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ABSTRACT

A Comparative Metagenomics Study on A Bioreactor System
in Salinas, CA, The Salinas River Valley, and The Tijuana
River Valley
by
Connie Samantha Machuca
Master of Science in Environmental Science
California State University Monterey Bay, 2023

Coastal environments are some of the most productive and valuable ecosystems in
the world while also having some of the highest levels of non-point source pollution.
Genetic analyses of bacteria have provided scientists with a better understanding of how
pollution affects functional potential within the environment. This is done by evaluating
the presence/absence of particular taxonomic classifications as well as genes and gene
functional groups. This study aimed to use genetic information isolated from bacteria
found in two coastal watersheds, as well as a field bioremediation system, to learn how
bacterial diversity and taxonomic groups differ between locations, the potential of
sampled environments to remediate pollutants, and which functional groups are
significantly represented within different locations. Amplicon sequencing of the 16S
rRNA gene as well as whole metagenome shotgun sequencing were performed using
isolated DNA from sediment samples collected from sites in two coastal watersheds, the
Salinas River Watershed and the Tijuana River Watershed. Amplicon sequencing showed
significant differences in alpha and beta diversity within different location sites. Beta
diversity was also observed to be significantly affected by various environmental
variables within location sites. Whole metagenome shotgun sequencing produced 60
high-quality dereplicated metagenomically assembled genomes (MAGs). MAGs from
two location sites were found to have all genes necessary to complete two functional
KEGG pathways related to agricultural runoff reduction. Hierarchical clustering of
sequences within the high-quality dereplicated MAGs was also observed revealing over
and under representation of 7 and 19 Level-3 GO categories, respectively. The genetic
properties of bacteria found within this study’s sampling locations provides local
policymakers with information related to an ongoing bioremediation project as well as
the function of the ecosystems that are vital for the regional and national economy.
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Introduction

Coastal zones are known to be some of the most productive and valuable ecosystems
in the world (Chouinard et al. 2015). In many coastal watersheds located in California,
non-point sources of pollution have led to negative effects on human health and the
environment (Stein et al. 2016; Dowd et al. 2008; Shrestha et al. 2020). Some negative
consequences of coastal pollution include loss of habitat and biodiversity of living
organisms, a shift in environmental processes, and a decline in ecosystem services (Nunes
& Leston 2020). One way to assess environmental pollution levels and their magnitude is
by studying microbes found within these areas. Microbes found within coastal
environments are responsible for various biogeochemical processes that are necessary for
the environment to function properly (Vincent et al. 2021). In addition, microbes are
sensitive to changes within the environments they are found in, making them an appropriate
study subject for environmental monitoring (Zhang et al. 2016).

Studying bacteria found within the environment has proven difficult in the past with
only about 2% of all bacteria being culturable within a laboratory (Wade 2022).
Metagenomics is a term used to describe the study of uncultured microorganisms at the
genomic level (Wooley et al. 2010). High-throughput sequencing technology
complemented with metagenomics approaches have made studying non-culturable
bacterial species found within the environment more attainable (Wooley et al. 2010; Pérez-
Cobas et al. 2020). Two primary methods used to study microbial communities in different
capacities with the use of high-throughput sequencing are marker gene amplification and
whole metagenome shotgun sequencing (shotgun metaG) (Pérez-Cobas et al. 2020).

Marker gene amplification involves sequencing a region of a genome associated with a
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specific gene (Pérez-Cobas et al. 2020). Within bacterial studies, this specific gene of
interest is the 16S rRNA gene that consists of 9 hypervariable regions and has a sequence
length of about 1,550 bp long (Clarridge 2004; Janda et al. 2017). Amplification of the 16S
rRNA gene has been used to study the diversity and complete taxonomic resolution of
microbial communities in the environment (Fadeev et al. 2021). Shotgun metaG is a more
comprehensive analysis since it provides sequences that are able to be assembled into entire
genomes and can inform functional inferences associated with an environment based on
gene presence/absence (Sharpton 2014). Both these approaches have led to various
advancements in microbial ecology and diversity (Janda et al. 2017; Pérez-Cobas et al.
2020; Sharpton 2014).

In addition to using microbes as a means of environmental monitoring, they have
also been used to detoxify and remediate pollutants (Chandran et al. 2020).
Bioremediation involves using microorganisms to decrease or detoxify environmental
contaminants to non-toxic levels (Raffa & Chiampo 2021; Sharma 2012; Mueller et al.
1996). Bioremediation is often done in a controlled environment with the use of bacteria
that transform unwanted contaminants during several metabolic processes. Researchers at
California State University, Monterey Bay (CSUMB) have been using a bioremediation
approach to reduce contaminants from local waterways.

