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Abstract

Ocean plastic pollution releases chemical compounds as materials degrade. Polyvinyl
Chloride (PVC) in particular contains high levels of endocrine-disrupting additives
that are ubiquitously released into coastal environments as leachate. Despite this, the
impacts of PVC leachate on marine life remain poorly understood. We investigated
the ecotoxicological responses of three levels of PVC leachate (0.01 mg/L, 0.1 mg/L, 1
mg/L) during the first 14 hours post fertilization (hpf) of embryonic development in
the coral Montipora capitata. PVC leachate did not affect embryo survival or the rate
of morphological abnormality; however, we did detect subtle changes in developmental
timing. Furthermore, RNAseq analysis identified 130 differentially expressed genes
(DEGs) responsive to PVC leachate treatments. Gene expression responses to leachate
exposure were strongest at low (0.01 mg/L) and moderate (0.1 mg/L) levels, and
during the earliest developmental stage (cleavage, 4 hpf), indicating a non-monotonic
response pattern and suggesting sublethal effects of low-dose PVC leachate exposure
in developing Montipora capitata embryos. Additionally, analysis of 16S rRNA gene
sequences (V4 region) revealed 9 bacterial taxa and 17 predicted microbial functional
pathways responsive to PVC leachate, with differences in abundance and/or preva-
lence compared to controls. Our findings indicate that current environmental levels of
PVC pollution may already subtly influence gene expression and early microbiome
assembly in coral embryos as early as 4 hours post-fertilization, providing new insights
into the sublethal, mechanistic impacts of plastic-derived chemicals.

Plain Language Summary

Plastic pollution in the ocean releases chemicals as materials break down. One
common plastic, polyvinyl chloride (PVC), contains additives that can interfere
with hormones and are released into seawater. However, we still know little about
how these chemicals affect marine life. We studied how PVC leachate affected early
embryos of the coral Montipora capitata during the first 14 hours after fertilization.
Embryos were exposed to three levels of PVC leachate (0.01, 0.1, and 1 mg/L). PVC
leachate did not reduce embryo survival or increase obvious deformities, but it did
cause small shifts in developmental timing. We also examined changes inside the
embryos using RNA sequencing and found 130 genes whose activity changed after
exposure. The strongest responses occurred at the low and moderate levels, especially
during the earliest stage of development (4 hours after fertilization). This suggests
that even low levels of PVC chemicals can affect coral embryos in subtle ways. We
also found changes in the bacterial communities associated with embryos, with 9
bacterial types differing across treatments. Overall, our results suggest that environ-
mental levels of PVC pollution may already be affecting coral embryos by altering
gene activity and early microbiome development only hours after fertilization. These
hidden effects could have important consequences for coral health and reef resilience.

1 Introduction

Petroleum-derived plastic pollution is a rapidly escalating environmental con-
cern(Stubbins et al., 2021). Global plastic production has doubled over the last
decade, reaching an estimated 400 million tons in 2026. Of this, approximately 8-13
million tons of mismanaged plastic waste end up in the oceans annually, adding to an
estimated 200 million tons already present in marine environments (Jambeck et al.,
2015). Plastic pollution is increasingly concentrated in marine biodiversity hotspots,
where major inputs from coastal regions in the Indo-Pacific overlap with coral reef
ecosystems of exceptional ecological value, including the Coral Triangle ( Figure 1).
Ocean currents also transport and accumulate this debris in large offshore systems
such as the Great Pacific Garbage Patch, highlighting how regional and coastal plastic
pollution can be both a local and a global issue.
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Figure 1: Share of global plastic waste emitted to the ocean, 2019 Annual estimate of
plastic emissions. A country’s total does not include waste that is exported overseas, which

may be at higher risk of entering the ocean. Data sourced from (Meijer et al., 2021) -

processed by Our World in Data (Ritchie, 2026). Locations of the Coral Triangle and the

Hawaiian Islands indicated by outline.

Once in the ocean, plastics are exposed to UV radiation and mechanical weathering
causing them to become brittle and fragment into microplastics (plastics < 5 mm)
and nanoplastics (plastics <1 mm) (MacLeod et al., 2021). As plastics break down
physically, they also undergo chemical degradation, releasing chemical additives
and breakdown products directly into coastal waters as leachate (Hahladakis et al.,
2018). These leachates originate from multiple sources, including landfills, sewage, and
nonpoint-source runoff, and ultimately concentrate in urban coastal zones. Whether
in marine or terrestrial environments, plastic debris can release more than 10,000
chemical compounds. There is growing public awareness and concern over the impacts
of plastic-derived leachate on human and environmental health.

Plastic leachate is a complex chemical mixture containing additives and degradation
byproducts, such as UV stabilizers, colorants, plasticizers, bisphenol A (BPA), and
per- and polyfluoroalkyl substances (PFAS) (Rochman et al., 2019). Among these,
plasticizers (especially phthalates or phthalate acid esters (PAEs) used to enhance
plastic flexibility), are the most abundant, accounting for up to 70% of the mass

of PVC products. Phthalates are endocrine-disrupting chemicals (EDCs) that can
mimic or interfere with hormonal signaling pathways that regulate developmental,
reproductive, and immune function in both humans and wildlife (Magbool et al.,
2016). These additives are increasing in the marine environment alongside overall
plastic pollution.

Early life stages in marine invertebrates (embryos and larvae) are often especially
vulnerable to pollution (Richmond et al., 2018). Coral embryos are lipid-rich, and
may be particularly susceptible to phthalates and other EDCs which are lipophilic.
While endocrine signaling in cnidarians is not fully understood, endocrine hormones
are known to play important roles in coral spawning timing, and embryonic cellular
development (A. M. Tarrant et al., 2004; A. M. Tarrant, 2005; Ann M. Tarrant,
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2007). There is potential for plastic-derived leachate endocrine-like disruption, and
if coral sexual reproduction and recruitment is negatively impacted, whole coral reef
ecosystems could be degraded over time (Richmond, 1997).

Relatively few studies have investigated the impacts of plastic-derived leachate on
marine invertebrates. Studies that have been conducted primarily measure affects on
fertilization, survival, development, larval motility, settlement, and metamorphosis.
Phthalates and leachates from weathered polyvinyl chloride (PVC) affect larvae in
the sea urchins Paracentrotus lividus (Gambardella et al., 2024; Jimenez-Guri et al.,
2023; Rendell-Bhatti et al., 2021) and Strongylocentrotus purpuratus (Paganos et
al., 2023). Embryonic development of the brown mussel, Perna perna, is sensitive
to microplastic leachate (Gambardella et al., 2024). Even leachate from bioplastics
contain additives that reduce egg fertilization, larval motility, and survival during the
early development of the mussel Mytilus galloprovincialis (Capolupo et al., 2023). In
the stony coral Stylophora pistillata, high exposure levels of dimethyl phthalate (DMP,
100 ug/L) reduced larval settlement, while exposure to environmentally relevant
levels of plastic additive (1 ug/L of 4-nonylphenol 4-NP) reduced settlement of the
soft coral Rhytisma fulvum (Vered & Shenkar, 2022). (Berry et al., 2019) found
limited effects of weathered polypropylene on fertilization of the broadcast spawning
coral, Acropora tenuis, but no significant effects on embryo development and larval
settlement. Wilkins et al. (2024) found no reduced fertilization rates in Montipora
capitata exposed to microplastics and leachates from commercially sources virgin PP,
HDPE, and LDPE microspheres. (Wilkins & Richmond, 2025) found delayed or cumu-
lative effects of reduced planulae survival and settlement in Montipora capitata and
Porites corals exposed to virgin LDPE and HDPE leachates - and HDPE promoted
settlement.

Together these studies indicate that leachate may be more toxic than physical parti-
cles, and weathered plastics are more toxic than virgin plastics. They also highlight
the complexity of studying plastic-derived leachate and how our understanding of the
current impacts of plastic leachate on marine organisms remains limited for several
reasons. Plastic leachates are complex mixtures of thousands of additives whose
composition varies with polymer type, age, and weathering state, making it difficult to
standardize exposure treatments (Gunaalan et al., 2020). Many leachate compounds
occur at very low environmental concentrations (ng-ug/L range), and their detection
and quantification require highly sensitive analytical techniques, specialized expertise,
and advanced infrastructure (Saliu et al., 2020). In addition, many past experimental
studies still rely on high, acute exposure concentrations, which limit physiological
interpretation in an environmentally relevant context (Weis & Palmquist, 2021).
Finally, integrative physiological studies remain scarce, with most research focusing on
survival, growth, or gross developmental endpoints rather than mechanistic responses
such as gene expression or microbiome dynamics.

In this study, we chose to focus on exploring the potential for endocrine-like dis-
ruption and non-linear responses in early life history stages of coral. We chose

PVC plastic because it has the highest phthalate content. We examined how PVC
microplastic leachate impacts the development, microbiome, and transcriptomic
signatures of embryos of the coral Montipora capitata. Coral reefs are one of the
most valuable ecosystems on the planet; despite covering less than 1% of the oceans,
they support at least 25% of all marine species (Reaka-Kudla, 1997). Reef-building
corals provide global services estimated to be worth US$2.7 trillion per year by
protecting coasts from storm surge and wave erosion, supporting tourism and fisheries,
and contributing to medicinal compound discovery (Souter et al., 2020). However,
coral reefs are already in decline with global cover reduced by around 50% since
the 1950s, and vulnerable to increasing coastal marine plastic pollution (Eddy et
al., 2018, 2021; Oppen et al., 2017). Plastic pollution is ubiquitous across coral reef
ecosystems globally (Pinheiro et al., 2023) as they are located near major coastal
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sources of plastic input and are influenced by the same oceanographic systems that
transport and concentrate marine debris (Lamb et al., 2018). One study found that
plastic debris correlated with higher rates of disease (Lamb et al., 2018), and another
showed that poorer water quality, due to closer proximity to an urban center, reduced
recovery after a heatwave-induced bleaching event (Claar et al., 2020).

M. capitata is a broadcast spawner that releases gametes into the water column dur-
ing synchronous spawning events. Fertilization and embryonic development occur in
the water column before larvae settle and undergo metamorphosis. Early life history
stages can be particularly vulnerable to plastic leachates due to direct exposure to
surrounding seawater and their high sensitivity during critical periods of cellular
differentiation (Lynch et al., 2022; Zhang et al., 2021).

