figure 4. Source ratios analysis of PAHs in muscle (X) and liver (O) using ratios of HMW to
LMW PAHs. ANT = anthracene, PHE= phenanthrene, FLT = fluoranthene, PYR = pyrene. The
darker gray zones represent petrogenic dominant sources, the white zone represents pyrogenic
dominant source, and the overlapping light gray zone represents petroleum combustion as a

source of PAHs.
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3.3.2. Cancer risk Assessment of PAHs: The biota BaPE concentrations were significantly lower
than the FDA Level of concern (LOC) for finfish (0.035 pg g”! BaPE) and oysters (0.142 pg g’!
BaPE). For finfish, the BaPE was 19 - 93x lower for seatrout (0.0018 pg g'! BaPE) and catfish
(0.00038 ug ¢! BaPE) respectively. Whereas for oysters, the BaPE was 48x lower than the FDA

LOC for oysters of 0.142 pg g! BaPE (Figure 5).

Figure 5. Cancer risk Level of Concern (LOC) set by the FDA for finfish (0.035 ug g™! BaPE) is
shown as a horizontal dotted line and is compared to the Benzo[a]pyrene equivalent toxicity
(BaPE) concentrations of finfish and oysters collected from Matagorda Bay. The FDA LOC level

for oysters (0.142 pg g! BaPE) is not shown on the graph.
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3.3.3. TEQ assessment of DL-PCBs: The TEQ analysis of fish livers indicated the median
concentration in catfish to be near equivalent (1.1x) to the upper limit for adverse effects for
finfish as determined by Steevens et al. (2005) (Figure 6). The catfish TEQs were also within
range of the upper limit set for immunosuppression effects in marine mammals (Kannan et al.,
2000). The TEQs for red drum were within the range of the upper and lower limits for adverse
effects on finfish (Steevens et al., 2005). In contrast, seatrout TEQs were 1.4x lower than the

lower limit for adverse effects for finfish (Kannan et al., 2000) (Figure 6).

Figure 6. TEQ assessment for DL-PCBs in fish livers displayed with the upper and lower limit of
adverse effects for finfish (black dotted lines) and aquatic mammals (red dotted lines) reported in

Logio transformed pg g'! lipid weight (or pg g! LW TEQ).

3.3.4. Average yearly intake of NMPs through seafood consumption: Based on the sum of total

NMPs quantified in fish muscle and in the gill/mantle tissue of oysters (Table 2(c)), the average

Page 58 of 158



Contract# 0013 Texas A&M University at Galveston
Matagorda Bay Mitigation Trust 1001 Texas Clipper Road
Galveston, TX 77554

adult yearly intake was estimated for the biota (Table 4). Oysters exhibited the highest ADI
values which were 3x higher than catfish, 5x higher than seatrout, and 14x higher than the red

drum (Table 4).

Table 4. The estimated Average daily intake (ADI) of NMPs in an adult human represented as
mg NMPs Kg! of body weight day™'. The ADI data is shown per species with the minimum (min)
and maximum (max) daily intakes also shown. Each ADI value was also converted to a yearly

intake to assess the likely annual exposure of a person to NMPs.

ADI (min - max) Yearly Intake (min - max)

(mg NMPs Kg! body weight day!) | (mg NMPs Kg! body weight year™)

Oysters 0.46 (0 - 1.47) 167.62 (1.72 — 536.70)
Catfish 0.15 (0 - 0.69) 55.63 (0 — 253.67)
Red drum 0.03 (0-0.13) 12.08 (0 — 46.95)
Seatrout 0.09 (0.02 - 0.18) 32.85 (7.80 — 65.74)

4. Discussion

4.1. Morphometric parameters

Amongst the fish species sampled, only gafftopsail catfish were within the adult size range,
whereas red drum and spotted sea trout were categorized as juveniles. For example, in the wild
adult gafftopsail catfish typically measure between 30 - 40 cm in length and between weigh 450 -
910 g (TPWD, 2024). In our study, the gafftopsail catfish sampled from Matagorda Bay weighed
415.80 + 73.92 g and exhibited a total length of 35.2 + 2.48 cm, therefore placing them within
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range of adult catfish. Adult red drum in the wild can range from 28 - 33 inches (71 - 84 cm) and
weigh between 3.4 - 4 Kg (Wenner, 1996). However, the red drum sampled from Matagorda Bay
weighed 620.71 + 138.90 g and had a total length of 37 + 3.17 cm, indicating a juvenile size
range. In turn adult spotted seatrout can average >48 cm in total length and weigh >1 Kg (TPWD,
2023). In our study, the spotted seatrout sampled from Matagorda Bay had an average weight of
297.78 £ 53.53 g and total length of 33.46 + 2.24 cm, also placing them within a juvenile age
class. Finally, mature eastern oysters typically weigh between 20 - 70 g (Grizzle et al., 2017). The
eastern oysters sampled from Matagorda Bay exhibited an average weight of 41.60 £ 6.52 g,

placing them within range of fully grown and adult oysters (Table 1).

4.2. PAH body-burdens, sources, and toxicity risk assessment

4.2.1. PAH body-burdens: Eastern oysters exhibited the highest concentration of PAHs (Table 2
(a)), with levels 2x higher than those found in catfish, and 1.2x those in seatrout and red drum
(although not statistically significant). The elevated PAH levels in shellfish vs. fish reported in
our study are overall consistent with observations from other aquatic ecosystems. For example,
Rowe et al., (2020) measured sum of total PAH levels in shellfish (eastern oysters) and finfish
(spotted seatrout) from a neighboring bay system, the Galveston Bay. Oysters were reported to
exhibit sum of total PAHs levels 14x (203 + 68 ng g' WW, mean =+ standard error) higher than
those reported in finfish (14.35 + 7.88 ng ¢! WW) sampled from the bay (Rowe et al., 2020).
Such a trend is also evident in other aquatic ecosystems, for example, Olayinka et al., (2019)
reported pink shrimp and blue marine crabs to have 2x higher (50.65 + 21.88 and 60.30 + 15.66
mg Kg!) sum of total PAH levels relative to that in fish (spadefish: 33.97 + 9.19 mg Kg!,

grunter: 35.02 + 12.20 mg Kg™!') sampled ftom Atlast Cove, Nigeria (Olayinka et al., 2019).
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Kanbhai et al., (2015) report sum of total PAH levels in Mangrove oysters (Crassostrea
rhizophorae) to be 10x higher (109 + 18.4 to 362 + 63.0 ng g DW) than those measured in sea
catfish (Cathorops spixii) (7.5 £ 0.9 to 43.5 £ 25.5 ng g'! DW) sampled from Caroni Swamp,
Trinidad, West Indies (Kanhai et al., 2015). Finally, a comprehensive review by Honda and
Suzuki (2020) comparing PAH body-burdens in shellfish and fish from various aquatic
ecosystems also reported overall higher concentrations in invertebrates vs. vertebrates (fish), with
sum of total PAHs concentration in invertebrates ranging from 8.7 — 7000 ng g WW (median
concentration of 475 ng g WW in Zebra mussels and amphipods), and in fish ranging from 1.52
- 1064 ng g! WW (median concentration of 120 ng ¢! WW in crayfish) (Honda and Suzuki,

2020).

The higher body burden of pollutants in eastern oysters reported in our study is a likely reflection
of their filter feeding capacity, overall lipophilicity of PAHs, and lower metabolic
biotransformation capacity of invertebrates (relative to finfish) to metabolize and excrete PAHs.
Which can all contribute to a higher bioaccumulation of PAHs in oysters. Oysters exhibit a
massive capacity to filter ~25 - 50 gallons of sea water per day (Ehrich and Harris, 2015; NOAA,
2020), which can increase their exposure to various contaminants including PAHs (Fisher et al.,
2000; Bustamante et al., 2012; Trevisan et al., 2017; Wang et al., 2020). Invertebrates tend to
have a lower biotransformation capacity for pollutants in comparison to fish, and therefore are
less efficient at metabolizing and depurating contaminants (Neff et al., 1976; Vidal-Lifidn et al.,
2016; Honda and Suzuki, 2020). The species-specific accumulation (from difference in diet,
habitat, ability to expel pollutants) of various PAH congeners has been noted by Neff et al.

(1976), where the uptake and depuration of various oil derived PAHs (NAP, FLU, PHE etc.),
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across mollusk, shrimps and fish was studied. The authors reported that shrimp (Penaeus aztecus)
and fish (Fundulus similis) were quick to accumulate as well as depurate PAHs, while oysters
(Crassostrea virginica) and clams (Rangia cuneata) were slow to depurate, which resulted in

higher body burdens in oysters and clams vs. shrimp and fish (Neff et al., 1976).