The Jue and Haffa Labs at CSUMB received funding from the California
Department of Pesticide Regulation, the California State University Agricultural
Research Institute, and the California Leafy Greens Research program to research the
implementation of bioremediation systems in agricultural areas near Salinas, California.

This research has identified potential bacterial pesticide remediators that would later be
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added to an experimental bioremediation system to remove unwanted contaminants from
agricultural runoff. This bioreactor consists of a water-flow structure with a woodchip-
filled trench to remove unwanted contaminants from agricultural runoff. Preliminary data
from the bioreactor system in Salinas, California showed an overall reduction in pesticide
abundance in imidacloprid and pyrethroid pesticides and significant changes in bacterial
community composition and species diversity over time.

Two remediation pathways of interest that have been related to the reduction of
agricultural pollutants are denitrification and dissimilatory nitrate reduction to ammonia
(DNRA). Denitrification is the process of removing nitrate from the environment through
plant, algae, and microbe absorption that involves oxidation of ammonia (Tomasek et al.
2017; Shapleigh 2006; Kuenen, 2008). Denitrification specifically involves reducing
nitrate to gaseous nitrogen with the creation of nitrite, nitric oxide, and nitrous oxide
where oxygen is limited (Tomasek et al. 2017). Some microbes perform DNRA in place
of denitrification to complete respiration by using nitrate as an electron acceptor in place
of oxygen (Kamp et al. 2015; Thamdrup 2012). In addition to reducing nitrate, DNRA is
also responsible for converting nitrate to ammonia and allows for nitrogen to stay within
the environment for other organisms to use (Bu et al. 2017). The steps involved in DNRA
include nitrate reduction to nitrite and nitrite reduction to ammonia (Bu et al. 2017).

In this study, two different genetic approaches were used to provide information on the
state of historically polluted environments and their metabolic potential to remediate
pollutants. First, DNA was extracted from soil samples collected from two polluted coastal
watersheds, a bioreactor system, and two comparison locations within the same areas. This

was followed by 16s rRNA sequencing and whole metagenome shotgun sequencing
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(shotgun metaG), leading to high-quality amplicon sequence variants (ASVs) and
metagenomically assembled genomes (MAGs) which were analyzed using comparative
genomics, including alpha and beta diversity, taxonomic classifications, the presence of
genes associated with two metabolic pathways, and Gene Ontology annotations.

Methods
Study Area(s)

The sampling regime for this study included three distinct locations: the
Mexican/U.S.A border, the Salinas River Valley, and a constructed woodchip field
bioreactor established near an agricultural field about a 1-mile distance from the Salinas
River.

Mexican/U.S.A Border

Three sites near the Tijuana River Valley were sampled for this study: Smuggler’s
Gulch, Goat Canyon, and Los Pefiasquitos Canyon Preserve — Canyonside Creek (Figure
1). Smuggler’s Gulch and Goat Canyon have been used as monitoring sites in past studies
to collect environmental metadata as well as to observe changes in raw sewage and heavy
metal contamination (U.S. Customs and Border Protection n.d.). Smuggler’s Gulch and
Goat Canyon are categorized as “polluted Tijuana” sampling sites within this research
study. Los Penasquitos Canyon Preserve is owned and operated by both the City and
County of San Diego. Los Pefiasquitos Canyon Preserve is found within the Los
Pefiasquitos Watershed Management Area (WMA), which is primarily used for
residential purposes, transportation, industry, and agriculture. Because of its location, Los
Pefiasquitos Canyon Preserve is assumed to be impacted by pollutants from urban
sources. Within this study, Los Pefiasquitos Canyon Preserve is categorized as a

“comparison Tijuana” sampling site.
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Three sites near the Salinas River Valley were sampled for this study: CDPR

Monitoring Site (Salinas River at Davis Rd), Salinas River National Wildlife Refuge

(SRWR), and Arroyo Seco (Figure 2). The SRWR site is managed by the U.S. Fish and

Wildlife Service and is located where the Salinas River empties into the Monterey Bay.