Given that PVC leachates contain endocrine disrupting chemicals with potential to
induce low-dose effects at environmentally relevant concentrations, we hypothesize
that PVC leachate exposure would produce low-dose effects across organismal, tran-
scriptomic, and microbiome responses. Specifically, we predicted that PVC leachate
exposure would:

H, Reduce embryo survival and impair normal development
H, Alter gene expression in pathways required for early embryonic development

H, Disrupt the microbiome community and microbial function

This study provides insight into how plastic-derived chemical pollution may affect
coral early life stages, a critical but under-explored phase of reef resilience and
recovery.

2 Methods

2.1 Gamete collection and ecotoxicity assay exposure

The rice coral, Montipora capitata, is an ecologically important reef builder, and

is a hermaphroditic synchronous split-spawner that releases buoyant egg-sperm
bundles during the summer months (Padilla-Gamifio & Gates, 2012). In our study, we
collected coral colonies on June 30th, 2024 from Kane ohe Bay, on the east shore of
O ahu, Hawai i. Kane ohe Bay is a 60 km? embayment with several riverine inputs,
numerous fringing and patch reefs, and a large barrier coral reef rimming it. Under
the State of Hawai‘i Division of Aquatic Resources Special Activities Permit 2024-35,
we collected 20 genetically distinct M. capitata coral colonies (each approximately 30
cm in diameter) via snorkel from Patch Reef #1 at 21.431619°N, 157.787127°W.

Immediately after collection, the coral colonies were carefully transported to the
Hawai i Institute of Marine Biology (HIMB), placed in two large 650 L holding tanks
with flow-through seawater, and allowed to acclimate for 5 days prior to the spawning
event during the new moon (Padilla-Gamirio et al., 2011). Egg-sperm bundles of
Montipora capitata were collected across three consecutive nights (5th, 6th, and 7th
of July 2024, on the new moon and 2 days after). On each night prior to spawning
(~19:00 HST), coral colonies were isolated in individual 12-quart (11.36 L) containers
surrounded by a flow-through seawater bath to maintain stable ambient seawater
temperatures (26.3 4+ 0.3 °C). Sixteen out of the twenty parent colonies spawned
over the three-day event (Figure 17). We collected egg-sperm bundles from spawning
colonies using transfer pipettes and deposited them into labeled 50 mL Falcon tubes
containing 30 mL of 0.22 m-filtered seawater (FSW). In the 1-hour window after
egg-sperm bundle release and before bundle breakup, sperm release, and egg hydra-
tion, we performed controlled fertilizations by combining one intact bundle from each
of two genetically distinct colonies in a bundle-bundle cross (Figure 2). Only intact
bundles were used. Crosses were conducted in 20 mL scintillation vials containing
20 mL of either 0.22 m filtered seawater (control) or one of the three PVC leachate
treatments. Fertilized bundles were incubated on a laboratory bench in the dark at
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Figure 2: Experimental overview of Montipora capitata early life-stage exposure to PVC
leachate. Schematic showing the reproductive biology and experimental design used to
obtain coral embryos and assess the effects of plastic-derived leachates during early develop-
ment.
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26.8 £ 0.3°C for either 4, 9, or 14 hours post-fertilization (hpf). In Montipora capitata,
these time points correspond to key developmental stages: 4 hpf (initial cleavage
Figure 3 B-D), 9 hpf (prawnchip stage Figure 3 K-N), and 14 hpf (early gastrulation
Figure 3 O,P). The experiment included 4 PVC leachate levels and 3 developmental
stages, and resulted in 300 individual bundle-bundle crosses (Figure 2). A subset

of 120 crosses (40 per stage) was fixed in 1.5 mL snap-cap micro-centrifuge tubes
with 1 mL of 4% Z-fix (Anatech Ltd.) for assessment of survival, morphology, and
developmental progression via microscopy. The remaining 180 crosses (60 per stage)
were preserved in 500 L of DNA/RNA Shield™ (Zymo Research, USA) and stored
at -80°C for subsequent DNA and RNA extraction to investigate microbial community
composition and gene expression responses.

2.2 PVC leachate preparation, dilution, and analysis

PVC microplastics were obtained following the procedure described by Isa et al.
(2024). Briefly, PVC granulates 500 m were obtained by grinding PVC pellets,
and polymer identity was confirmed by FTIR analysis (see supplementary material
X). The material was then subjected to artificial weathering in a QUV accelerated
weathering tester (Q-LAB, Saarbrucken, Germany) using UV lamps at 340 nm, with
0,76 W m—2 nm—1. The aging test was conducted at 65°C for a total time of 460 h.
The total UV dose administered (measured by a bolometer) was 170 M.J/m2. This
dose roughly corresponds to 10 months of outdoor exposure at 31°N latitude (Isa et
al., 2025) to simulate photo-degradation processes experienced by plastic debris in the
marine environment.

We prepared the PVC leachate by adding 250 mg of UV-weathered PVC microplastics
to 250 mL of 0.22 m-filtered seawater (FSW) collected from Kane ohe Bay in a 400
mL Erlenmeyer flask. The mixture was shaken in a flask at 90 rpm in the dark for
seven days. Following incubation, microplastics were removed by filtration using a
0.22 m cellulose fiber filter, leaving a concentrated PVC leachate nominally equivalent
to 1 g/L of PVC microplastics in seawater. This stock solution was then serially
diluted with 0.22 m FSW to produce the experimental treatments: 0.01 mg/L (low),
0.1 mg/L (moderate), and 1 mg/L (high) PVC leachate. Stock solution leachates were
chemically characterized by GC-MS (full scan mode) and LC-MS/MS (MRM, multiple
reaction monitoring mode) following the method of Saliu et al. (2020). These analyses
indicated that the leachate contained phthalates at approximately 10% of the original
PVC microplastic mass concentration. So while our treatments are characterized by
the mass of PVC microplastic used to generate the leachate, the concentrations of
chemical additives, such as phthalates, are estimated to be ~1 g/L (low), ~10 g/L
(moderate), and ~100 g/L (high).

Importantly, the selected exposure levels span reported environmental concentrations
of phthalates in coastal surface waters, which range from 0 (limit of detection, LOD)
to 168 g/L (Hermabessiere et al., 2022; Law et al., 1991; Mathieu & Bednarek, 2022;
Net et al., 2015; Paluselli et al., 2018), addressing a common limitation of previous
studies, which lack environmentally relevant exposure levels (Weis & Palmquist,
2021). Our PVC leachate treatments reflect the full chemical mixture derived from
UV-weathered PVC microplastics, rather than exposure to individual additives. Due
to analytical limitations, exposure levels are reported as nominal values, consistent
with established practices in leachate toxicity studies (Tetu et al., 2019; Vered &
Shenkar, 2022).

2.3 Imaging and annotation

Embryos preserved in 4% Z-Fix (aqueous zinc-buffered formalin diluted in 0.22 m
FSW) were permanently mounted on microscope slides using glycerol as a mounting
medium. Imaging was conducted with a Nikon DS-Fi 3 camera attached to a Nikon
Eclipse Ni-U manual microscope, and a composite image for each slide was generated
through manual stitching. Images were analyzed using NIS-Elements BR software
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(version 5.02.01) to quantify the total number of embryos per treatment vial. We
determined developmental stage reached of each embryo (egg, cleavage, morula,
prawnchip, or early gastrula), and noted any morphological deformities or uncertainty
due to fragmentation (typical, uncertain/torn, malformed). We chose to annotate
the morphology of a torn embryo as uncertain, because coral embryos are known

to continue developing even after fragmentation in early embryonic development
(Heyward & Negri, 2012). At 4 hours post-fertilization (hpf), samples are expected to
reach the initial cleavage stage, characterized by the division of the fertilized oocyte
into two blastomeres (Okubo et al., 2013). At 9 hpf, embryos are expected to reach
the prawnchip phase, and at 14 hpf, coral embryos are expected to reach the early
gastrula stage (E. E. Chille et al., 2022; Okubo et al., 2013). Examples of normally
developed M. capitata embryos are shown in Figure 3. Our annotated images are
available at https://github.com/sarahtanja/coral-embryo-scope/tree/main/
scope-images.

morula (4-9 hpf)

o M M

prawn chip ( 9-13 hpf)

N \%

Figure 3: Developmental progression of Montipora capitata embryo from egg to early
gastrula during the first 14 hours post fertilization.

2.4 Quantifying relative survival

At the beginning of the experiment, each vial contained two gamete bundles, corre-
sponding to an average starting total of ~30 4+ 6.4 eggs, based on previously reported
estimates of 8-23 eggs per bundle (mean=15, SD=+45.1, SE=+0.3, [Padilla-Gamifio
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et al. (2011); Padilla-Gamifio & Gates (2012); ]). Viable embryos per vial at each
time point were used as the response variable. Embryos classified as ‘typical’ or ‘torn’
were considered viable, while ‘malformed’ embryos were excluded from viable embryo
counts. Torn embryos were included because early coral embryos can continue develop-
ing after fragmentation due to cellular totipotency (Heyward & Negri, 2012). Eggs at
4 hpf were considered viable unless malformed; by 9 and 14 hpf any remaining eggs
that were unfertilized or not developmentally progressing were classified as non-viable.
Raw counts were imported and pre-processed in R (v4.5.1) using the tidyverse pack-
ages (Wickham et al., 2019). Treatment and time were coded as categorical factors
and were explicitly ordered. Survival was analyzed as the counts of viable embryos at
each time point. Distributions of viable embryo counts were visualized using boxplots
with beeswarm overlays, showing individual vial-level observations across treatment
x time combination (Figure 4). A two-way analysis of variance (ANOVA) was used
to test the effects of treatment, developmental time (hpf), and their interaction on
viable embryo counts. Model assumptions were evaluated using residual Q-Q plots,
the Shapiro-Wilk test for normality, and Levene’s test for homogeneity of variances.
All statistical tests were two-tailed with = 0.05. Data analysis for embryo survival
is available at https://github.com/sarahtanja/coral-embryo-scope/blob/main/
code/03_survival.md.