In contrast to the muscle tissue in fish, their livers exhibited sum of total PAH levels that were 5x
to 14x higher (Table 3(a)). This is likely due to the lipophilic nature of PAHs (Sverdrup et al.,
2002) and the higher lipid content in fish livers in comparison to muscle (Ando et al., 1993;
Arrington et al., 2006). For example, in our study the gravimetrically determined lipid weight in
livers was 4x higher than in muscle for catfish, 11x higher for seatrout, and 12x higher for red
drum (data not shown). PAHs are hydrophobic (Log Kow= 3.37 - 6.75) and highly lipophilic
(Choi et al., 2010), therefore contributing to their accumulation in the liver tissue. The propensity
of PAHs to preferentially accumulate in lipid rich tissues has also been shown in other studies.
For example, Xu et al. (2011) showed a significant positive correlation between tissue lipid
content and PAH bioaccumulation, i.e., the brain exhibited greater PAH bioaccumulation vs.
muscle (Xu et al., 2011). Similar to our study, Jafarabadi et al., (2019) showed ~1.4x higher PAH
bioaccumulation in the livers vs. muscle of fish collected from the Persian Gulf (such as red
snapper, bream, and mackerel) (Jafarabadi et al., 2019). And a study from Poyang lake (China)

also showed ~1.4x higher PAH levels in the liver vs. muscle of carp (Zhao et al., 2014).

4.2.2. PAH congener profiles, sources, and toxicity: In our study, LMW PAHs predominated with
ACE and FLU being the most prominent in the livers of all fish species, and accounting for 25-

75% of sum total congeners (Figure 1(b)). ACE and FLU both comprise three aromatic rings, and
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have similar Log Kow values (ACE: 3.92 and FLU: 4.18) (Jesus et al., 2022). Previously, Abayi et
al. (2021) demostrated the prevalence of LMW PAHs (ACE, FLU, and NAP) in sediments and
fish collected from the White Nile river in East Africa. LMW PAHs were reported to contribute
up to 98% of total PAHs (Abayi et al., 2021). Xu et al., (2011) also report LMW PAHs to
comprise 90% of total PAHs content in fish collected from lake Bai-Yang-Dian, Northern China
(Xu et al., 2011). Fish collected from the Persian gulf were also reported to contain ~3x higher

LMW PAHs vs. HMW PAHs (Jafarabadi et al., 2019).

The prevalence of LMW PAHs reflects the prominence of oil-derived hydrocarbons (i.e.,
petrogenic) sources. For example, LMW PAHs primarily originate from petrogenic sources such
as crude oil spills, petroleum products, and from the natural seepage of petroleum (Patel et al.,
2020). While HMW PAHs are often products of pyrolytic sources, such as from the combustion
of petroleum, wood, coal etc. (Budzinski et al., 1997; Wolska et al., 2012; Montuori et al., 2022).
PAH ratios have been extensively used to diagnose sources of PAHs (Blumer, 1976; Simoneit,
1985; Lipiatou and Saliot, 1991; Yunker et al., 1996; Budzinski et al., 1997; Yunker et al., 1999).
Two key diagnostic ratios used to ascertain PAH sources included: FLT/(FLT+PYR) and
ANT/(ANTHPHE) ratios. Where FLT/(FLT+PYR) ratios above 0.4 and ANT/(ANT+PHE) ratios
above 0.1 indicate combustion (pyrogenic) processes. As high-temperature combustion conditions
favor the increase in proportion of FLT and ANT relative to PYR and PHE (Yunker et al., 1995;

Budzinski et al., 1997).

The source ratio graph in Figure 4 indicates that in both muscle and liver samples, a majority of

PAHs are from petroleum or petrogenic sources (55% for muscle, 72% for liver), with a smaller
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proportion from combustion or pyrogenic sources (16% for muscle, 21% for liver). The remainder
percent comprises incomplete combustion of petroleum products. The prominent ratios likely
reflects the overall increased incidences of oil spills along the GoM (HARC, 2014; Rice, 2019;
Trevizo, 2019; Rowe et al., 2021). The Calhoun Port Authority in Matagorda Bay received over
11.8 million tons of cargo in 2015, with its primary shipments consisting of petrochemicals, crude
oil, condensate, and aluminum-related materials (bauxite and alumina) (TDT, 2020). The sources
of petroleum derived PAHs in Matagorda Bay have been previously attributed to shipping activity
in the area (Lloyd et al., 2024). In 2014, a cargo shipped collied with an oil tanker in Galveston
Bay, near Texas city, which led to the spillage of 168,000 gallons of fuel oil into lower Galveston
Bay (DARRP, 2014), which then dispersed along shorelines of Galveston and Matagorda Bays
(Tresaugue, 2014). Furthermore, shelf sediments along Matagorda Bay appear to be dominated by

petrogenic LMW PAHs, such as NAP and ACE (Wang et al., 2014).

4.2.3. PAH cancer risk of consumption: A cancer risk assessment was performed to determine
whether seafood consumption could cause sufficient exposure to carcinogenic PAHs, such as BaP
and BaPE (Collins et al., 1991; Lee and Shim, 2007; FDA, 2010; EPA, 2017; ATSDR, 2022). The
BaP and BaPE levels were below the minimum threshold for concern as established by the FDA
after the Deepwater Horizon (DH) oil spill (FDA, 2010) (Figure 5). Although widely adopted, a
criticism of the FDA LOC approach is that it significantly underestimate risks to sensitive
populations, including pregnant women, and children, by failing to account for increased
vulnerability, appropriate consumption rates, relevant health endpoints, and health-protective

exposure durations (Rotkin-Ellman et al., 2012).
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4.3. PCB body-burdens and toxicity

4.3.1. PCB body-burdens: Similar to the trend observed for PAHs, our study also showed eastern
oysters to exhibit significantly higher levels of total PCBs compared to the muscle tissue of fish.
Specifically, PCB levels in oysters were 11x higher than in catfish (statistically significant), 6x
higher than redrum (not significant) and 2.5x higher than seatrout (not significant) (Table 2(b)).
Such a trend is also evident in other aquatic ecosystems. For example, in Todos os Santos Bay
(Brazil), oysters exhibited ~10x higher PCB concentrations (<0.08 - 50 ng g DW™') vs. the fish
sampled from the bay (0.23 to 4.55 ng g DW) (Santos et al., 2020). Similarly, fish
(Plastycephalus bassensis) and oysters (Crassostrea gigas) sampled from Tasmanian estuarine
and coastal waters revealed oysters to exhibit 5x higher total PCBs levels than the fish. Similar to
PAHs, the higher body-burdens of PCBs in oysters is likely a reflection of their filter feeding
capacity (Ehrich and Harris, 2015; NOAA, 2020), overall higher lipophilicity of PCBs (Safe and
Hutzinger, 1984; Bourez et al., 2013), and lower metabolic biotransformation capacity of
invertebrates (relative to finfish) to metabolize and excrete PCBs (Bright et al., 1995; Vidal-

Lifan et al., 2016).

In contrast to muscle tissue, the livers of fish exhibited 11-15x higher PCB levels (Table 3(b)).
The higher levels in livers reflect the lipophilic nature of PCBs (Safe and Hutzinger, 1984;
Bourez et al., 2013) and the higher lipid content of the livers vs. muscle (as previously discussed
for PAHs) (Ando et al., 1993; Arrington et al., 2006). PCBs are highly lipophilic (Log Kow= 4.43
—5.02) (Ballschmiter et al., 2005). Bodin et al., (2014) have shown hepatic PCB levels to be 10x
higher than the muscle tissue of fish sampled from the Gironde estuary in southwest France

(Bodin et al., 2014). Monosson et al. (2003) collected muscle, liver and gonad tissue from
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mummichog fish (Fundulus heteroclitus) from Hudson river and Newark bay and found total
PCB levels in the gonads and livers (1265 - 3453 ng g' WW total PCBs) to be ~6-13x higher than
levels measured in muscle tissue (209 - 263 ng g WW). They attributed the tissue specific
differences to be due to the high lipophilicty of PCBs and higher lipid content of livers
(Monosson et al., 2003). Similarly, the analysis of fish muscle, liver, kindey and brain from a
heavily polluted water resevoir in Slovakia (Zemplinska sirava) found total PCB concentrations in
the liver to be 2x higher than in muscle, and 15x higher than in the brain and kidneys (Brazova et
al., 2012). Morever, PCBs measured in the muscle, and liver of Red mullet, mackerel, anchovy
and blue whiting along the Catalan coast of the Mediterraininian sea, reported livers to exhibit

10x higher concentrations of total PCBs than muscle (Albaiges et al., 1987).

4.3.2. PCB congener profiles: PCBs are exclusively of anthropogenic origin and were widely
used in heat absorbing or electrical/insulating materials such as electrical equipment, capacitors,
and transformers (Delzell et al., 1994). Despite their ban in the 1970’s, they continue to persist in
the environment due to their resistance to biodegradation (Boyle and Highland, 1979). The high
chlorination of PCBs results in chemical and structural properties that collectively reduce the
susceptibility of PCBs to chemical, biological, and photolytic degradation pathways, thus
increasing their environmental persistence, which explains their prevalence and designation as a

persistent pollutant (Delzell et al., 1994; Elangovan et al., 2019; Xiang et al., 2020).