Both the CDPR monitoring site and the SRWR are categorized as “polluted Salinas”

sampling sites. Arroyo Seco is located about 40 miles from the Salinas River and flows
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east from the Santa Lucia Range into the Salinas River (Taylor et al. 2017). Within this
study, Arroyo Seco is categorized as a “comparison Salinas” sampling site.
Pesticide Remediating Bioreactor

The pesticide remediating bioreactor used within this study is located in Salinas,
CA and has various unique features. Built in 2019 by John Silveus, its dimensions are 4
feet wide, 2 feet tall, and about 48 feet long (Figure 3). Within the bioreactor, sediment
makes up the bottom portion of the trench, with a layer of woodchips as the mid-layer,
and space at the top of the trench to allow water to pass through. The bioreactor has four
sampling ports along its length, is completely above ground, and connected to a drainage

system that collects runoff from nearby agricultural fields and pushes it through the
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Meter _

Figure 3. Picture of the bioreactor in Salinas, CA

bioreactor. The flow of the water runoff passing into the bioreactor is measured using an
intake flow meter connected directly to the drainage system. In order to promote
remediation, the bioreactor is dosed regularly with known bacterial remediators isolated
from the environment (Mortensen et al. 2019).

Setup and Maintenance. To ensure proper maintenance before sampling, the
bioreactor was flushed thoroughly to clean the system of any contaminants that may have
collected over the past year. This was done by running water from the attached drainage
system through the entire bioreactor for a whole day. This was done about 3 times before
starting the sampling period to ensure the system was clean and ready for use. After the
bioreactor was flushed it was dosed with multiple strains of pesticide-remediating
bacteria that have been isolated, inoculated, and grown within a laboratory environment.
This was completed several times throughout every sampling season. A comprehensive

list of dosing dates and strains used can be found below (Table 1).

~Intake Flow

-




Table 1. Bioreactor dosing dates and strains used for growing seasons 2019-2021.

20

Target Pesticide
Imidacloprid | Bifenthrin | Lambda Malathion | Cypermethrin | Permethrin
Cyhalothrin
Date Dosed Bacteria Strain Used (2L)
07-22-2019 SV-BI-1W, SV-BP-1,
07-29-2019 SV-BI-1Y, SV-BP-2,
SV-BI-2, SV-BP-3,
SV-BI-3, SV-BP-4,
SV-BI-5, SV-BP-5,
SV-BI-6, SV-BP-7
SV-BI-7,
SV-BI-8,
SV-BI-9W,
SV-BI-9Y
8-14-2020 SV-BI-1W, | SV-BB-2, | SV-BLC-1, SV-BM-1, | SV-BC-2 SV-BP-1,
8-26-2020 SV-BI-3, SV-BB-6, | SV-BLC-2, SV-BM-4, SV-BP-5,
09-16-2020 SV-BI-5 SV-BB-9 | SV-BLC-3, SV-BM-8 SV-BP-7
SV-BLC-4
7-02-2021 SV-BI-5b SV-BB-2, | SV-BLC-1, SV-BM-1, | SV-BC-6, SV-BP-5,
SV-BB-9 | SV-BLC+4 SV-BM-4 SV-BC-8 SV-BP-7
7-10-2021 SV-BI-2a, SV-BB-2, | SV-BLC-1, SV-BM-1, | SV-BC-6, SV-BP-5,
7-13-2021 SV-BI-5b SV-BB-9 | SV-BLC-2, SV-BM-4, | SV-BC-8 SV-BP-7
7-23-2021 SV-BLC-3 SV-BM-8,
8-02-2021 SV-BM-10
8-08-2021
8-18-2021
9-29-2021

Sample Collection

Salinas and Tijuana River Valleys Field Sampling

Sediment samples were collected from three sites near the Salinas River Valley

and the Tijuana River Valley in January 2022 and February 2022, respectively. Each site
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had three corresponding sediment samples that were taken. All sites were sampled in an
identical manner described below.

Upon arriving at a site, a YSI sonde was placed within the nearest body of water.
Measurements were taken for turbidity, dissolved oxygen, salinity, temperature, and pH.
Water was also tested using a HACH colorimeter to measure phosphate and nitrate
concentrations. After all environmental metadata was collected, a 5 inch x 5 inch patch of
sediment near the body of water was chosen to collect from, away from debris or any
human disturbance. The top millimeter layer of sediment was removed using a sterile,
plastic scoop spatula. The remaining sediment was then collected into a Sterile Five-O™
SmL MacroTubes® and immediately placed on dry ice until being transferred to a -80°C
freezer.

Bioreactor Field Sampling

Sampling from the bioreactor took place from 2019-2021 within the summer
months to ensure proper flow of water from the growing season to push through the
bioreactor. A “sampling run” was done over the course of at least three consecutive days,
where the bioreactor was sampled three times a day, at 9am, 1pm, and 5pm. The
bioreactor was only sampled when the water running through the system was at a rate of
a 10, 20, or 30 gallons/minute at the beginning of the day. At each sampling time,
environmental metadata was first collected from each port of the bioreactor using a YSI
sonde and a HACH colorimeter. Measurements collected included temperature, salinity,

pH, dissolved oxygen, conductivity, phosphate, nitrate, and turbidity.