2.5 Quantifying developmental timing

To assess if PVC leachate altered early embryonic developmental timing, we quan-
tified the number of embryos in five developmental stages—egg, cleavage, morula,
prawnchip, and early gastrula—for each sample. Because these data are multivariate
counts and exhibited overdispersion (variance = 45.1, mean = 3.58), we used a
multivariate generalized linear model (GLM) implemented in the mvabund package
(mvabund_ 4.2.1, function manyglm; Wang et al. (2012) ). Counts of developmental
stages were modeled simultaneously as a multivariate response (Y ~ treatment * hpf)
using a negative binomial error distribution, with the log of the embryo counts in each
sample as an offset term. The offset term ensures that the model captures shifts in
the ratios of stages rather than in absolute counts for each developmental stage. The
full dataset was analyzed as a single multivariate response matrix, allowing us to de-
tect both overall shifts in development and stage-specific responses. Model significance
was assessed using PIT-trap resampling with 999 iterations, which provides robust
p-value estimation under non-normal residual structure. We report multivariate test
statistics (evaluating changes in developmental stage across treatments and time) and
univariate tests for each stage. Significance of main effects and interaction terms was
assessed using Analysis of Deviance (Type I tests). All analyses were performed in
R (v4.5.1) with = 0.05. The R code used for the developmental timing analysis is
available at https://github.com/sarahtanja/coral-embryo-scope/blob/main/
code/04_timing.md .

2.6 Quantifying morphological abnormality

Similarly to developmental timing, we analyzed morphological status using a multi-
variate generalized linear model (GLM). We tested whether PVC leachate altered
the counts of embryos classified as typical, uncertain (torn), or malformed across
developmental time. For each sample, embryo counts were grouped into these three
categories. Because the data were overdispersed (variance = 76.5, mean = 5.97), we
specified a negative binomial error distribution. To account for changes in embryo
counts due to survival, we included the log of the embryo counts in each sample

as an offset term. The multivariate response matrix (Y) included counts of typical,
uncertain (torn), and malformed embryos. The model tested the effects of treatment,
developmental time, and their interaction (Y ~ treatment * hpf). The R code and
our analysis for morphological abnormality are available at https://github.com/
sarahtanja/coral-embryo-scope/blob/main/code/05_abnormality.md.
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2.7 DNA/RNA extractions and quantification

At each developmental endpoint (4, 9 and 14 hpf), coral embryos were transferred
from exposure vials to 2 mL microcentrifuge tubes, preserved in DNA/RNA Shield ™
(Zymo Research, USA), and stored at -80°C. DNA and RNA were extracted simul-
taneously from the same pooled samples using the Quick-DNA /RNA™ Miniprep
Plus Kit (Zymo Research, USA). Samples of embryos in DNA/RNA Shield™ were
thawed to room temperature and pooled with up to three coral colony crosses from
the same treatment group to achieve sufficient DNA/RNA yield (pooled sample
structure is shown in Figure 17). Samples were pooled in ZR BashingBead Lysis
Tubes™ (0.1 and 0.5 mm) (Zymo Research, USA) and homogenized for 10 minutes
using a Mortexer. Extraction and purification steps followed the manufacturer’s cell
preparation protocol, but skipped the proteinase-K digestion step. Purified total RNA
was quantified using a Qubit-4 Fluorometer with the RNA High Sensitivity Assay
Kit (ThermoFisher, USA) and shipped on dry ice to Azenta Life Sciences for library
preparation with Poly(A) selection. DNA was similarly quantified using the dsDNA
Broad Range (BR) Assay Kit (ThermoFisher, USA) according to the manufacturer’s
protocol. This resulted in 63 pooled samples from which both DNA and RNA were
extracted. These samples are paired, i.e. DNA and RNA was extracted from the same
embryos for each of the 63 pooled samples. Each pooled sample represents genetic
variation from up to six parent colonies (Figure 17).

2.8 Transcriptomics (RNA library prep, sequencing, processing, and
analysis)

2.8.1 RNA library preparation, and sequencing

Our 63 pooled samples of total purified RNA were processed for library preparation

and sequencing (Azenta Life Sciences). Libraries were prepared using Poly(A) selec-

tion to target eukaryotic mRNA, with a sequencing depth of 20 million paired-end

reads per sample. Sequencing was performed on an Illumina NovaSeq X+ platform

(x150bp). Raw paired-end reads (FASTQ format) were submitted to the National

Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under

BioProject accession number PRJNA1177827.

2.8.2 Quality checks, alignment, and gene count matriz generation

Raw paired-end FASTQ files were checked for quality with FastQC (v0.12.1) and
summarized using MultiQC (v1.14) (Ewels et al., 2016). Adapter sequences were
trimmed, and sequences were pre-processed with fastp (v0.23.2) (Chen, 2023)using
automatic adapter detection for paired-end data, a phred quality score thresh-

old of 30, removal of polyX tails 6 bp, and fixed trimming of 10 bp from the 5
end of both forward and reverse reads. Trimmed reads were aligned to the M.
capitata reference genome (HIv3; Rutgers Coral Genome Project (Stephens et

al., 2022)) using HISAT2 (v2.2.1) (D. Kim et al., 2019) with splice-aware align-
ment. Exon coordinates and splice junctions were extracted from the genome
annotation file (GTF) with HISAT2 helper scripts provided during alignment to
improve mapping across intron—exon boundaries. The resulting SAM files were
converted to sorted and indexed BAM files using SAMtools (v1.12) (Danecek et
al., 2021). Transcript assembly and abundance estimation were performed with
StringTie (v2.2.1)(Pertea et al., 2015), guided by the reference annotation (GFF3).
A gene count matrix (genes x samples) was generated using the StringTie helper
script prepDE.py3, enabling downstream differential expression analysis. The
quality-assurance, quality-check (QAQC) and alignment R code can be viewed at
https://github.com/sarahtanja/coral-embryo-RNAseq/tree/main/code.

2.8.3 Differential gene expression analysis with DESeq2

Raw gene counts were imported into R (v4.2.3) along with sample metadata. Genes
with fewer than 10 counts in at least 85% of samples were removed prior to analy-
sis. Count data were normalized using DESeq2 (v1.38.3) (Love et al., 2014), with
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size factors estimated and variance-stabilizing transformation (VST) applied for
downstream visualization. Principal component analysis (PCA) was performed on
the 500 most variable genes to assess global sample structure and identify potential
outliers (Figure 7 A). Outlier samples were flagged by visual inspection and Z-score
thresholding (>3 standard deviations along PC1 or PC2) and subsequently removed.
Two samples were excluded due to poor alignment in HISAT2 (13141514 0.2%, 789C4
8.9%; MultiQC Bowtie2/Hisat2 report) and failure to cluster with other samples in
the PCA plot. The remaining 61 samples had alignment rates ranging from 27.4% to
83.2%. Following outlier removal, gene filtering was repeated using the same filtering
thresholds (retaining genes with 10 counts in at least 85% of samples). Sample-to-
sample relationships were further analyzed using a z-score transformed heatmap with
hierarchical clustering, with samples annotated by spawn night, leachate treatment
and developmental stage (Figure 7 B).

Our DESeq2 (v1.38.3) (Love et al., 2014) model accounted for spawn night, stage,
leachate, and the interaction between leachate and stage (~ spawn_ night + stage +
leachate + stage:leachate). We chose to treat leachate and hours post fertilization as
categorical factors to test for stage-specific differences without assuming a particular
dose-response shape, since we were looking for non-linear response trends. To evaluate
model structure, we conducted likelihood ratio tests (LRTs). We first analyzed the
effect of spawn night by comparing the full model to a reduced model excluding
spawn night. This analysis identified 3,551 genes (~29%) as significantly differentially
expressed (Benjamini-Hochberg (BH) FDR~adjusted p-value < 0.05) indicating that
spawn night contributes substantially to expression variability and represents a batch
effect. Accordingly, spawn night was retained in the full model to control for the
variability in gene expression due to the different nights on which our parent coral
colonies spawned. We then used LRTs to confirm the inclusion of both leachate and
the stage x leachate interaction terms. Following these tests, Wald contrasts were
performed to estimate log, fold changes for pairwise contrasts, specifically assessing
the effect of each leachate level at each developmental stage relative to the control, as
well as the larger signal across developmental stages. Genes with false discovery rate
(FDR) adjusted p < 0.05 were considered significantly differentially expressed in the
LRT tests and Wald tests. We generated lists of DEGs responsive to leachate and to
developmental progression.

We then grouped leachate-responsive DEGs and developmental progression DEGs by
expression patterns. Because the number of leachate-responsive DEGs was relatively
small (n=130) and pre-filtered, the scale-free topology criteria were not met; therefore
expression patterns were summarized using trajectory-based clustering implemented
in DEGreport v1.46.0, rather than co-expression network analysis. In contrast, the
larger set of development-related DEGs (10,793 genes) was analyzed using weighted
gene co-expression network analysis (WGCNA) with the WGCNA R package (v
1.73)(Langfelder & Horvath, 2008).

2.8.4 Gene ontology (GO) enrichment and slim characterization

We characterized the GO terms associated with all of our DEGs for each expression
pattern subset. Significant genes identified in the DESeq2 analysis were function-
ally annotated and assessed for Gene Ontology (GO) enrichment. Protein-coding
sequences from the Montipora capitata genome v3 (http://cyanophora.rutgers.edu/
montipora/) were matched to EggNOG annotations, and gene lengths were extracted
from the reference GFF3 file to account for length-dependent bias in RNA-seq detec-
tion. GO enrichment analysis was conducted using the R package goseq (v1.50.0) with
Wallenius’ distribution to correct for gene length bias (the increased detection power
for longer genes) and restricting tests to biological process terms. A background
universe of the filtered DESeq2 gene set (12,221 genes) was used. Significance was
determined by Benjamini—Hochberg false discovery rate (FDR) correction, with GO
terms retained at adjusted p< 0.05.
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2.9 Microbiome (DNA library prep, sequencing, processing, and analysis)
2.9.1 DNA Amplification, Library Preparation, and Sequencing

Purified DNA for each of our 63 pooled samples was used directly for library prepara-
tion, without fragmentation or size selection. Amplicon libraries targeting the V3-V4
region of the 16S rRNA gene were generated following Illumina’s 16S Metagenomic
Sequencing Library Preparation protocol (Illumina, Part no. 15044223 Rev. B) using
primers 5 -CCTACGGGNGGCWGCAG-3 and 5 -GACTACHVGGGTATCTAATCC-
3 (Klindworth et al. 2013). PCR amplification was performed according to the
manufacturer’s guidelines. Libraries were sequenced at the University of Washington
Microbiome Initiative (mim_ c¢) on an Illumina NextSeq™ 2000 platform using the P1
600-cycle reagent kit. Raw paired-end reads were deposited in the NCBI Sequence
Read Archive under BioProject accession number PRIJNA1244351.