In our study, in the muscle tissue of fish (or gill/mantle for oysters), 44% of sum of total PCBs in
oysters, 85% in catfish, 28% in redrum, 33% in seatrout were attributed to DL-PCBs (the rest

were NDL-PCBs) (Table 2(b)). Similarly for the livers from fish, the DL-PCBs were widely
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detected with 67% of sum of total PCBs in catfish, 26% in redrum, and 51% in seatrout attributed
to DL-PCBs (Table 2(b)). DL- PCBs are those with chlorine atoms at the para position (opposite
sides of the benzene ring) and two or more at the meta positions (adjacent but not next to on the
benzene ring) (Safe et al., 1985; ATSDR, 2023). Chlorine atom substitutions in these position
results in a coplanar structure similar to that of 2,3,7,8-TCDD (2,3,7,8-tetrachlorodibenzodioxin),
and thus exhibit its high toxicity (Safe et al., 1985). These include non-ortho dioxin like PCBs
such as, 3,4,4°,5-tetra- (PCB 81), 3,3’,4,4’-tetra- (PCB 77), 3,3’,4,4’,5-penta- (PCB 126), and
3,3°,4,4°,5,5’-hexachlorobiphenyl (PCB 169) and mono-ortho dioxin-like PCBs such as PCBs
105, 114, 118, 123, 156, 167 and 189 (Giesy and Kannan, 1998). In oysters, PCB 77 dominated
constituting 49% of total DL-PCBs (Table 2(b)). For the fish, catfish showed a similar
prominence of PCB 126 in both muscle and liver tissue, at ~60% of total DL-PCBs (Table 2(b)
and 3(b)). The livers of red drum and seatrout showed a prominence of PCB 114 in each species
(36% and 49% respectively) (Table 3(b)). Whereas PCB 156 dominated in red drum muscle
(26% of total DL-PCBs) and PCB 105 dominated in seatrout muscle (35% of total DL-PCBs)

(Table 2(b)).

The prominence of DL-PCBs is typical of industrialized aquatic ecosystems. For example, Carro
et al. (2018) report in DL-PCBs in bivalve mollusks collected from estuaries along Galician Rias
in Northwestern Spain to comprise 72% of the total PCBs. Among the DL-PCB congeners, 93%
were contributed by PCB 126 (Carro et al., 2018). In another study, DL-PCBs were also detected
at higher concentrations than NDL-PCBs in commercially available finfish and shellfish,
accounting for up to 96% of the PCBs in tuna and 90% in oysters (Gémara et al., 2005). Gémara

et al., (2005), also reported PCB 126 to be the most prominent congener in finfish and shellfish. A
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study from coastal Korea (Busan, Incheon, Pohang, Ulsan) focusing on the PCB content of fish
and bivalves found that up to 60% of the dietary intake of PCBs to the Korean population from
seafood was from DL-PCBs, and of which PCB-126 was also the most prominent congener

(Moon and Ok, 2006).

Amongst the NDL-PCBs in the muscle tissue of fish (or gill/mantle for oysters), we find PCB 18
to be the most commonly (and prominently) detected PCB congener, ranging from 60% to 76% of
the total NDL-PCBs (Table 3(b)). For the NDL-PCBEs in the livers of fish, we also find PCB 1 to
dominate in catfish (31% of the total NDL-PCBs), PCB 18 was the most abundant in red drum
livers (83% of total), and PCB 128 dominated in seatrout livers (57% of total). The varying ratios
of NDL-PCBs may reflect varying extents of microbial anaerobic degradation of highly
chlorinated PCBs, resulting in the removal of chlorines from the meta and para positions. This
results in an increase in lower chlorinated ortho-substituted PCB congeners such as PCBs 18, 52,
and 128 (Tiedje et al., 1993; Abramowicz, 1995). Therefore, the prevalence of PCB 18 and PCB
128 in biota may reflect biodegradation of dioxin like PCBs via anaerobic bacteria. The analysis
of PCB congeners in the muscle and liver tissues of sharks sampled from Galveston Bay (TX,
USA) have reported PCB 128 body-burdens to range from 4 — 28% (Cullen et al., 2019). And
Hernout et al., (2020) has shown a prevalence of PCB 18 in the livers of fish (~20 - 65%) sampled
from Sabine Lake (TX, USA) (Hernout et al., 2020). Finally, Finklea et al. (2000) analyzed PCBs
in the blubber of stranded bottlenose dolphins from Matagorda Bay (TX, USA). Their analysis
revealed the prevalence of PCB 128 (<1400 ng g'! LW). All these studies demonstrate the

prevalence of select PCB congeners in biota sampled along the Gulf of Mexico.
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4.3.3. TEQ assessment of DL-PCBs: The Toxicity equivalent (TEQ) analysis showed red drum to
be within the range of the upper and lower limits for adverse effects in finfish, suggesting a
propensity of the DL-PCBs body-burdens to cause adverse effects (Figure 6). For the seatrout,
the TEQ was 1.4x lower than the low limit for adverse effects in finfish, indicating a significantly
lower risk of adverse effects (i.e., protective of >99% of fish). And for catfish, the TEQ levels
were 1.11x higher than the upper limit for adverse effects set for finfish, indicating a potential
health risk (such as immunosuppression effects) (i.e., >10% may show adverse effects) (Kannan
et al., 2000). The high TEQ values in catfish are likely representative of the high PCB 126 body-
burdens in livers (65% of total DL-PCBs) (Table 3(b)). Not all the congeners in the TEQ
calculation have equal TEF values due to their relative toxicity and therefore are “weighed”
differently. Of the DL-PCBs, PCB 126 exhibits the highest TEF value at 10 — 1000x higher than
the others, therefore contributing to the high TEQ values observed in catfish. A caveat is that TEF
standards for DL-PCBs are derived from studies on early life stage fish with mortality as an
endpoint (Vandermeulen, 1987). Therefore, the derived TEQ values may not be directly
applicable towards explaining sub-lethal toxicity effects in older finfish (as is this case in our

study).

4.4. NMP body-burdens and average human daily intake risk assessment

4.4.1. NMP body-burdens: Eastern oysters exhibited significantly higher body-burdens of NMPs
vs. fish (Table 2(c)). Specifically, the NMP levels in oysters were 5x higher than in catfish, 9x
higher than in seatrout, and 25x higher than in red drum (Table 2(c)). The higher body burden of
NMPs in oysters is likely a direct reflection of their filter feeding capacity (Ehrich and Harris,

2015; NOAA, 2020). For example, in Sanggou Bay, China, Pacific oysters exhibited 4x higher
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concentrations of NMPs than those detected in greenling and sea squirt fish (Sui et al., 2024). In
fish livers, the concentration of NMPs was 51x higher in redrum and 7x higher in seatrout in
comparison to levels in muscle tissue of each species respectively (Table 2(c) and Table 3(c)).
These differences in NMPs body-burdens between liver (i.e., higher levels) vs. muscle may be
due to the liver's rich blood supply and its primary role in filtering (and detoxifying) exogenous
substances from the blood (Wisse et al., 1985; Wood, 2014; Zhao et al., 2014; Ozougwu, 2017).
As a result, causing a higher exposure and bioaccumulation of NMPs in the liver. A toxicological
study exposing European seabass (Dicentrarchus labrax) to NMPs (<3 um particle size) for <5
days showed approximately 4x and 3x higher microplastics accumulation in the liver vs. the gut
and gills respectively (Zitouni et al., 2021). Similarly, goldfish exposed to NMPs (for 30 days)
and exhibited a ~14x higher bioaccumulation in the liver vs. muscle tissue (Brandts et al., 2022).
Additionally, various fish species sampled from the Pearl river in China (such as carp, bream,
catfish, tilapia) were found to contain ~2x higher levels of plastics additives in their livers vs.

muscle (Peng et al., 2021).

PP was the most prominently detected NMP in the gill/mantle tissues oysters, at 60% of total
NMPs (Table 2(c)). In fish muscle, N66 was the most prominent NMP detected in red drum
(100% of total NMPs) and seatrout (97%) (Table 2(c)). Similarly, in the livers of red drum and
seatrout, N66 accounted for 89% and 100% of the total NMPs quantified (Table 3(c)). Overall,
the most prominently detected NMPs in the biota were PP > N66 > SBR > PE. PP is commonly
used in packaging materials like bottles and containers, automotive parts such as bumpers and
battery cases, textiles for items like diapers and filters, and household goods including reusable

containers and furniture (Guidetti et al., 1996; Maddah, 2016; Hossain et al., 2024). Whereas N66
Page 70 of 158



Contract# 0013 Texas A&M University at Galveston
Matagorda Bay Mitigation Trust 1001 Texas Clipper Road
Galveston, TX 77554

is primarily used in textiles and fabrics, including carpets, clothing, and upholstery, due to its
durability and resistance to wear and tear. It is also used in engineering plastics for automotive
and industrial components like gears, bushings, and bearings, as well as in consumer goods like
ropes, cords, fishing gear, nets and toothbrush bristles (Stafford et al., 1986; Zhang et al., 2010;
Shakiba et al., 2021). SBR is a tire-derived NMP which accumulates on road surfaces through
vehicular activity and is a major source of microplastics pollution into the environment (Hégg et
al., 2023). Therefore, the overall abundance of these plastics in industrial and consumer products
is likely to explain their prevalence in the biota. Finally, the prominence of PE highlights the
presence of general plastics degradation products, including those from plastic pellets such as

nurdles (OSPAR, 2018).

The prevalence of PP and PE in aquatic biota has been previously reported by Ribeiro et al.
(2020). The authors measured the presence of plastics in various shellfish and fish from Australia
and detected PE to be the most prevalently detected plastic in the biota (<2,400 ug g tissue), and
PP detected at <60 pg g'! tissue (Ribeiro et al., 2020). A meta-analysis on the extent of
microplastics ingested by fish worldwide conducted by Lim et al. (2022), found that majority

ingested were fibrous microplastics (70%), of which 16% were PE (Lim et al., 2022).