A sediment sample was taken from each port of the bioreactor at every sampling

run using a Johnny Jolter Pro Toilet Plunger System and an attached PVC pipe (Figure
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4). Sediment collected from the bioreactor was placed in a half-gallon bucket for ~10
minutes to allow any water to separate from the sediment and then decanted to remove
excess water. The remaining sediment was collected in Sterile Five-O™ 5 mL

MacroTubes® and immediately placed on ice until being transferred to a -80°C freezer.

Figure 4. Picture of Johnny Jolter used to collect sediment samples
from the bioreactor from 2020-2021.

Sample Processing

DNA from all sediment samples was extracted using the Qiagen DNeasy Power
Soil Pro Kit. DNA extracts were quantified using a Thermo Scientific NanoDrop 2000C
Spectrophotometer (Table A1) and gel electrophoresis. DNA extracts were processed
using amplicon sequencing on the [llumina MiSeq System using the methods below.
Upon quantifying all samples, 24 samples were chosen to be sent in to Novogene for

whole metagenome shotgun sequencing (Table A2).
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16S Amplicon Sequencing

Polymerase Chain Reactions. Polymerase chain reactions (PCRs) were
performed on all selected DNA samples to amplify the 16S rRNA gene using the Thermo
Scientific™ Phusion High-Fidelity PCR Master Mix with HF Buffer with a desired final
concentration of 10-20 ng/uL for each 25 uL reaction. Each sample had a unique 319F
and 806R dual-indexed PCR amplification primer added to the PCR as described by
Fadrosh et al. 2014. Each sample had three replicate PCRs that were pooled together
upon completion of the reaction. The following protocol was programmed on the
thermocycler for every PCR:
Method: Calc
Lid: 105°C
Volume: 25 uLL

1. 98°C, 30 seconds

2. 98°C, 15 seconds

3. 58°C, 15 seconds

4. 72°C, 15 seconds

5. Goto2,30X

6. 72°C, 1 minute

7. 4°C,

PCR Clean-Up and Quantification. 65 microliters of every pooled PCR
product were cleaned using the PCRClean DX purification system. The dual-sided
magnetic bead clean-up followed the 96-well format method as described in Aline

Biosciences Protocol Rev. 2.10.
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After the dual-sided magnetic bead clean-up was completed for each PCR pooled
product, the newly cleaned product’s DNA concentration was quantified using the
dsDNA HS Qubit Assay Kit. The qubit process followed the method as described by
Invitrogen. The targeted concentration for the newly cleaned products was within 0.8
ng/uLL — 10 ng/uLL. If the concentration was above 10 ng/uL, the sample was diluted with
molecular grade water to reach a concentration between 0.8 ng/uLL — 10 ng/uL. If the
concentration was below 0.8 ng/uL, all of the sample (26 L) was included within the
sample library.

Library Pooling. After each PCR product was quantified, a simple calculation
was used to determine how much of each sample would be added to the final library pool.
The target final concentration for each sample was 20 ng, which was divided by the qubit
concentration to determine how many microliters of each sample was to be added to the
pooled library. All samples with the desired volume were added to the same tube and
served as the final library for sequencing.

Illumina MiSeq Library Preparation. The final library pool was quantified for
its DNA concentration using Qubit. The library pool was concentrated using the
CentriVap Benchtop Centrifugal Vacuum Concentrator at 37 °C for 24 minutes to match
the desired concentration of 1.56 ng/uL based on the requirement of a 4nM library by
[llumina. The concentrated library was denatured and diluted to an 8pM final
concentration according to Protocol A: Standardized Normalization Method in the MiSeq
Denature and Dilute Libraries Guide. A PhiX control was also denatured and diluted to a
20pM concentration according to the Denature and Dilute Phix Control in the MiSeq

Denature and Dilute Libraries Guide. The final step of the library preparation involved
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combining the 8pM library and a 15% spike-in PhiX control together. The resulting
solution was put into the V3 Illumina sequencing cartridge and placed into the MiSeq
[llumina Sequencer.