2.9.2 Amplicon Processing and Taxronomic Inference

All sequence pre-processing steps were performed in QIIME2 v2023.9 (Bolyen et al.,
2019). Demultiplexed paired-end reads were trimmed with Cutadapt to remove primer
sequences and then denoised with DADA2. QIIME2 was used to examine rarefaction
curves, assess sequencing depth, infer amplicon sequence variants (ASVs), remove
chimeras, and construct a feature table. Representative ASVs were taxonomically
assigned using a pre-trained SILVA Naive Bayes classifier. ASVs classified as mito-
chondria, chloroplast, or unassigned were removed from the filtered feature table prior
to downstream analyses.

2.10 Microbial community compositional data analysis

Data representing our 63 pooled samples coral embryo microbiome communities.
Amplicon sequence variant (ASV) count data were analyzed following recommenda-
tions for microbiome sequence data, which are constrained by relative abundance
and sequencing depth rather than absolute counts (Gloor et al., 2017). Analyses
were conducted in R (v4.5.1) using the packages tidyverse, qiime2R, phyloseq, vegan,
compositions, and zCompositions.

Because log-ratio transformations cannot accommodate zeros directly, zero counts
were first replaced using count zero multiplicative replacement (cmultRepl, method
= “CZM”). The zero-adjusted count matrix was then transformed using the centered
log-ratio (CLR) transformation to map compositional data into Euclidean space
suitable for standard multivariate analyses. The resulting CLR matrix contained 63
samples and 663 retained ASVs.

Between-sample dissimilarity (Beta diversity) was quantified using Aitchison distance,
calculated as Euclidean distance on the CLR-transformed feature table. Principal
components analysis (PCA) was then performed on the CLR-transformed matrix
using the prcomp() function. To evaluate whether differences among groups reflected
unequal within-group variability rather than centroid separation, homogeneity of
multivariate dispersion was tested using betadisper(). Dispersion was evaluated
separately for spawn night, leachate treatment, developmental stage, and the leachate
X stage interaction.

Differences in microbial community composition across experimental factors

( leachate*stage) were tested using permutational multivariate analysis of vari-
ance (PERMANOVA) implemented with adonis2() in the vegan package, with 999
permutations. To account for non-independence among samples collected on the
same spawning night, permutations were constrained within spawn night using the
strata argument. Terms were tested sequentially using the by = “terms” option.
This approach allowed effects of leachate exposure and developmental timing to be
evaluated while controlling for batch effects associated with the night of spawning.
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2.10.1 Differential abundance € prevalence testing with MaAsLin3
Associations between microbial features and experimental variables were tested
using MaAsLin3 (Mallick et al., 2021) in R. Analyses were performed on taxonomic
features collapsed to the genus level (Level 6). For both data types, features were
retained if present in 5% of samples with relative abundance 0.1%. No additional
normalization was applied, as inputs were proportion-normalized during preprocessing.
Differential abundance and prevalence testing were performed using a generalized
linear mixed-effects modeling framework implemented in MaAsLin3 with the formula:
abundance/prevalence ~ leachate * hpf + (1|spawn_ night). Significance was deter-
mined by adjusted joint g-values < 0.1, which were corrected for multiple testing with
the Benjamini—-Hochberg method for adjusting for false discovery rate.

2.10.2 Functional Prediction with PICRUSt2

Predicted functional profiles were inferred from 16S rRNA amplicon sequence vari-
ants (ASVs) using PICRUSt2 (Douglas et al., 2020). A total of 547 PICRUSt2
predicted MetaCyc pathways were included in downstream modeling. Differential
abundance and prevalence testing of MetaCyc predicted pathways was conducted
using MaAsLin3 in R.

3 Results

3.1 H;: Survival and Development

3.1.1 Survival

Polyvinyl chloride (PVC) leachate did not change embryo survival during the first 14
hours post-fertilization (hpf) of embryonic development (Figure 4 a; treatment: Fj o4
= 0.523, p = 0.668)(Table 2).

Time was the main factor affecting embryo survival. Mean counts of surviving em-
bryos across replicate vials declined from 26.1 + 4.4 SD at 4 hpf to 12.2 £ 7.4 SD at 9
hpf, and then remained relatively stable between 9 and 14 hpf (11.9 + 5.7 SD) (hpf:
Fy 96 = 64.04, p < 0.0001). Survival was similar across all PVC leachate treatments
(interaction: Fg 95 = 0.572, p = 0.752), showing that neither exposure level nor
exposure duration altered embryo survival trends. Model assumptions for our two-way
ANOVA were met as residuals were normally distributed (Shapiro-Wilk normality test
W = 0.99, p = 0.69) and variances were similar among groups (Levene’s F~11, 96~ =
1.25, p=0.26 ).

3.1.2 Morphological abnormality

Morphological abnormality (embryos annotated as typical, uncertain/torn, or mal-
formed) did not vary across PVC leachate treatments. The multivariate negative
binomial model found that neither PVC leachate treatment (treatment: Dev =
4.67, p = 0.607) nor the relationship between PVC leachate treatment and develop-
mental time (interaction: Dev = 11.41, p = 0.770) had any effect on morphological
abnormality ( Table 4).

However, we found developmental stage significantly impacted morphology status.
Regardless of treatment, we found an increase in uncertain embryos (Dev = 25.24,
p = 0.002) at the 9 hpf (prawnchip) stage, with a concurrent decrease in typical
embryos (Dev = 63.75, p = 0.001)( Figure 4 C). Malformed embryos however did not
vary significantly across developmental time (Dev = 1.91, p = 0.366) (Table 4).

Mean count summaries show that typical embryos were most abundant at 4 hpf
across all treatments, then declined at 9 and 14 hpf, while uncertain embryos tended
to peak at 9 hpf. Malformed embryos remained consistently low. Together, these
results indicate that PVC leachate exposure had no significant effect on the counts
of embryos classified as typical, uncertain/torn, or malformed (Figure 4 ¢). Overall
the number of embryos found to be malformed were low compared to typically-formed
embryos.
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Anecdotaly, we observed that the secondary cell division (progressing from the 2-cell
to the 4-cell stage) initiates at the center of the two blastomeres and extends outward
(Figure 3 G). This contrasts with the primary cell division (initial cleavage) which
begins at one pole of the fertilized egg and progresses across, which is evident in the
heart-shaped embryos (Figure 3 C).

3.1.3 Developmental timing

We tested whether the mix of embryo developmental stages changed over time across
PVC leachate treatments using a multivariate generalized linear model. As expected,
embryo stage composition changed strongly with time (hpf: Dev = 669.0, p < 2x10716
). At 4 hpf, most embryos were in the egg, cleavage, or morula stages. At 9 hpf, most
embryos were in the prawnchip stage. By 14 hpf, the early gastrula stage dominated
(Figure 4 B).

PVC leachate exposure alone did not cause an overall shift in the stage composition
of embryos (treatment: Dev = 1.2, p = 0.999). However, treatment effects changed

across time (interaction: Dev = 48.1, p = 0.002). When stages were examined sepa-
rately, we found this pattern was driven mainly by differences in the prawnchip stage
at 14 hpf (the interaction effect is localized to a specific prawnchip stage developmen-
tal window), with weaker trends in the egg and morula stages. No treatment effects
were detected in the cleavage or early gastrula stages.

Overall, these results suggest that PVC leachate did not broadly disrupt normal
developmental timing, but it may have caused small, stage-specific changes, possibly
speeding the morula to prawnchip transition at 9 hpf, and the prawnchip to early
gastrula transition at 14 hpf under low and mid, but not high leachate (Figure 5, OR
Figure 6).

3.2 H,: Gene expression

3.2.1 Global expression

Principal component analysis (PCA) was performed on variance-stabilized gene counts
using the top 500 most variable genes as an exploratory tool to assess global patterns
of variation. The first two principal components accounted for 72.4% of the total
variance among samples and revealed strong clustering by early embryonic stage, with
separation primarily along principal component 1 (PC1, 53.9% of global sample struc-
ture variance) (Figure 7 A). Samples formed three distinct, non-overlapping clusters
with minimal within-group dispersion, indicating that stage represents the dominant
source of variance in the dataset. Principal component 2 (PC2, 18.5% of global
sample structure variance) primarily captures the variation within groups, indicating
that secondary sources of variation are present but do not override the dominant stage
effect. Treatment-associated effects of PVC leachate were not readily apparent in the
leading principal components. The pronounced stage-driven structure is consistent
with large-scale transcriptional reprogramming during early embryogenesis ( Figure 7
B).