Finally, PP and PE, which were commonly detected in the biota from Matagorda Bay, were also
some of the most widely produced plastics by the Formosa Plastics Corporation chemical plant
located in Point Comfort, along Matagorda Bay (Detore, 2018; Hays, 2019). The Formosa
Plastics Corporation (headquartered in Taiwan) is a major producer of plastic resins and

petrochemicals, including PP, PE, and PVC. Their Point Comfort facility is significant for their
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operations in the United States (Conkle, 2018). In 2016, a substantial spill of plastic pellets and
powder from this facility contaminated Matagorda Bay, leading to a lawsuit by environmental
activist Ms. Diane Wilson (Wilson, 2018). In 2019, Formosa was found liable for illegal
discharges, resulting in a $50 million settlement for environmental cleanup (Conkle, 2018;
Wilson, 2018). Additionally, Formosa Plastics has been involved in other serious incidents. In
2005, an explosion at their Illinois plant producing PVC caused five fatalities (OSHA, 2005). In
2013, a fire at the Point Comfort facility resulted in injuries and environmental harm (CSB,
2006). The company has also faced scrutiny for air pollution violations, leading to fines and

mandated corrective actions (EPA, 2012).

4.4.2. Average Daily Intake (ADI) of NMPs: The ADIs calculated for likely human exposures to
microplastics through seafood consumption simply maps the NMPs body-burdens to an estimated
daily intake of seafood (DSHS, 2011). As a result, the estimated ADIs for the NMPs varies from
0.03 — 0.46 mg NMPs Kg! body weight day™! for the consumption of red drum to oysters (Table
4). Converted to an estimated annual exposure, we estimated an average level of <167.62 mg
NMPs Kg! body weight year! (Table 4). The levels computed in this manuscript are relatively
modest as compared to another study that estimated plastics ingestion rates by humans of <5
grams of microplastics/week (or <260 grams of microplastics year') (Senathirajah et al., 2021).
We are however within range of a study by Ribeiro et al. (2021), who deployed oysters
(Saccostrea glomerata) at the mouth of Brisbane River (Australia) for 14 days and quantified a
body-burden of <38.8 mg g! microplastics in the oysters and using an analytical method similar
to the one in our study, i.e., Py-GCMS. The microplastics accumulated in oysters over 14 days

can be approximated to a daily body burden of <2.8 mg gram™ oyster (by dividing 38.8 mg g™! by
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14). Implementing a similar ADI approach to the one taken in our study yields an average daily
intake of 1.2 mg NMPs Kg'! body weight day™!, and annual intake of 434 mg NMPs Kg™! body
weight year'!. These values are only 3x higher than the ones computed for the oysters sampled

from Matagorda Bay in this study (Table 4).

A caveat to these estimates is that they appear to far exceed levels detected in the body-burdens of
humans. For example, Leslie et al., (2022a) used Py-GCMS to quantify NMPs in human blood
and reported total levels of 1.6 pg mL™'. While NMPs measurements in blood are not equatable to
tissue body-burdens in wildlife biota as measured in our study, nevertheless the levels measured
by Leslie et al., (2022a) are ~200x lower than the lowest NMP body burden measured for red
drum muscle in our study (i.e., 355.42 + 183.75 ug g'! DW, Table 2(c)). In another study, the
quantification of microplastics in infant and adult human feces reported concentrations ranging
from 3 — 36 pg g (Zhang et al., 2021). Once again, comparing these levels to the lowest NMP
body-burden quantified for red drum muscle yields levels in humans that are ~10x — 100x lower
than those measured in fish. The differences in NMPs body-burdens between the aquatic wildlife
(as measured in our study) and humans may indicate a trophic dilution of NMPs in an ecosystem.
For example, we report that oysters exhibit ~5x — 25x higher body-burdens than fish (i.e., catfish,
red drum, and seatrout), whereas fish (red drum) exhibits a ~10x — 200x higher body-burden than
humans. Further studies applying the Py-GCMS analytical method to quantify NMPs across food
webs which include wildlife biota and humans, will provide a more comprehensive assessment of

the fate and distribution of these emerging pollutants in ecosystems.
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Objective 3: Single or Mixtures Toxicity of Persistent
or Microplastics Pollutants in Embryo-larval

Z.ebrafish
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1. Introduction

There are increasing concerns for the adverse health effects of microplastics exposure in wildlife
and humans (Kannan and Vimalkumar, 2021; Jeong et al., 2024). Research indicates that 60% of
marine mammals, 50% of sea birds, and 42% of fish are affected by plastic exposure in the
environment, highlighting a widespread issue across various marine species (Ugwu et al., 2021).
Marine animals often mistake plastic debris for food, leading to ingestion and potential internal
injuries (Sigler, 2014). Sea turtles, seabirds, fish, and marine mammals are particularly
vulnerable to this threat. The ingestion of plastic can block digestive tracts, cause malnutrition,
and lead to starvation and death (Tong et al., 2023). Additionally, marine animals can become
entangled in discarded fishing gear, plastic bags, and other debris, causing physical harm, and

hindering their ability to swim and forage (Gregory, 2009).

In Figure 1 we summarize the effects of plastic pollution across trophic levels with likely
detrimental effects indicated. The trophic transfer and retention of plastics are likely to occur in
smaller species but may be limited for top predators in some food webs due to the size mismatch
between the predators and the prevalent plastic particles in the environment, a process known as
trophic dilution (Provencher et al., 2018). Consequently, if biomagnification happens, the
patterns might differ from those observed with chemical contaminants in the same ecosystem.
The physical properties of plastics could lead to trophic dilution, where lower concentrations are

found in top predators (as we report it is likely based on our results shown for Objective 2).
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Figure 1. Potential pathways for the bioaccumulation and biomagnification of microplastics

across food webs and trophic levels (Tong et al., 2023).

In this objective we tested select single PAHs or PCBs, and their mixtures with a surrogate
microplastics particles, polystyrene (PS) latex beads (0.1 um). The toxicity of these pollutants
was tested by using embryo-larval life stages of zebrafish (Danio rerio) as a model organism
exposed from 2 — 5 days post fertilization or dpf (i.e., exposed for 72 hours). And the effects of
exposure were tested on the sub-lethal endpoints of metabolic rate, pollutant biotransformation
enzyme activity (ethoxyresorufin-O-deethylase or EROD activity), and cardiac morphology and
functions in embryo-larval life stages of zebrafish. Importantly, the levels of PAHs and PCBs
tested were environmentally relevant and reflected the most prominent body-burdens detected in
the biota of Matagorda Bay. We hypothesized that the mixtures exposure of select PAHs/PCBs

with microplastics will increase or enhance the toxicity of the single PAHs or PCBs.
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2. Methods

2.1. Embryo-larval zebrafish (Danio rerio) as a model organism for toxicity assessments

Newly fertilized embryo-larval Zebrafish (Danio rerio) were used as a model organism to study
the toxicity single or mixtures PAHs, PCBs and/or microplastic particles. Embryo-larval
Zebrafish (wild type, strain: AB) were purchased from the Zebrafish International Resource
Center (ZIRC) (Eugene, OR), and all animal procedures were conducted according to an
approved IACUC protocol. Embryo-larval life stages of Zebrafish (i.e., 48 hours post
fertilization) were exposed to various environmentally relevant mixtures of PAHs, PCBs and

Polystyrene (PS) particles.

2.2. Toxicity exposures study design

The toxicological study design involved exposing two days post fertilized (dpf) zebrafish (Danio
rerio) embryos to select pollutants or their mixtures for up to 3 days (72 hours) or up to 5 dpf.
Fish were exposed under a semi-static renewal exposure design which involved replacing 50% of
the exposure aquaria for each treatment group for each day of the trial. The fish were kept in 28
+ 1 °C by keeping the beakers in temperature-controlled water baths. Up to 25 embryo/larval fish
were exposed to each test chemical. At test termination, n=10 fish/treatment were placed in a
multi-well micro-respirometer plate to measure oxygen consumption (or metabolic rate) over a
duration of several hours (<6 hours). Another subset of n=5 fish were observed under a
microscope to quantify key morphological features, such as fish size, shape, presence of
anomalous features (including cardiac morphology and function). The final sub-set of n=10 fish
were placed on a solution containing a chromogenic substrate that changes color to reflect the
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metabolic biotransformation capacity of the fish using the ethoxyresorufin-O-deethylase or

EROD activity assay.