We followed visual PCA exploration with a permutational multivariate analysis of
variance (PERMANOVA) to statistically test for treatment-associated effects. A
PERMANOVA with 999 permutations was performed on the Euclidean distance
matrix of transformed gene expression values to assess the effects of leachate level,
developmental stage, and their interaction on global expression profiles while control-
ling for variation among spawning nights (permutations were restricted or ‘stratified’
within spawn night by setting the strata = spawn_ night). The PERMANOVA
identified developmental stage as the dominant driver of multivariate expression
differences, explaining ~59% of the overall variance in gene expression ( R* = 0.59, F
= 41.22, p = 0.001 ), reflecting our strong stage-specific transcriptional patterns. In
contrast, neither leachate level ( R? = 0.02, F = 1.09, p = 0.338 ) nor the interaction
between leachate and stage ( R? = 0.04, F = 0.81, p = 0.679 ) significantly influenced
the multivariate expression structure. Residual variation accounted for 35% of the
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Figure 5: Bootstrap predicted effects of PVC leachate on embryo developmental stage
composition over time. Points show multivariate GLM-predicted differences in embryo
counts for each developmental stage (egg, cleavage, morula, prawnchip, early gastrula)
between leachate treatments (0.01, 0.1, 1 mg/L) and the control at 4, 9, and 14 hpf. Error
bars indicate 95% confidence intervals over 500 bootstrap iterations. The vertical dashed
line at zero denotes no difference from control; values to the right indicate increased counts
relative to control, and values to the left indicate decreases.
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total variance. Tests for homogeneity of multivariate dispersion revealed significant
within-stage differences (F = 15.03, p = 0.001, 999 permutations), suggesting that
the observed PERMANOVA stage effect reflects a combination of strong centroid
separation and variable spread. Despite differences in dispersion, the magnitude of
the stage effect and the clear separation observed in PCA indicate that developmental
stage represents robust, biologically meaningful early developmental gene expression
programs.

3.2.2 DEG clusters

There are ~56K genes in the M. capitata genome (Stephens et al., 2022), of which we
filtered to a test group of 12,221 genes. Of the 12,221 genes tested with DESeq2, we
found 130 were differentially expressed due to the interaction between leachate and
stage. We will refer to these as the leachate-responsive DEGs.

Among the 130 leachate-responsive DEGs, trajectory-based clustering using the
DEGreport v 1.44.0 R package and the degPatterns function found 128 genes that
fit into one of three gene expression patterns (Figure 8). These expression patterns
are structured by developmental timing, with groups exhibiting highest relative
transcript abundance at cleavage (31 genes), prawn-chip (25 genes), or early gastrula
(75 genes) stages, respectively (Figure 8 A-C). Two leachate-responsive DEGs did not
fit into any of these patterns, and were excluded from downstream analysis. Leachate
effects within these clusters were modest, with leachate treatments exhibiting subtle
deviations compared to the control samples most evident at stages where baseline
expression was lowest.

Differential expression is driven by stage specific patterns
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In contrast, the DEGs associated with development (10,793 genes) were analyzed
using weighted gene co-expression network analysis (WGCNA) with the WGCNA v
1.73 R package (Langfelder & Horvath, 2008), which identified six modules ranging
in size from 326 to 2,805 genes. Module eigengene profiles revealed four dominant
developmental programs (expression patterns): a cleavage-high program characterized
by decreases in expression over developmental time, two prawn-chip—associated
programs showing either up-regulation (hump or inverted-U-shaped expression
profile) or mid-stage suppression (valley or U-shaped expression profile), and late
developmental programs with increasing expression toward early gastrulation. These
modules represent coordinated transcriptional programs associated with embryonic
progression and were retained for downstream GO functional enrichment analyses.
149 developmental DEGs were not assigned to a cluster in the WGCNA, and were
excluded from downstream analysis.

All 130 leachate-responsive DEGs are also listed in the genes that change across
developmental stage; indicating that the shifts in gene expression detected across
leachate treatments are nested within the larger shifts in gene expression occurring
over developmental time.

3.2.3 Summary of GOslim terms

Of the 12,221 genes included in the DESeq2 testing universe, 6,846 (56%) had at
least one Gene Ontology (GO) annotation. GO annotation coverage among leachate-
responsive differentially expressed genes (DEGs) was high across all stage-associated
expression patterns, including 27/31 (87%) genes in the cleavage-associated (4 hpf)
pattern, 19/25 (76%) genes in the prawnchip-associated (9 hpf) pattern, and 62/72
(86%) genes in the early gastrula-associated (14 hpf) pattern. GOseq enrichment
analysis did not identify any significantly enriched biological processes after correction
for gene-length bias (¢ > 0.05 for all comparisons). Therefore, GO Slim categories
were used descriptively to summarize the functional identities of leachate-responsive
genes within each developmental expression pattern (Figure 9).

The 31 leachate-responsive DEGs exhibiting the cleavage (4 hpf) expression pattern,
in which transcript abundance decreased across development (4>9>14 hpf), were
dominated by GO Slim terms related to early developmental regulation and nuclear
organization, including anatomical structure development, cell differentiation, meiotic
nuclear division, chromosome segregation, and chromatin organization. Additional
cleavage-associated terms included intracellular protein transport and nervous system
process. Together, these functions suggest that leachate-responsive genes expressed
most strongly during cleavage were associated with maternally provisioned develop-
mental programs, chromosomal organization, and cell division fidelity during early
embryogenesis.

In contrast, the prawnchip expression pattern, characterized by genes peaking tran-
siently at 9 hpf (4<9>14 hpf), contained fewer total leachate-responsive DEGs (25)
and was characterized by genes involved in lipid metabolic process, signaling, and
programmed cell death. These functions suggest a transient shift toward metabolic
and stress-associated responses during the prawnchip stage.

The early gastrula (14 hpf) expression pattern, in which transcript abundance
increased across development (4<9<14 hpf), contained the largest number of leachate-
responsive DEGs (72 genes). Dominant GO Slim categories included anatomical
structure development, cell differentiation, signaling, vesicle-mediated transport,
mitotic cell cycle, cytoskeleton organization, and protein-containing complex assembly
(). These functions are consistent with increased cellular remodeling, intracellular
trafficking, and structural reorganization during gastrulation.

Several GO Slim categories, including anatomical structure development, cell differ-
entiation, DN A-templated transcription, regulation of DN A-templated transcription,
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reproductive process, immune system process, and signaling, were consistently
observed across all three developmental expression patterns, suggesting that core
developmental and regulatory processes were responsive to PVC leachate exposure
throughout embryogenesis. However, stage-specific differences in the dominant func-
tional categories indicate that the biological consequences of leachate exposure varied
across developmental time, with cleavage-stage responses emphasizing chromosomal
and nuclear regulation, prawnchip responses reflecting transient metabolic and stress-
associated processes, and early gastrula responses dominated by cellular activation
and structural reorganization.

Counts of Leachate-Responsive Differentially Expressed Genes described by Gene Ontology (GO) Slim Terms
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Figure 9: Functional annotation of PVC leachate-responsive genes across developmental
stage-specific expression clusters. Gene counts were grouped into GOSlim categories for

genes with peak expression during a) cleavage (31 DEGs) annotated to mitotic cell cycle,
signaling, anatomical structure development, and cell differentiation. b) prawnchip (25
DEGs) annotated in anatomical structure development and signaling. c) early gastrula (72
DEGs) annotated in anatomical structure development, cell differentiation, signaling and
vesicle-mediated transport, and transcriptional regulation.

3.3 Hj: Microbiome

3.3.1 Alpha diversity

A two-way analysis of variance (ANOVA) revealed no significant effects of PVC
leachate level, developmental stage, or their interaction on Shannon diversity. Differ-
ences in Shannon diversity among leachate treatments were not statistically significant
(F, =1.25, p=0.302), nor were differences among developmental stages (F, =
1.11, p= 0.339). Similarly, the leachate x stage interaction was not significant (£,
= 0.33, p= 0.919), indicating that leachate did not affect microbial alpha diversity
across stages. A two-way ANOVA revealed a significant effect of developmental stage
on Faith’s phylogenetic diversity, with post hoc Tukey HSD tests showing reduced
phylogenetic diversity at 14 hpf compared to 4 hpf (p,4; = 0.04).

Alpha diversity remained stable across treatments, indicating limited sensitivity of
within- sample microbial diversity to leachate exposure or developmental progression.
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Figure 10: Counts of DEGs binned into GOSlim Biological Process (BP) terms and colored
by percent enrichment

Following recommendations from Gloor et al. (2017), we used the centered log-ratio
(CLR) transformation to convert our data to Euclidean space to an Aitchison distance
(Euclidean distance on CLR-transformed data) matrix. We then performed a PCA

on the Aitchison distance matrix to visually assess multivariate differences between
samples ( Figure 13 A-C).

3.3.2 Betadispersion, PERMANOVA & Beta Diversity

Homogeneity of multivariate dispersion was assessed using the Aitchison distance
matrix with the betadisper() function from the vegan package prior to conducting
a PERMANOVA to determine if microbiome sample ASV composition differed
significantly across developmental stage and leachate level.

PERMANOVA tests for differences in group centroids in multivariate space but
assumes that within-group dispersion is comparable across groups. If dispersions differ
significantly, PERMANOVA may detect differences driven by unequal variability
rather than true shifts in community composition. By first evaluating whether average
distances to group centroids differed across groups, we determined whether the
assumption of homogeneous dispersion was met.

The permutation test for homogeneity of multivariate dispersions revealed no
significant difference in dispersion across leachate (F'5 59 = 0.14, p = 0.939, 999
permutations), stage (Fy g9 = 1.0498, p = 0.36, 999 permutations), or the interaction
between leachate and stage (F'y; 5; = 0.35, p = 0.971, 999 permutations), indicating
groups have equal variance and meet the assumptions of PERMANOVA. However, we
found that multivariate dispersion differed significantly across spawn nights (F5 59 =
6.29, p = 0.003, 999 permutations). Microbiome composition was clearly more varied
on July 7th compared to July 6th and 8th, evident by the larger spread around the
group centroid (Figure 12 A).
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Figure 11: Alpha diversity metrics across PVC leachate treatments and developmental
stages in coral embryo-associated microbial communities. Shannon diversity (top row)
and Faith’s phylogenetic diversity (bottom row) are shown across the interaction between
PVC leachate treatment and developmental stage (left panels), PVC leachate treatment
(center panels), and stage-specific distributions (right panels). Violin plots represent the
distribution of samples within each group, with embedded boxplots indicating medians
and interquartile ranges. Developmental stage had a stronger influence on alpha diversity
patterns than PVC leachate treatment. Shannon diversity remained relatively stable across
stages and treatments, whereas Faith’s phylogenetic diversity differed significantly among
developmental stages, with reduced phylogenetic diversity observed at 14 hpf relative to 4
hpf (padj = 0.04). No strong treatment-associated shifts in alpha diversity were observed
across PVC leachate levels.
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This finding prompted us to control for spawn night as a nuisance factor in our exper-
iment by restricting permutations of samples among others within the same spawn
night via strata, which accounts for the non-independence of samples collected on the
same night when calculating the significance of our factors of interest (developmental
stage and leachate level).