The single compound toxicity trials included exposure to select PAHs and PCBs, which were

chosen based upon their abundance and detection frequency in the biota sampled from
Matagorda Bay. For example, the selection criteria for PAHs and PCBs for single or mixtures
toxicity studies involved selecting only those chemicals that represented >20% of the sum total
body-burdens for >20% of the fish species tested. The shortlisted PAHs (and their
concentrations) to be tested as single compounds included (summarized in Table 1):
phenanthrene (0.2 uM), pyrene (0.1 uM), Benzo(a)anthracene (0.6 uM), and indeno[1,2,3-
cd]pyrene (0.1 uM). And the shortlisted PCBs (and their concentrations) to be tested as single
compounds included: PCBs 18 (0.1 uM), 81 (0.02 uM), 105 (0.04 uM), and 0.02 (uM). We
chose polystyrene (PS) latex beads (0.1 um) as a representative microplastic at a final
concentration of 10 ug L', Polystyrene was chosen as a commonly used plastic that is
abundantly found in fish tissue (Ding et al., 2018; Assas et al., 2020; Wang et al., 2021; Leslie et
al., 2022b). The microplastic concentration was based on the findings of Umamaheswari et al.
(2021) where 10 pg L' concentration of aqueous suspension PS (0.1 pm) was found to induce
reactive oxygen species (ROS) mediated apoptotic responses in Zebrafish. The particle size (0.1
um) of PS chosen have been demonstrated to be taken up by zebrafish into the tissue
(Umamaheswari et al., 2021). The aqueous suspension of PS plastics coupled with semi static

renewal of water ensured that the plastics were dispersed through the aquaria (Figure 2).
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Table 1. A list of the chemical compounds and their respective concentrations tested as single

compounds.

(a) Solvent control (0.1% DMSO)

(b) PAHs

Phenanthrene (0.2 uM)

Pyrene (0.1 uM)

Benzo[a]anthracene (BaA, 0.6 uM)

Indeno[123-cd]pyrene (IcdP, 0.1 uM)

(c) PCBs

PCB 18 (0.1 uM)

PCB 81 (0.02 M)

PCB 105 (0.04 pM)

(d) Plastic - PS (polystyrene, 10 ug L)

We also performed a series of mixtures toxicity trials in which each single compound (i.e., PAH

or PCB) was combined with the PS microplastic (10 pg L. In addition to these tests, the PAHs
or PCBs were also combined as separate PAHs only or PCBs only mixtures, PAHs only mixture

+ PS, PCBs only mixture + PS, or PAHs + PCBs + PS mixture (summarized in Table 2).
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Table 2. A summary of the chemical compounds used to compose mixtures toxicity studies (PS

= Polystyrene, 10 pg L),

(a) PAH mixtures

Phenanthrene (0.2 uM) + PS

Pyrene (0.1 uM) + PS

Benzo[a]anthracene (BaA, 0.6 uM) + PS

Indeno[123-cd]pyrene (IcdP, 0.1 uM) + PS

(b) PCB mixtures

PCB 18 (0.1 pM) + PS

PCB 81 (0.02 uM) + PS

PCB 105 (0.04 pM) + PS

(c) Complete mixtures

All PAHs

All PCBs

All PAHs + PCBs

All PAHs + PS

All PCBs + PS

All PAHs + PCBs + PS
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The single or mixtures exposure levels tabulated in Tables 1 and 2 are graphically summarized

in Figure 2 below.

Figure 2. A schematic summary of the major treatment groups tested to determine the single or
mixtures toxicity of select PAHs, PCBs and/or the microplastic beads of polystyrene (PS). The
panel to the right indicates the various analyses conducted to determine the toxicity effects of

exposure and confirm pollutant levels in the exposure aquaria.
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2.3. Analytical analysis of PAHs and PCBs in the exposure aquaria

Water samples were collected each day from each of the treatment groups before and after the
semi-static renewal. Briefly, 1 ml of water samples were collected before and after the semi-
static renewal and dried with a LABCONCO freeze dryer. The samples were then spiked with
PAH and PCB internal standards (2.5 pg mL™! final concentration BaP-di2 and PCB 65-ds) and
reconstituted in dichloromethane (DCM) to a 40x concentration factor. Blanks were also run and
subtracted for any background contamination. GCMS analysis of the water samples was
conducted to measure PAHs and PCBs levels, whereas Py-GCMS/MS was used to measure
microplastic (PS) levels using the previously established protocol described in Objective 2. The
actual concentrations of the pollutants were quantified and compared with the theoretical

nominal exposure concentrations set for each treatment.

2.4. Zebrafish body morphometry and cardiac physiology assessment using Danioscope

A subset from each of the treatments (n = 5) was used to measure morphometrics parameters of
the fish (Figure 2). An electric stereo microscope camera (ZEISS steREO Discovery V8,
Germany) was used in conjunction with pylon viewer (version 7.4.0.14900) by Basler
(Ahrensberg, Germany) to capture images and videos of each of the embryos after toxicity test
termination. At the end of the experiment, all fish were humanely euthanized using cold stunning
in an ice bath (4 °C) followed by cervical severing as per the approved IACUC protocol. The
DanioScope software (version 1.2.206) developed by Noldus (Netherlands) was used to analyze

the captured images to measure length, heart rate (beats/min), and flow activity (% blood flow),
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along with any visible deformities such as dorsal/ventral spinal bend, underdeveloped jaw,
few/no chromatophores, or dorsal fin aberrations. Heart Rate was measured by drawing a circle
around the heart using the DanioScope software, which then measures the change in pixels to
measure the beat of the heart. Similarly, the arterial Flow Rate was measured using the
DanioScope software which measures the percent change in pixels (of the circled area) of the

artery exiting the heart, which is proportional to the rate of blood flow.

To calculate the Stroke Volume (volume of blood pumped from the ventricle per beat), first the

Heart Volume was calculated using the video captured images of systole (i.e., contraction of
heart muscles) and diastole (i.e., relaxation of heart muscles) which was subsequently used to
measure their volume (at systole and diastole) using the following formula (where: HV = heart

volume, L= longitudinal length, W= latitudinal width) (Hoage et al., 2012; Naderi et al., 2024):

T
Heart Volume (HV) = 7 X LxW?

Finally, the cardiac volume at systole (i.e., ventricle contraction) and diastole (i.e., ventricle

relaxation) was used to measure the Stroke Volume (in pL) using the following formula (SV=

stroke volume, EDV= end diastolic volume, ESV= end systolic volume) (Hu et al., 2001; Bruss

and Raja, 2019):

Stroke Volume (SV) = EDV — ESV
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2.5. Pollutant biotransformation and metabolic rate assessment

2.5.1. Ethoxyresorufin-O-deethylase (EROD) assay: A subset of the fish from each of the
treatment groups (n = 10) were used to measure pollutant metabolism (or biotransformation)
activity using the EROD assay (Figure 2). The EROD assay allows for the assessment of the
Phase I xenobiotic metabolizing enzyme, CYP1A1, which is involved in the breakdown of
pollutants such as PAHs and PCBs (Nilsen et al., 1998). The experiment was conducted
following the EROD assay protocol outlined in Noury et al. (2006). Briefly, n = 10 individual
embryo-larval zebrafish from each treatment group were placed into each well of a 24 well plate.
Each well contained 200 pL of 1.5 uM of 7-ethoxyresorufin or ER (i.e., the substrate for the
EROD assay). The biotransformation of ER to the product resorufin, via the catalytic activity of
CYPI1A1, was measured after 4 hours using a fluorescence plate reader to quantify the resorufin
produced. The resorufin was detected at 587 nm with a 545 nm excitation wavelength (Noury et
al., 2006). All quantification of the resorufin produced was against a 12-point calibration curve
from 2 uM to 0.001 uM. Each 24 well plate was maintained at 28 + 1 °C throughout the
experiment. At test termination, all fish were humanely euthanized using cold stunning in an ice

bath (4 °C) followed by cervical severing as per the approved IACUC protocol.

2.5.2. Metabolic rate assessment using micro-respirometry

The oxygen consumption rate of 5 dpf embryo-larval Zebrafish (at test termination) was
measured using a 24 well micro-respirometry system designed by Loligo® Systems for use with

embryo-larval Zebrafish. The microrespirometer uses optical fluorescence to measure the
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dissolved oxygen in the water in gas tight 1.7 mL wells. Individual fish were placed into each of
the wells to measure changes in their oxygen consumption rate. Each of the wells contained an
oxygen sensor that was calibrated with 10% sodium sulfite in deionized water (0% oxygen
saturation) and in fully aerated water (100% oxygen saturation) before use. From each of the
treatments, n=10 embryo-larval zebrafish were placed in individual wells. Four wells were left
without zebrafish (only water) to measure the baseline oxygen level (blank to be subtracted). The
fish were allowed to acclimate for 30 mins before measuring the change in oxygen levels per
well in the presence of the fish. Once started, the fish were monitored in the microrespirometer
for 3 hours (or before the well conditions get hypoxic) to determine the metabolic rate of the fish
exposed to different treatments. At termination, the fish were humanely euthanized using cold
stunning in an ice bath (4 °C) as per an approved IACUC protocol. Finally, the euthanized
zebrafish were frozen and later dried (in pre-weighed weigh boats) for 24 hours at 0.20 mBar
vacuum and -80 °C using a LABCONCO freeze dryer. The embryo larval zebrafish were then
weighed (with the weigh boat) using a Sartorius Cubis microbalance (model: CPA2P) to measure

their dry weight to calculate mass-specific metabolic rate (M 0,).