We conducted a community composition analysis using a PERMANOVA conducted
on Aitchison distances with 999 permutations, stratified by spawn night ( Figure 13
A). Tt revealed a significant effect of developmental stage on community composition
( Fy5 = 3.84, R?2 = 0.119, p = 0.001, 999 permutations), indicating that stage ex-

plaiﬁed approximately 11.9% of the variation in multivariate structure (Figure 13 C).
In contrast, leachate treatment had no significant effect ( F3 5; = 0.84, R? = 0.039,
p = 0.297, Figure 13 B), and there was no significant leachate x stage interaction (
Fg 5 = 0.51, R2=0.048, p=1.000) .

3.3.3 Differentially abundant and prevalent bacterial taxa

To identify individual taxa associated with leachate exposure over developmental time,
MaAsLin3 generalized linear mixed models were applied at the genus (L6) taxonomic
level using the model formula “abundance|prevalence ~ leachate * hpf + reads +
(1|spawn_ night)”. This framework tested both abundance and prevalence responses
while accounting for sequencing depth and variation among spawn nights.

Across 885 bacterial genera tested, eight genera showed significant associations with
leachate exposure in the abundance model and eight genera showed significant asso-
ciations in the prevalence model after filtering for models without fitting errors and
joint false discovery rates of ¢ < 0.1. Seven of these genera overlapped between the
abundance and prevalence analyses, indicating that most responsive taxa exhibited
coordinated shifts in both relative abundance and detection probability across treat-
ments. Responsive taxa included members of the genera Tropicibacter, Sulfitobacter,
Peredibacter, Pontibacterium, PS1 clade taxa, uncultured Neisseriaceae, and Marine
Methylotrophic Group 3 ( Figure 14). One genus within the Longimicrobiaceae was
uniquely significant in prevalence models ( Figure 15), while Leeuwenhoekiella was
uniquely significant in abundance models ( Figure 14).

In contrast, an alternative model treating leachate level as a continuous linear pre-
dictor detected no significant leachate-associated taxa. The absence of significant
linear responses, combined with significant associations in the categorical model,
suggests that bacterial responses to PVC leachate were non-linear across exposure
levels. Several taxa displayed the strongest shifts at low or intermediate leachate
levels compared to the high leachate level, rather than a monotonic relationship across
the level gradient, consistent with our hypothesis that we would observe low-dose
responses.

Although only a small proportion of taxa responded significantly to leachate exposure
(0.9% of genera tested), these results exceeded expectations under random chance
given the applied false discovery threshold and stringent filtering criteria. Relative
abundance and prevalence visualizations further indicated that responsive taxa varied
across developmental stages, with some genera exhibiting stage-specific increases or
decreases in abundance and detection probability under leachate exposure. Overall,
these findings suggest that PVC leachate did not broadly restructure the embryonic
microbiome, but instead produced targeted and non-linear shifts in a limited subset of
bacterial taxa.

3.3.4 Predicted functional enrichment

Differential abundance and prevalence testing of PICRUSt2-predicted MetaCyc
pathways identified multiple microbial functional pathways associated with PVC
leachate exposure and stage-dependent responses. Functional shifts were distributed
across pathways involved in methanogenesis, carbon fixation, aromatic compound
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degradation, chlorinated compound degradation, and precursor metabolite biosynthe-
sis.

Several significant pathways were associated with methane metabolism and anaerobic
carbon cycling, including the superpathway of C1 compound oxidation to CO,
(PWY-1882), methyl-coenzyme M oxidation to CO, I (PWY-5209), and the reductive
acetyl-CoA pathway in autotrophic methanogens (PWY-7784). These pathways are
primarily associated with archaeal methanogenic and methylotrophic metabolism and
suggest shifts in microbial functional potential related to anaerobic respiration and
carbon processing in the Marine Methylotrophic Group 38 differentially abundant taxa.

Additional predicted pathways involved aromatic and chlorinated compound degra-
dation, including cinnamate and hydroxycinnamate degradation (PWY-6690),
3-phenylpropanoate degradation (HCAMHPDEG-PWY; PWYO0-1277), toluene degra-
dation (TOLUENE-DEG-3-OH-PWY), pentachlorophenol degradation (PCPDEG-
PWY), and dichlorobenzene degradation (14DICHLORBENZDEG-PWY; PWY-6084).
Many of these pathways are associated with bacterial degradation of aromatic
hydrocarbons and chlorinated compounds, which are commonly linked to anthro-
pogenic pollution and industrial contaminants. The enrichment of pathways related
to aromatic and chlorinated compound metabolism suggests that PVC leachate
exposure may favor microbial taxa capable of metabolizing plastic-associated organic
compounds or responding to chemically stressful environments.

Predicted pathways associated with lipid metabolism and signaling were also detected,
including phosphatidate metabolism as a signaling molecule (PWY-7039). Because
PICRUSt2 predicts functional potential from taxonomic composition rather than
directly measuring gene expression or metabolism, these results represent inferred
functional capacity rather than confirmed metabolic activity.

4 Discussion

Plastic pollution is an emerging threat to coral reefs, not only as a physical stressor
but also as a source of chemical contaminants that may disrupt sensitive developmen-
tal processes. Here, we show that environmentally relevant levels of PVC leachate can
trigger subtle shifts in developmental timing, gene expression, and specific microbial
taxa in Montipora capitata within the first 14 hours of development, despite no
detectable effects on survival or visible abnormalities. These findings reveal that
plastic-derived chemicals can induce early, sublethal biological responses that are
missed by traditional toxicity endpoints, highlighting previously under-explored
mechanisms by which plastic pollution may already be impacting coral resilience.

4.1 H,: Coral development slightly accelerated at low and moderate PVC
leachate exposures
The effects of leachate varied across both level and developmental time. The strongest
treatment-dependent response was observed during the prawnchip stage, particularly
under low and moderate PVC leachate exposure. These results indicate that PVC
leachate did not broadly disrupt embryogenesis or induce developmental arrest, but
instead caused subtle, stage-specific shifts in developmental pace. Developmental tim-
ing in marine larvae is highly plastic and responds to environmental conditions, such
as temperature, with warmer conditions often accelerating embryonic development
and influencing dispersal and recruitment success (O’Connor et al., 2007; Woolsey et
al., 2013). Our findings suggest that plastic-derived chemicals may similarly influence
developmental timing by interacting with endocrine-like signaling pathways involved
in growth and differentiation (Ann M. Tarrant (2007), Figure 9). The fact that
responses were strongest at low and intermediate levels, rather than at the highest
exposure level, is consistent with non-monotonic response patterns commonly reported
for endocrine-disrupting compounds such as plasticizers and other PVC additives
(Vandenberg et al., 2012).
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One prior study found that weathered polypropylene microplastics minimally reduced
fertilization success and increased embryo abnormalities in a non-dose dependent
manner in the reef-building coral Acropora tenuis (Berry et al., 2019). Furthermore,
exposure to high-density polyethylene (HDPE) leachate reduced larval survival and
settlement in both M. capitata and Porites species, with higher levels (200mg/L)

of high-density polyethylene (HDPE) leachate treatments paradoxically promoting
settlement, potentially through attraction to chemical cues associated with degrading
plastics (Wilkins & Richmond (2025)).

Our findings suggest that the prawnchip stage represents a critical developmen-

tal bottleneck in Montipora capitata, as embryos at this stage are more prone to
fragmentation, likely due to the thin single-cell epithelial layer that characterizes
this bizarre stage. We observed more torn embryos at 9 hpf relative to 4 or 14 hpf
regardless of treatment (Figure 4 C), indicating that this stage may be particularly
vulnerable to mechanical damage or developmental abnormalities. In some corals,
embryo fragmentation has been proposed as a mechanism for increased reproductive
output, provided that fragmented embryos remain viable and continue to develop as
twins (Heyward & Negri, 2012).

Our morpological findings are supported by our transcriptmoic data, which showed
that leachate-responsive genes during early development were associated with cellular
signaling and mitotic cell cycle processes (Figure 9, Figure 10), pathways that are
central to regulating developmental progression.

Ramakrishnan & Wayne (2008) demonstrated that low-dose bisphenol A (BPA)
exposure accelerated embryonic development, advanced hatching, and accelerated
reproductive maturation in medaka (Oryzias latipes), with these effects mediated
through thyroid hormone signaling pathways rather than classical estrogenic signaling.
Similarly, Anselmo et al. (2011) reported that triphenyltin (TPT) and dibutyltin
(DBT), two endocrine-disrupting chemicals commonly added to PVC products,
accelerated metamorphosis in the sea urchin Psammechinus miliaris. Together, these
studies suggest that plastic-associated endocrine-disrupting compounds can accelerate
or influence developmental timing by interfering with signaling pathways that regulate
growth and differentiation.

An alternative explanation is that low and moderate levels of PVC leachate exposure
selectively favored embryos that were already developing more rapidly, resulting

in an apparent shift in developmental progression rather than a true acceleration
of development at the individual level. Distinguishing between true developmental
acceleration and selective survival would require longitudinal tracking of individual
embryos and larvae.

Notably, most previous studies examining plastic leachate effects on marine inverte-
brates have reported developmental disruption, arrest, or delay rather than accelerated
development. For example, Paganos et al. (2023) documented severe embryotoxicity
and morphological abnormalities in Strongylocentrotus purpuratus embryos exposed
to PVC pellet leachate, with zinc identified as a primary driver of toxicity. Similarly,
Jimenez-Guri et al. (2023) reported concentration-dependent disruption of axial
formation, cell specification, and morphogenesis across multiple animal phyla, includ-
ing cnidarians. However, the concentrations used in these studies were substantially
higher than those tested in our study. It is possible that high levels of PVC leachate
overwhelm subtle signaling-mediated effects on developmental timing responses and
instead produce more pronounced toxic responses.