The measurement of oxygen consumption rate allows for the determination of whole organism
bioenergetics or metabolic rate (Fry, 1971; Lapointe et al., 2014). This measurement can inform
the ability of an organism to invest energy into survival, growth and movement, and therefore
allows the assessment of physical fitness (Brett, 1964; Priede, 1985; Reidy et al., 2000; Pettersen
et al., 2016; Somero et al., 2017; Pettersen et al., 2018). The mass-specific metabolic rate (M0,)

was calculated using the equation adapted from Petersen and Gamperl (2010):
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MO, = [((C; — Cr) X V) x 60] X (m x t)~*

Where C; is the initial oxygen concentration measurement (mg O, L); C  1s the final oxygen
concentration (mg Oz L); V. is the respirometer volume (liters); m is the mass of fish in Kg, and
t is the time (minutes) of measurement. The resulting M 0, measurements reported in mg O, Kg~
! fish min™ were converted to pg O> Kg! fish hr'! for allow convenient comparison with other

studies that involve embryo-larval Zebrafish (Barrionuevo and Burggren, 1999; Bagatto et al.,

2001; Barrionuevo et al., 2010).

2.6. Statistical analysis

Statistical analysis was conducted using R (v4.1.3) and associated packages, tidyr and ggplot2
(for visualization) with significance at o = 0.05. The normality of data was tested using Shapiro-
Wilk’s test followed by Levene’s test for homogeneity of variance. For pairwise comparisons,
either a parametric t-test or non-parametric Mann-Whitney U test was conducted. For multiple
variable correlational analysis, the non-parametric Spearman rank correlation was conducted.
The statistical analysis of data comprising a main effects variable, and a covariate involved use
of a two-way ANOVA test, followed by Tukey’s post hoc analysis. PCA analysis was performed

using the prcomp function and visualized using the ggplot function.
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3. Results

3.1. Exposure aquaria water concentrations

The actual concentrations of PAHs and PCBs measured in the exposure aquaria of the various
treatment groups is shown in Table 3. The overall actual values reported for each chemical
across the various treatment groups varies from 0.4 uM (for PCB 18) to 20.3% (for BaA) (Table
3). The overall variable and low recoveries may reflect loss of chemicals due to uptake or
bioaccumulation into the exposed animals (i.e., embryo-larval zebrafish) or loss to the surfaces
of the test vessels (beakers). As the exposure study design constituted a semi-static renewal
every 24 hours, it is likely that these mechanisms were consequential towards influencing the
overall low recovery. Despite the low actual concentrations, the ng mL! equivalent
concentrations for each compound were: 0.89 ng mL"! for PHE, 0.81 ng mL"! for PYR, 27.85 ng
mL! for BaA, 3.04 ng mL"! for IcdP, 0.10 ng mL"! for PCB 18, 0.15 ng mL! for PCB 81, and
0.88 ng mL! for PCB 105. These exposure levels are still within the environmentally realistic
range. The maximum muscle body-burdens (as measured in Objective 2) for the compounds
tested in the exposure studies, were 4x - 839x higher than the actual concentrations measured in
the exposure aquaria. And the maximum liver body-burdens were 4x - 12,000x higher than the
levels measured in the exposure aquaria. Furthermore, the min-max PAH levels tested in our
exposure studies, i.e., 0.81 - 27.85 ng mL™! (Table 3), were within range of dissolved total PAH
levels measured in the surface waters of various global coastal and estuarine ecosystems, i.e.,
0.01 - 17.05 ng mL"! (Bacosa et al., 2020). Therefore, the PAHs and PCBs were tested at levels

within their respective environmentally relevant concentration ranges.
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Table 3. The actual concentrations of the select PAHs and PCBs (as mean + standard error) measured in the exposure aquaria during

the in vivo toxicological studies with single or mixtures pollutants. (PHE = phenanthrene, PYR = pyrene, BaA = Benzo[a]anthracene,

IcdP = indeno[ 1,2,3-cd]pyrene, PS = polystyrene beads).

PHE PYR BaA IcdP PCB 18 PCB 81 PCB 105
Treatment Groups
(0.2 nM) (0.1 pM) (0.6 M) (0.1 pM) (0.1 pM) (0.02 pM) | (0.04 nM)
Single compound 0.020 0.002 0.133 0.019 0.0004 0.001 0.004
(n = 6-8) +0.010 +0.001 +0.012 +0.002 +0.0003 +0.0002 +0.001
Single compound + PS 0.000 0.001 0.246 0.020 0.0004 0.001 0.004
(n =6-8) +0.000 +0.001 +0.033 +0.002 +0.0002 +0.0001 +0.001
All PAHs/PCBs 0.005 0.008 0.001 0.009 0.0003 0.001 0.002
(n=7-8) +0.004 +0.005 +0.0002 +0.003 +0.0002 +0.0002 +0.001
All PAHs/PCBs+PS 0.0004 0.002 0.0005 0.009 0.0003 0.0005 0.002
(n=18) +0.0003 +0.001 +0.0002 +0.004 +0.0001 +0.0001 +0.001
All PAHs+PCBs 0.0003 0.004 0.110 0.006 0.0003 0.0004 0.002
(n=238) +0.0001 +0.001 +0.027 +0.001 +0.0001 +0.0003 +0.001
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All PAHs+PCBs+PS 0.001 0.005 0.274 0.009 0.0004 0.0005 0.002
(n=8) +0.001 +0.002 +0.062 +0.002 +0.0002 +0.0001 +0.001
Average % of Nominal | 2.3+ 1.1 37+1.0 | 203+33 | 11.3+1.3 0.4 +0.1 27+04 | 69+08
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3.2. Effects of exposure on morphometric parameters

3.2.1. Effects of exposure on the total length of embryo-larval zebrafish: The exposure of embryo-
larval zebrafish to the select pollutants only exhibited a statistically significant decrease in total
length for the mixture exposure to BaA + PS (p = 0.01) (Figure 3(a)). The total length of fish in
the solvent control group (0.1% DMSO) was a marginal 5% longer than the BaA + PS exposure
group. The lengths of the fish in the solvent control group (3.9 + 0.03 mm) are within range for ~

5 dpf embryo-larval life stages zebrafish (<5 mm) (Singleman and Holtzman, 2014).
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Figure 3. Effects of single compound and/or mixtures exposures to a) PAHs (+ PS), b) PCBs (+

PS), and ¢) combined PAHs, PCBs and PS on the total lengths of zebrafish. (** p <0.01).
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3.2.2. Effects of exposure on the dry weight of embryo-larval zebrafish: Exposure to select single
PAHs and a PAH + PS mixture showed a significant increase in dry weights. For example,
exposure to BaA caused a statistically significant 58% increase in body weight relative to the
solvent control group (0.1% DMSO). Whereas exposure to IcdP or IcdP + PS significantly
increased body weight by 59% and 53% respectively (Figure 4(a)). The exposure of fish to PCBs
showed exposure to PCB 105 only to significantly increase body weight by 31%. While in
contrast, exposure to the mixture of PCB 81 + PS significantly decreased body weight by 43%
(Figure 4(b)). Finally, exposure to the PAHs only mixture caused a 63% significantly lower body

weight relative to the solvent control group (0.1% DMSO) (Figure 4(c)).

Page 92 of 158



Contract# 0013 Texas A&M University at Galveston
Matagorda Bay Mitigation Trust 1001 Texas Clipper Road
Galveston, TX 77554

Figure 4. Effects of single compound and/or mixtures exposures to a) PAHs (+ PS), b) PCBs (+
PS), and ¢) combined PAHs, PCBs and PS on the dry weights of zebrafish. (* p <0.05, ** p <

0.01, *** p<0.001).
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3.2.3. Effects of exposure on the mass specific EROD activity of embryo-larval zebrafish: The
EROD activity data precluded statistical analysis as it comprised pseudo-replication and a single
mean value was calculated for each treatment group. Therefore, the EROD datasets are
qualitatively analyzed using multivariate PCA analysis as shown in sub-section 3.2.8. However,
general trends in the datasets can be observed and commented upon. For example, for the PAHs
we see PHE and PHE + PS to exhibit EROD activities 59% and 57% greater than that measured
for the solvent control group (0.1% DMSO) (Figure 5(a)). Whereas an average of the remainder
PAH treatment groups constituted 99% of the solvent control activity (0.1% DMSO). The
mixtures exposure to PCB 81 + PS exhibited a 51% increase in EROD activity relative to the
solvent control. Whereas the remaining groups averaged 91% of the activity in the solvent control
group (Figure 5(b)). Finally, for the All PAHs and PCBs mixtures groups we see elevated EROD
activities for all groups relative to the solvent control. The All PCBs group exhibited an EROD
activity level that was 80% higher than the solvent control group (0.1% DMSO), whereas the All
PAHs treatment group was 48% higher than the solvent group, the All PAHs + PS group was

52% higher, and the All PCBs + PS group was 44% higher than the solvent control group (Figure

5(c)).
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Figure 5. Effects of single compound and/or mixtures exposures to a) PAHs (+ PS), b) PCBs (+

PS), and ¢) combined PAHs, PCBs and PS on the in vivo EROD activities of zebrafish.