4.2 H,: PVC leachate impacted genes responsible for development, gene
regulation, and cellular communication

Early coral embryogenesis is characterized by rapid cell division, gastrulation, and

extensive use of maternally provisioned resources (E. Chille et al., 2021; Huffmyer
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et al., 2023). Our results showed that developmental stage explained substantially
more transcriptomic variation than PVC leachate exposure. Rather than causing
broad disruption of gene expression, PVC leachate induced comparatively subtle
molecular responses embedded within the larger signal of gene expression across
development. This pattern is consistent with developmental canalization, or the idea
that early embryos may be partially buffered against environmental perturbations
through maternal mRNA provisioning (E. Chille et al., 2021; E. E. Chille et al., 2022),
allowing core developmental processes to remain stable despite exposure to complex
contaminants.

Although overall gene expression remained largely unchanged, we identified 130
leachate-responsive genes associated with cellular signaling, transcriptional regulation,
vesicle-mediated transport, lipid metabolism, and mitotic cell cycle activity (Figure 9),
suggesting that PVC leachate primarily affected regulatory and cellular maintenance
pathways rather than causing widespread developmental disruption. The stage-specific
nature of these responses further indicates that sensitivity to leachate exposure
changes across embryogenesis, likely reflecting differences in developmental state, ener-
getic demand, or the timing of key cellular transitions. For example, cleavage-stage
responses were associated with chromosomal and nuclear organization (Figure 10
A), whereas later gastrulation-stage responses were more strongly linked to cellular
remodeling, signaling, and intracellular transport (Figure 10 C).

Among the leachate-responsive genes were several associated with G protein-coupled
receptor (GPCR) signaling and related developmental signaling pathways. (Mor-
gan et al., 2022) exposed the sea anemone Fraiptasia diaphana to oxybenzone, a
common sunscreen additive, and benzyl butyl phthalate, a plasticizer, and found
altered expression of candidate endocrine-disruption biomarker genes associated with
pathways involving GPCRs. Their study focused on genes involved in steroid hormone
biosynthesis, cholesterol transport, immunity, phagocytosis, and Hedgehog signaling,
including Niemann-Pick C type 2 (NPC2), Cathepsin L (CTSL), Smoothened (SMO),
Desert Hedgehog (DHH), Zinc finger protein GLI2 (GLI2), and Vitellogenin (VTG).
Although none of the leachate-responsive Montipora capitata transcripts mapped di-
rectly to the candidate genes identified by (Morgan et al., 2022), several DEGs carried
functional annotations associated with similar signaling and regulatory pathways,
including GPCR-mediated signaling, steroid hormone-associated signaling, and Wnt
pathway regulation.

To find these in our system, we filtered leachate-responsive DEGs for gene ontology
(GO) terms associated with GPCR and related signaling processes, including “G

M«

protein”, “GPCR”, “signal transduction”, “receptor”, “transmembrane signaling”,
“second messenger”, “hedgehog”, “adenylate cyclase”, “Wnt”, and “cell signaling”.
This search identified 74 GO terms related to GPCR-associated signaling, including
regulation of G protein-coupled receptor signaling pathways, steroid hormone receptor
signaling pathways, nuclear receptor-mediated steroid hormone signaling, and canon-
ical Wnt signaling. These GO terms mapped to 32 of the 130 leachate-responsive
DEGs, including 6 genes associated with cleavage-stage expression patterns, 8 asso-
ciated with prawnchip-stage patterns, and 16 associated with early gastrula-stage
patterns.

GPCR signaling pathways act like switches that pass signals inside the cell. They
function through membrane-bound receptors that detect extracellular signals such
as peptides, hormones, or environmental cues and activate intracellular signaling
cascades through G proteins and second messengers such as cyclic AMP and calcium
signaling. These signaling pathways regulate downstream transcriptional programs
involved in cell differentiation, morphogenesis, developmental timing, and stress
responses(Lauretta C. Grasso et al., 2008). The presence of GO terms associated
with Wnt and Hedgehog signaling is particularly notable because these pathways are
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highly conserved regulators of embryonic axis formation, tissue patterning, and cell
fate determination across metazoans.

Corals and other cnidarians lack centralized endocrine organs found in vertebrates, yet
possess diverse peptide-mediated signaling systems that may function in endocrine-like
regulation (Thiel et al., 2023; Twan et al., 2006). In cnidarians, neuropeptides and
other extracellular signaling molecules are thought to interact heavily with GPCR
pathways to coordinate developmental regulation, environmental sensing, metabolism,
and larval settlement (L. C. Grasso et al., 2001; Hambleton et al., 2018). Because
GPCR pathways can amplify subtle extracellular signals into large downstream
transcriptional responses through second messenger cascades (Civciristov et al.,
2018), they may represent a plausible mechanism underlying the low-dose and non-
monotonic transcriptional responses we observed in this study(Vandenberg et al.,
2012).

Our findings suggest that plastic-derived chemicals may influence developmental
regulation in Montipora capitata, potentially via endocrine-like cellular signaling
pathways. Although cnidarians do not possess discrete endocrine organs comparable
to those found in vertebrates, several components of steroid signaling pathways have
been identified in corals and other anthozoans (A. M. Tarrant, 2005; Ann M. Tarrant,
2007). In vertebrates, reproductive development and gametogenesis are coordinated
through endocrine signaling networks in which hormones bind receptor proteins that
regulate downstream gene transcription, and disruption of these pathways by exoge-
nous chemicals can alter developmental timing and physiology (McLachlan, 2001).
Comparable endocrine-like signaling mechanisms may also occur in corals. Steroid hor-
mones including estradiol and estrone have been detected in scleractinian coral tissues,
including Montipora capitata (A. M. Tarrant et al., 1999), and concentrations of these
compounds fluctuate seasonally prior to spawning events (Atkinson & Atkinson, 1992;
Slattery et al., 1999; Twan et al., 2006), suggesting that steroid-associated signaling
may play a role in coordinating reproductive or developmental processes. In addition,
both hard and soft corals are capable of steroid metabolism (Ann M. Tarrant et al.,
2003), further supporting the presence of hormonally-responsive biochemical pathways
in cnidarians (A. M. Tarrant, 2005).

The relatively targeted response we observed contrasts with previous work showing
broader transcriptional and developmental disruption following PVC leachate expo-
sure. Paganos et al. (2023) reported extensive downregulation of developmental genes
in embryos of the sea urchin Strongylocentrotus purpuratus exposed to PVC leachates,
suggesting impairment of normal developmental progression. Several factors may
explain the more limited responses we observed here, including differences in leachate
composition, exposure concentration, exposure duration, or species-specific sensitivity.
The absence of broad transcriptional disruption in our study further suggests that the
environmentally relevant concentrations used here remained below thresholds that
cause acute developmental toxicity.

Signaling pathways often respond most strongly within narrow concentration ranges,
while higher concentrations may lead to receptor saturation, feedback inhibition,
pathway desensitization, or suppression of coordinated transcriptional activity. We
observed low and moderate PVC leachate levels elicited stronger transcriptional
responses than the highest level, consistent with non-monotonic stress responses
observed in other developmental systems.

Similar patterns have been observed in other marine invertebrates. For example, Xu
et al. (2021) found that environmentally relevant concentrations of Di(2-ethylhexyl)
phthalate (DEHP), a common plasticizer added to PVC, produced biphasic responses
in antioxidant activity and energy metabolism in Mytilus galloprovincialis, including
U-shaped and inverted U-shaped dose-response relationships. Together, these find-
ings indicate that sublethal exposure of coral embryos to plastic leachate can alter
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developmental signaling in a non-dose dependent manner, and this mechanism may be
mediated by G-protein coupled receptors.

4.3 H,;: PVC leachate exposure produced targeted and non-linear shifts
in a limited subset of bacterial taxa and may alter the functional
potential of the embryonic coral microbiome

Corals are holobiont organisms that depend on dynamic interactions with their

associated microbial communities to support nutrient cycling, immune defense,

and host health. In our study, embryonic microbiome composition was shaped by

developmental progression rather than by PVC leachate exposure, consistent with

previous work showing that bacterial communities in Montipora capitata shift during
embryogenesis, metamorphosis, and settlement (Bernasconi et al., 2019; Huffmyer et

al., 2025).

Coral embryo microbiome studies are still an emerging field, with foundational work
on early-life-stage coral microbiomes only beginning in the 2010s (Apprill et al., 2012).
(Apprill et al., 2012) were among the first to characterize coral embryos (Pocillopora
meandrina) bacterial specificity during development. To our knowledge, our study
appears to be the first to characterize the microbiome of coral embryos exposed to
plasticizers.

Although PVC leachate did not cause broad restructuring of the embryo-associated
microbiome, we found shifts in abundance and prevalence of specific bacterial taxa
in response to treatment. In particular, the Methylophaga Marine Methylotrophic
Group 3 increased in abundance and prevalence models across all PVC leachate levels
compared to the FSW control. Studies of early coral microbiome establishment consis-
tently show that embryos and early larvae carry highly dynamic, diverse, and largely
transient bacterial communities dominated by Proteobacteria. Endozoicomadaceae,
Rhodobacteraceae, and Methylophaga (Apprill et al., 2012; Bernasconi et al., 2019).

Methylophaga are important to coral physiology because they occupy a specialized
role in the coral sulfur cycle by consuming dimethylsulfide (DMS), a major break-
down product of dimethylsulfoniopropionate (DMSP), which is produced in large
quantities by corals and their symbiotic algae (Raina et al., 2010, 2013). DMSP and
its downstream products contribute to antioxidant defense, stress signaling, and
antimicrobial activity within the coral holobiont, making sulfur cycling central to
coral health and microbiome organization (Aguilar et al., 2017; Deschaseaux et al.,
2014; Gardner et al., 2017; Jackson et al., 2020). Unlike common coral-associated bac-
teria, Methylophaga are obligate marine methylotrophs that specialize in using DMS
and other one-carbon compounds as energy sources, effectively acting as a sink for
sulfur-derived metabolites (Janvier & Grimont, 1995; H. G. Kim et al., 2007; Krober
& Schifer, 2019; Neufeld et al., 2007). Their enrichment under PVC leachate exposure
therefore suggests either direct utilization of plastic-derived methylated compounds or
disruption of normal coral sulfur metabolism that alters DMSP/DMS release patterns.
Whichever mechanism is operating, the functional implication for coral physiology is
similar: a bloom of Methylophaga in or around coral embryos would accelerate the
consumption of DMS (and possibly methanethiol) in the embryo’s immediate chemical
environment. Because DMS itself has antioxidant properties and is part of the broader
stress-response chemistry of corals, removal of DMS by a methylotrophic bloom could
deplete a potential chemical defense in coral embryos. DMS is also an important
atmospheric compound for cloud condensation nuclei implicated in localized cooling,
and it’s cycling - entirely mediated by bacteria - impacts regional weather (Fischer &
Jones, 2012; Reisch et al., 2011).