3.2.4. Effects of exposure on the mass specific metabolic rate (M 0,) of embryo-larval zebrafish:
We find the M O, values for the zebrafish exposed to single or mixtures compounds to
approximately reflect the trends previously seen for the mass specific EROD activity assessments
(shown in section 3.2.3.). For exposure to PAHs, we see the PHE and PHE + PS exposed groups
increase metabolic rate relative to the solvent control group by 46% (statistically significant) and
70% respectively (Figure 6(a)). The absence of statistical significance for the PHE + PS
treatment group, despite a 70% elevated activity relative to the solvent control group, is a likely

reflection of the greater variability in its M O, response (98% coefficient of variation) vs. that of
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the PHE only group (50% coefficient of variation). Like the EROD assessment for exposure to
PCBs, we see the PCB 81 + PS group to increase MO, by 57% relative to the solvent control
group. However, this elevation was not statistically significant given a ~78% coefficient of
variation (Figure 6(b)). Finally, and like the EROD assessment for the All PCBs exposure group,
we see a statistically significant increase in M 0, activity at a level 84% higher than the solvent

control group (0.1% DMSO) (Figure 6(c)).
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Figure 6. Effects of single compound and/or mixtures exposures to a) PAHs (+ PS), b) PCBs (+
PS), and ¢) combined PAHs, PCBs and PS on the mass specific metabolic rate (or M0,) of

zebrafish. (** p <0.01, *** p <0.001).
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3.2.5. Effects of exposure on the heart rate of embryo-larval zebrafish: The analysis of heart rate
across all treatment groups showed no statistically significant effects of exposure (Figure 7). The
mixture exposure group of BaA + PS was the only treatment to exhibit a heart rate that was the
highest (23%) relative to the solvent control group (Figure 7(a)). However, this elevated heart

rate was not statistically significant.
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Figure 7. Effects of single compound and/or mixtures exposures to a) PAHs (+ PS), b) PCBs (+

PS), and ¢) combined PAHs, PCBs and PS on the heart rate of zebrafish.

3.2.6. Effects of exposure on the cardiac stroke volume of embryo-larval zebrafish: The analysis
of cardiac stroke volume showed no statistically significant effects of exposure (Figure 8).
However, despite its lack of significance, the mixtures exposure to All PCBs resulted in a 63%

increase in the stroke volume (Figure 8(c)).
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Figure 8. Effects of single compound and/or mixtures exposures to a) PAHs (+ PS), b) PCBs (+

PS), and ¢) combined PAHs, PCBs and PS on the stroke volume of zebrafish.

3.2.7. Effects of exposure on the cardiac (arterial) flow activity of embryo-larval zebrafish: The
analysis cardiac flow activity shows its lowering only for exposure to single PCBs or PCBs + PS
mixtures (Figure 9(b)). Specifically, we see PCB 18 and PCB 18 + PS (significant reduction for
PCB 18 + PS only); and PCB 105 and PCB 105 + PS, to all be decreased by <50% relative to the
solvent control group (0.1% DMSO). Whereas, the arterial flow activity for PCB 81 and PCB 81
+ PS exposure decreasd by 99% realtive to the solvent control group (Figure 9(b)). These results
implicate a strong inhibitory effect of PCBs on cardiac activity. And while not statistically
significant, exposure of zebrafish to All PCBs showed a 90% decrease in cardiac flow activity

(Figure 9(c)).
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Figure 9. Effects of single compound and/or mixtures exposures to a) PAHs (+ PS), b) PCBs (+
PS), and ¢) combined PAHs, PCBs and PS on the arterial cardiac blood flow of zebrafish. (* p <

0.05, ** p < 0.01, *** p < 0.001).

3.2.8. Multivariate principal component analysis (PCA) of exposure effects on all biological
response variables: The overall effects of exposure on the various biomarkers was assessed using
a PCA plot. This analysis shows some charactertistic correspondences in the datasets (Figure 10).
For example, we see single PAHs and PAHs + PS mixtures effects to be orthogonal to those
caused by single PCBs and PCBs + PS. While exposure to single PCBs and PCBs + PS exposure
appear to be most correlative with effects on body weight and length, we see single PAHs and
PAHs + PS to correlate mainly with effects on cardiac performance such as flow activity, heart

rate, and stroke volume. Finally, we see mixtures exposures to All PAHs and All PCBs to be
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strongly correlative with mass specific metabolic rate (M 0,) and EROD activity (Figure 10).
Furthermore, M0, and EROD activity are strongly correlated with one another (Figure 11),
indicating a close correspondence between the induction of the monooxygenase metabolic activity
of CYP1AI (as measured by the EROD activity assay) and overall increase in organismal

metabolic (or O2) consumption rate (Figure 10).

Figure 10. PCA plot showing the overall correspondences between the single and/or mixtures
PAHs, PCBs, and PS treatment levels, and the various effects biomarkers measured in the

exposed zebrafish.
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Figure 11. Correlational analysis of the relationship between mass specific metabolic rate (M 0,)

and EROD actvity in embryo larval zebrafish exposed to PAHs, PCBs, and/or PS.

4. Discussion

In this objective, we stuided the effects of exposure of embryo-larval life stages of zebrafish to
single or mixtures PAHs, PCBs, and PS microplastics. The exposure studies tested selected
compounds based upon their overall abundance and prominence in the body-burdens of fish
collected from Matagorda Bay (as described in Objective 2). In agreement with other published
studies, we see that exposure to both PAHs and PCBs (single compounds or as mixtures) causes
adverse effects on cardiac functions (Incardona et al., 2004; Incardona et al., 2006; Singleman and

Holtzman, 2021; Green et al., 2025). These effects are mainly due to induction or interaction with
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CYPI1AT1’s catalytic response, which results in an uncoupling of the electron transfer needed to
complete its monoxygenation catalytic cycle. Therefore, resulting in oxidative stress and the
associated cellular dysregulations, such as structural damage to cellular organelles and/or DNA

strand breaks (Wassenberg and Di Giulio, 2004; Green et al., 2008).

Almost all invertebrate and vertebrate taxa (including fish and humans) metabolize or detoxify
planar aromatic compounds (such as PAHs and PCBs) using a superfamily of enzymes that
include the cytochrome P450 (CYP450) mixed function mono-oxygenases (Safe et al., 1985;
Moorthy et al., 2015). The specificity of CYP450 induction, in particular the CYP1A1 isoform, is
controlled by a cell receptor signaling pathway called the aryl hydrocarbon receptor (AhR)
signaling system (Lo and Matthews, 2012). Much like CYP450 enzymes, the AhR signaling
system is also highly conserved (or shared) amongst invertebrate and vertebrate taxa (Beischlag et
al., 2008). AhR is activated by planar aromatic compounds, such as PAHs and PCBs, and the
biological consequences of exposures to these compounds is in large part AhR-mediated (Safe et
al., 1985; Denison et al., 2002). Once activated, AhR regulates various detoxification enzyme
genes, some of which include CYP450s (Rowlands et al., 1996; Beischlag et al., 2008).
Therefore, aberrant AhR signaling and CYP1A1 catalytic induction, under PAHs and PCBs
exposures, are amongst the common causal factors responsible for adverse effects on organismal
development and cardiac functions (Incardona et al., 2014; Cherr et al., 2017; Takeshita et al.,

2021).

Within this context, the close correlation between M 0, and EROD activity indicates a functional

relationship (Figure 11). As discussed, CYP450 reactions catalyze a mono-oxygenation reaction
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in which one atom of molecular oxygen (O) is incorporated into the substrate, and the other
reduced to H>O, with help from reducing equivalents derived from NADPH as cofactor (Miller,
2005; Guengerich, 2018). The use of O in such oxidoreductase reactions yields large catabolic
power to CYP450 mediated reactions (Jabtonska and Tawfik, 2022), and also underscores the
requirement of this catalytic ability on the availability of O. Therefore, as we see in the PCA plot
in Figure 10, exposure to mixtures of PAHs and PCBs (All PAHs or All PCBs) cause EROD
activity to strongly correlate with MO, (or the oxygen consumption rate). This interesting result
indicates that the measurement of in vivo EROD activity may be a good proxy for measuring
metabolic (or oxygen consumption) rate. However, this may only be the case where the structural
similarity of pollutants, i.e., comprising planar or co-planar polycyclic aromatic rings such as for
PAHs and PCBs, mediates additive or synergistic toxicity effects through shared pathways, such

as AhR signaling and CYP450 inductions (Birnbaum and DeVito, 1995; Berg et al., 2006).

Finally, our experimental design allowed us to test whether exposure to microplastics particles,
PS (0.1 pum particle size) or PS mixtures with single or mixed PAHs or PCBs attenuated or
exacerbated toxicity effects. A key finding of our exposure studies was that exposure to PS only
(at 10 pg L' final concentration) caused no statistically significant effect on any of the
biomarkers measured. However, PS appeared to cause additive or synergistic effects on MO,
when co-exposed with PAHs. Although not statistically significant, MO, increased when co-
exposed with PHE (i.e., PHE + PS), or PCB-81 (PCB-81 + PS) (Figure 6(a) and (b)). In contrast,
only the All PCBs treatment group was able to statistically significantly increase M O, relative to

the solvent control group (Figure 6(c)). Overall, the greatest effect on cardiac function was seen
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for effects on cardiac (arterial) flow activity on exposures to the single PCBs: 81 or 105, and the

PCB + PS mixtures for: PCB 18 + PS, PCB 81 + PS, and PCB 105 + PS (Figure 9(b)).

Exposure to microplastics can cause cardiotoxic effects (Persiani et al., 2023). A study by Sun et
al., (2021) has shown exposure of embryo-larval zebrafish (up to 4 days post hatch) to 200 pg L™!
of 0.1 um polyethylene (PE) nanoplastics beads to cause increased pericardial edema and
lowered blood flow (and with no effects on heart rate). The authors suggest the likely damage of
vascular endothelia (i.e., cells that form the inner layer of blood vessels) may causes blood vessels
to vasodilate, hence causing decreased blood flow while not affecting the heart rate (Sun et al.,
2021). Similarly, in our study we see a decrease in cardiac flow activity for the PCB 18 + PS,
PCB 81 + PS, and PCB 105 + PS treatment groups (Figure 9(b)). However, we tested
microplastics at levels 20x lower those used by Sun et al., (2021). At an equivalent concentration
in the Sun et al., (2021) study, the PE microplastics caused no effects on blood flow in the
embryo-larval zebrafish. Therefore, it is likely that the lower blood flow rate also seen in our
study indicates effects mainly caused by exposure to the PCBs, and not the co-exposure with PS
(as exposure to PS only did not cause a statistically significant effect on cardiac flow rate). PCB
body-burdens in humans are typically correlated with hypertension or high blood pressure
(Goncharov et al., 2011; Perkins et al., 2016). It is therefore unclear whether the lowered blood
flow observed in our study (Figure 9(b)) indicates initial vascular damage, which may later
manifest as hypertension. Therefore, the inclusion of cardiac morphology and functions as
biomarkers may allude to common mechanisms of adverse effects between wildlife and humans

exposed to persistent (PAHs, PCBs) and/or emerging (microplastics) pollutants.
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5. Conclusions

In this study we showed that exposures to mixtures of PAHs or PCBs strongly induced a CYP450
biotransformation response (i.e., EROD activity), which also corresponded with an elevated
metabolic rate (i.e., MO,). The elevated metabolic rate likely reflects the increased metabolic
demand for molecular oxygen (O), which in turn satisfies the increased catalytic mono-
oxygenation reactions that are catalyzed by CYP450s. Exposure of fish to only polystyrene (PS)
microplastics particles in suspension caused no statistically significant effect on any of the
biomarkers measured. However, co-exposure of the fish to PHE + PS or PCB 81 + PS induced
MO, activity by 70% and 57% respectively relative to their respective solvent control group
(0.1% DMSO). Although these increases were not statistically significant. Finally, we observed a
statistically significant decrease in cardiac blood flow activity in fish exposed to PCB 18, 81, and
105; and co-exposed to PCB 18 + PS, PCB 81 + PS, and PCB 105 + PS. We postulate this effect
to be more potently caused by exposure to the PCBs, as exposure to PS microplastics only
showed no effects on blood flow. Our studies show the utility of using in vivo EROD activity as a
likely proxy for MO, measurements for exposure assessments to PAHs and PCBs. And the
importance of including cardiac function biomarkers in the toxicity assessments of persistent

(PAHs, PCBs) and/or emerging (microplastics) pollutants.
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Objective 4: Promote Educational Outreach on the

Science of Ecosystem Health Monitoring
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1. Summary of Educational Outreach Activities

Public educational outreach was engaged with on July 27", 2022. Twenty-four high school senior
students attending the summer TAMUG Sea Camp program participated in a hands-on
Toxicology laboratory experiment led by Dr. David Hala and Mr. Asif Mortuza (graduate student
recruited on the MBMT project) (Figure 1). The lab involved generating a dose-response curve of
daphnia (Daphnia magna) immobility versus increasing saline concentrations. The purpose of this
lab was to demonstrate how to experimentally determine safe versus adverse levels of a chemical,

given its exposure effects on an observable biological endpoint (such as mobility in daphnia).

Three additional outreach activities were also performed on the nature of plastics pollution in
coastal and marine environments as part of the TAMUG Sea Camp program. These activities
were led by Dr. Karl Kaiser, and his graduate students: Marcus Wharton, Emily Summers, and

Katie Miller. The Dates of the activities were:

Ocean Conservation Camp: June 14", 2022
Ocean Careers Awareness: June 27", 2022

Marine Science Research: July 27%, 2022

All activities were structured to give students an overview of current issues related to plastics and
microplastics pollution in coastal and marine environments and demonstrate collection and
analysis of microplastics in various samples collected along Galveston beaches. Students learned

to use analytical techniques to identify plastics such as infrared spectroscopy. At the end of the
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class, students visited Dr. Kaiser’s research lab, and were given a short introduction on the state-

of-the-art analysis of microplastics in biological tissues using Py-GCMS/MS.

Figure 1. Images showing the Toxicology lab performed as part of educational outreach on July
27% 2022. Senior high school students (from various regional schools) participated in a hands-on
lab to study how dose-response assessments are used to assess the safety of chemicals. The lab

utilized live daphnia (a) and involved twenty-four students in a hands-on lab (b).

2. TAMUG Sea Camp Toxicology Lab Protocol
Acute Toxicity Test using Daphnia sp.

1. Objectives

After completing this experiment, you should be able to:
e Explain the principle of dose-response toxicity testing.
e Record observations associated with an in vivo toxicity test.
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2. Introduction

Pharmaceutical and agrochemicals for personal and commercial use have to undergo extensive
regulatory testing using ‘sentinel’ wildlife species for both environmental risk assessment and
hazard classification. The toxicity data generated from such tests (i.e., effects on organism health,
survival etc.) are used by regulatory agencies to decide on hazard classification and risk assessment
(such as the calculation of Predicted No Effect Concentration — PNEC) of the substance.

In this practical we will use a modified OECD 202 test guideline to perform an acute toxicity test
using Daphnia magna (Fig. 1). The original 24 hours duration of the OECD 202 guideline has
been shortened to ~0.5 hours. This class practical aims to demonstrate a key aspect of toxicity
testing, i.e., the generation of concentration-response data to help determine a harmful and/or safe
level of a chemical.

Fig. 1. Photo of Daphnia magna (from:
https://it.wikipedia.org/wiki/Daphnia_magna).

3. Summary of Lab Experiment

Toxicity tests using Daphnia magna aim to estimate a test chemical concentration required to
immobilize 50% of the Daphnia after exposure. Herein, immobilization defines those organisms
not able to swim within a few seconds (~15 seconds) after gentle agitation to the test container.
Toxicity testing requires the use of a geometric concentration series. The highest concentration
tested is expected to result in 100% immobilization and should not exceed 1 gram/Liter
concentration. In contrast, the lowest concentration tested should (preferably) give no observable
adverse effect.

4. Materials

Graduated medicine cups.

Measuring cylinder.

One Daphnia culture per team (~30-40 organisms per culture).
Plastic transfer pipettes.

2% Sodium Chloride (NaCl) solution.

Culture water (0% salt).
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5. Experimental Procedure

(a) Salt Solution Preparation

e A 2% concentrated salt solution will be prepared for you.
e Prepare a dilution series of salt solutions using a measuring cylinder and graduated medicine

cups.

e A simple and quick way to prepare the dilution series is as follows:

(0]

Pour ~30 mL of 2% salt solution into the first medicine cup. From this solution, use
a plastic transfer pipette to aliquot ~15 mL into a new graduated medicine cup
already containing 15 mL of culture water (i.e., fill up to the 30 mL mark) to make
the 1% salt solution.

Once again, transfer ~15 mL of the 1% salt solution into a new medicine cup already
containing 15 mL of culture water to make the 0.5 % salt solution.

Repeat until the 0.25% salt solution (you can discard 15 mL of volume from this last
salt solution to ensure that all medicine cups have the same volume.

The 0% salt solution will simply be 15 mL of culture water only.

The proposed dilution series are summarized in Table 1.

Table 1. Summary of the dilutions needed to prepare the various salt solutions.

Salt Solution Concentration | Amount of Salt Stock Solution | Amount of Culture Water
2% 30 mL --

1.0% 15 mL of 2% Salt Solution 15 mL

0.5% 15 mL of 1% Salt Solution 15 mL

0.25% 15 mL of 0.5% Salt Solution 15 mL

0% 0 mL 15 mL

(b) Effects of Salinity Exposure on Daphnia mobility

e Using one Daphnia culture per group, transfer between 6 organisms (using small plastic
graduated transfer pipettes) to each cup and observe the daphnids. Note the time the
daphnids were introduced: .

e After5, 10 and 20 minutes, count the number of Daphnia that are immobile and observe the
behavior of the living Daphnia.

e Record your observations in Table 2.
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Table 2. Record of toxicity effect data, such as numbers of immobile Daphnia and accompanying
observations. An example calculation to calculate % immobility is shown if n=6 daphnia are used

per cup.
Salt Number of Immobile Example Calculation for Total
Concentration Daphnia Numbers Immobile (or % Immobile)
o Smin | 10 min | 20 min
2% 6 ((6/6)*100 = 100% immobile)
1.0% 5 ((5/6)*100 = 83% immobile)
0.5% 2 ((2/6)*100 = 33% immobile)
0.25% 0 (0% immobile)
0% 1 ((1/6)*100 = 17% immobile)

6. Data Analysis and Interpretation

e (Graph the % salt concentration (independent variable) versus total % immobility data
(dependent variable) on the chart grid provided in Fig 2.

e Using your graph, approximately estimate the ECspand NOEC concentrations (if relevant).
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Fig. 2. Graph the effect of increasing salinity exposure on Daphnia immobility.

Estimated ECso:

Estimated NOEC:
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Image: A pier onlooking Matagorda Bay (photo taken by the P.I. Hala)
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