Predicted functional profiling of these responsive taxa further indicated that PVC
leachate exposure may selectively favor microbes with traits related to methanogenesis
and the catabolism of aromatic hydrocarbons and chlorinated compounds. These
functional shifts are consistent with the chemical composition of PVC leachate,
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which contains complex dissolved organic carbon mixtures including plasticizers,
aromatic compounds, and chlorinated constituents that can serve as substrates for
specialized marine heterotrophs. Similar stress-associated metabolic restructuring has
been observed in experimentally disturbed coral microbiomes, where environmental
stressors altered microbial metabolism toward increased sulfur and nitrogen cycling,
virulence, and secondary metabolism (Vega Thurber et al., 2009). In this context, the
enrichment of methanogenesis-associated pathways may reflect a dysbiotic microbial
response to chemical stress rather than a stable component of the healthy embryo
microbiome, supporting the broader concept that relatively small shifts in micro-
bial community composition can substantially alter coral holobiont function (Vega
Thurber et al., 2009).

The enrichment of pathways related to aromatic hydrocarbon and chlorinated com-
pound degradation is likewise biologically plausible under PVC exposure. Corals
living near natural hydrocarbon seeps harbor microbial communities enriched in
hydrocarbon-degrading Gammaproteobacteria, Actinobacteria, and Firmicutes capable
of metabolizing compounds such as phenanthrene, biphenyl, and naphthalene, with
degradative capacity increasing alongside contaminant exposure (Al-Dahash & Mah-
moud, 2013). Similarly, coral-associated hydrocarbon-degrading bacteria possess genes
involved not only in aromatic and alkane degradation, but also DMSP metabolism,
nitrogen cycling, cobalamin biosynthesis, and antimicrobial compound production, in-
dicating that these microbes can simultaneously participate in xenobiotic degradation
and holobiont-associated functions (Villela et al., 2023). Because marine organisms
naturally produce halogenated organic compounds, reef-associated bacteria also
commonly encode dehalogenation pathways that participate in the natural marine
chlorine cycle (Atashgahi et al., 2018). However, under PVC leachate exposure,
enrichment of these pathways likely reflects microbial selection for taxa capable of
tolerating or metabolizing plastic-derived aromatic and chlorinated compounds.

These functional predictions should nevertheless be interpreted cautiously, as
PICRUSt-based inference from 16S rRNA data depends strongly on reference genome
representation, which remains limited for many coral-associated marine microbes.
While these traits were inferred from amplicon sequence variant (ASV) phylogenetic
placement rather than direct metagenomic or proteomic measurements (Douglas et al.,
2020), the results suggest that PVC leachate pollution may influence not only which
microbes associate with developing coral embryos, but also the broader metabolic
potential of the embryo-associated microbiome.

These findings are broadly compatible with previous marine microbiome studies
examining PVC leachate exposure in seawater. (Focardi et al., 2022) found that
PVC leachate alone dramatically restructured a natural planktonic marine microbial
community, suppressing primary producers (including SAR11 and picophytoplankton)
while favoring fast-growing copiotrophs in the Alteromonadales. Accompanying
metagenomics showed enrichment in genes for pathogenicity and motility. Related
work by (Vlaanderen et al., 2023) showed that PVC leachate enriches antibiotic-
resistant genes and virulence genes in seawater communities. Although neither study
highlights Methylophaga, or is specific to coral, both support the idea that PVC
leachate can affect the microbial environment in the seawater surrounding corals and
their developing embryos.

Together, these results suggest that environmentally relevant PVC exposure may exert
subtle but ecologically meaningful selective pressures on microbial assembly during
coral embryogenesis, even when overall community structure remains relatively stable.

5 Conclusion

At the surface, Montipora capitata coral embryos appear largely resilient to PVC
leachate stress, yet we detected several subtle but important biological responses to
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PVC leachate pollution. Leachate exposure was associated with small, stage-specific
shifts in developmental timing, suggesting that key embryonic transitions may be
modestly accelerated by PVC leachate exposure. At the molecular level, 130 genes
responded to leachate exposure, indicating targeted transcriptional effects nested
within broader embryonic regulation. Similarly, the embryo-associated microbiome
did not undergo large community-wide restructuring, yet specific bacterial taxa (and
subsequently their predicted functional pathways) were impacted by PVC leachate
exposure, particularly those linked to aromatic carbon degradation and DMSP cycling.
Together, these findings suggest that PVC leachate may exert hidden sublethal effects
that are not captured by traditional survival-based endpoints.

These findings reveal that exposure to plastic-derived chemicals can subtly alter devel-
opment, gene regulation, and host-associated microbiomes during the most sensitive
stages of coral life history. Such early, low-dose effects may scale up to influence larval
performance, recruitment success, and ultimately coral population resilience. The
patterns detected here are consistent with the expected effects of endocrine-disrupting
chemicals operating through low-dose, endocrine-like signaling.

Future studies should investigate whether acute early-life exposure to PVC leachate
produces longer-term consequences that persist beyond embryogenesis, including
effects on epigenetic regulation, larval survival trajectories, metamorphosis, and
settlement success. Because this study focused on acute exposure, additional work
examining chronic or repeated exposure scenarios is also needed to better reflect
environmentally realistic conditions. Plastic pollution rarely occurs in isolation

in reef environments, and future experiments should therefore examine how PVC
leachate interacts with additional stressors such as thermal stress from ocean warming
and marine heatwaves. Furthermore, PVC leachate represents only one subset of
microplastic polymers and associated additive chemicals, and substantially more work
is needed to characterize the toxicity of other plastic types and chemical mixtures.

This study is relevant to the conservation and management of coral reef ecosystems,
and can inform conservation, management, and policy decisions on plastics and their
chemical additives as emerging contaminants of concern. Support for regulations that
recognize and mitigate the impacts of low-dose endocrine-disrupting chemicals on
vulnerable marine ecosystems is critical for protecting these vital life-giving resources
(Vandenberg, 2021).
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Figure 16: Experimental overview of Montipora capitata early life-stage exposure to
PVC leachate. Schematic showing the reproductive biology and experimental design used
to obtain coral embryos and assess the effects of plastic-derived leachates during early
development.

—36—



manuscript submitted to UW Masters Thesis

Colony spawning across collection nights
and DNA/RNA Sample pool structure

7/7/2024 HEH | | EEEEEN
HEN [ | Did not spawn
7/52024 HEEENE HENR B Sspawned

~
X
>
<
N
<]
IN)
S
|

Spawn date

89M9
89C9
89C14
7C14
789M4
789M14
789L9
789L4
789114
789H9
789H4
789H14
789C4
6c14 [l
e7coll W
45H14 I

45c9 [
45c14 [
456m9 [

456M4 I
||

456L9 I

45604 I
456014 I
456H9 I
456H4 I
456c4 [
13M14
131415M9
131415M4
131415M14
131415L9
131415L4
131415014
131415H9
131415H4
131415H14
131415C9
131415C4
131415C14
123M9 [l
123M4 [
123L9
12314
123114 [

||
||
||
||
||
123H9 [ B
[ |
[ |
| |
[ |

Absent

. Present

Sample ID

123H4 [
123H14 [
123c9 [
123c4 [
123c14 [
101112M9
101112M4

_.
o
=4
ey
)
<
=
£

||

||

101112L9
101112L4
101112L14

101112H4
101112H14
101112C9

_‘
o
2
=
N
T
o
||
s INNEEEEEEEEN

Yy
9%
o
%
G

ey L

7.
%0,

Parent colony

Figure 17: Display of coral parent colonies used in cross-fertilization assay broken down by
night of colony spawning and sample pooling structure for DNA /RNA extraction.
,37,



1140

1141

1142

1143

1144

1145

1146

1147

Table 1: Summary of embryo count means indicating survival of embryos across treatment
and developmental time

Control Low (0.01 Mid (0.1 High (1
Hours post-fertilization (FSW) mg/L) mg/L) mg/L)
4 27.0+£39 273 +£4.9 24.0 £ 54 26.0 £ 3.2
9 124+ 75 12.6 £ 8.8 129 £ 6.1 11.1 £ 8.0
14 113+ 5.6 12.7 £ 4.7 142 £ 7.2 9.6 £4.6

Table 2: ANOVA results for relative survival of embryos across treatment and developmen-
tal time

Term df Sum Sq Mean Sq F value Pr(>F)
PVC leachate treatment 3 57.51852 19.17284 0.5228956  0.6675647
Developmental stage (hpf) 2 4696.35185  2348.17593  64.0411616  0.0000000
Treatment x stage 6 125.87037 20.97840 0.5721380  0.7516086
Residuals 96  3520.00000 36.66667 NA NA

Table 3: Multivariate and univariate results of embryo developmental timing stage composi-
tion

De- p-
Effect Df viance value Dev  p Dev p Dev p Dev p Dev p

Treat- 3 1.50 0.998 0.14 0.999 0.52 0.999 0.36 0.999 0.03 0.999 0.46 0.999
ment

hpf 2 568.00 0.001**111.980.001**76.46 0.001**71.99 0.001**126.170.001**181.390.001**
Treat- 6 40.30 0.009**6.53 0.108 2.76 0.144 9.42 0.108 11.59 0.108 0.00 0.791
ment X

hpf

Table 4: Multivariate and univariate results of embryo morphological abnormality status

De-
Effect Df  viance p-value Dev p Dev p Dev p
Treatment 3 5.47 0.701 0.37 0.949 0.86 0.949 4.24 0470
hpf 2 90.91 0.001** 63.75 0.001** 25.24 0.001** 1.91 0.387
Treatment X 6 12.12 0.886 4.69 0.870 6.14 0.854 1.29  0.982

hpf
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