Negative Controls. In order to account for contamination or index misassignment
that is often seen within Illumina Next Gen Sequencing data, four negative controls were
included within the sequencing run. Negative controls within this study involved
amplifying Sul. of nuclease-free water using the same PCR settings as the experimental
samples. The PCR products were then cleaned using dual-sided magnetic bead clean-up,
quantified, and added to the final library pool along with the experimental samples.
Whole Metagenome Shotgun Sequencing

DNA extracted from 24 selected samples was sent in to NovoGene, a provider of
genomic services, to be sequenced using shotgun metagenomic sequencing method. This
sequencing technique provides data that can be used to identify functional profiling,
predict genes, and determine microbial interactions within a microbial community. Each
sample was sequenced to return a maximum of 6 Gb of data.

Data Analysis
16S Amplicon Data

Upon completion of amplicon sequencing using the Illumina MiSeq System, the
returned raw fastq files were processed using Cutadapt (Martin 2011) to remove any
primer and adapter sequences. The trimmed sequences were then processed using FastQC
(Andrews 2010) to understand the quality of the sequences and inform the microbial
analysis pipeline. QIIME2 (Boylen et al. 2019) a microbial analysis package, was used to

filter and prepare sequences for diversity analyses and taxonomic assignments by
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returning ASVs (amplicon sequence variants) that represent different taxonomic
classifications. Following similar methods followed by Nguyen et al. 2014, the number of
reads of each ASV within the negative control sequenced samples was subtracted from
the read abundances of the ASVs in the experimental samples.

Diversity Analyses. Alpha diversity of the processed ASVs was assessed using
Observed and Shannon diversity measures within the phyloseq and vegan packages in R.
Alpha diversity is a term that includes metrics used to understand the composition of an
ecological community by quantifying the number of taxonomic groups and the way these
groups are distributed within the environment (Willis 2019). Beta diversity of the
processed ASVs was assessed using the Bray-Curtis Dissimilarity method (Chao et al.
2005) and three different ordination methods using the phyloseq package in R
(McMurdie & Holmes 2011). Beta diversity is a term that includes metrics used to
identify the differences, or similarities, between two or more groups by using a chosen
distance metric to compare various diversity characteristics of the groups (Maziarz et al.
2018).

The methods used to evaluate beta diversity within this study were all non-
parametric. Parametric statistical approaches within microbiology require various
assumptions to be met by the biological dataset (Paliy & Shankar 2016). In order to meet
necessary assumptions for parametric statistical approaches, original datasets often need
to be transformed but may be negatively affected based on the type of variable analyzed:
discrete or continuous (Paliy & Shankar 2016). Because non-parametric statistics are not
associated with any sort of distribution, these analyses can be applied to non-transformed

data (Paliy & Shankar 2016), which is the approach that was used in this study.
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The first method used to assess beta diversity was a Principle Components
Analysis (PCA). PCA uses Euclidean distances to visualize dissimilarity between
samples based on the abundance of unique ASVs, which is greatly affected by a high
number of zeros in a dataset and could display false distributions (Paliy & Shankar 2016).
A second distance method, Bray-Curtis distance, was used to calculate dissimilarity
among microbial communities from different sampling locations (Paliy & Shankar 2016).
Bray-Curtis dissimilarity values were then ordinated using two ordination visualization
methods: Principle coordinates analysis (PCoA) and non-metric multidimensional scaling
(NMDS).

PCoA is similar to PCA by ordering objects along axes of principle components
in an attempt to explain the variance in the original dataset (Paliy & Shankar 2016).
Instead of using Euclidean distances, PCoA can be applied to any distance method.
NMDS attempts to use a small number of ordination axes to fit the data to the chosen
number of dimensions and the distances among all samples are ranked (Paliy & Shankar
2016). As long as the number of axes is below 4, all axes of variation will be displayed
once the analysis is complete (Paliy & Shankar 2016). A stress parameter is then
calculated to represent the fit between the observed distances and the resulting ordination.

Taxonomic Assignments. Upon completion of the QIIME2 microbial analyses
pipeline, a unique primer-specific classifier was created using RESCRIPt (Robeson et al.
2021), a QIIME2 plug-in, that uses full-length SILVA 16s rRNA reference sequences to

assign taxonomies. The classifier was then used against the processed ASVs.
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Shotgun sequencing data

The raw fastq files returned from Novogene were analyzed for their quality using
FastQC upon removing primers and adapter sequences using Cutadapt (Martin 2011).
The following tools within the “Welcome to Metagenome Analysis 101” on KBase (Dow

et al. 2021) were used to perform the following functions:

metaSPAdes (Assembling reads into contigs) (Nurk et al. 2017)

e MetaBat2 (Binning contigs) (Kang et al. 2019)

e CheckM (Assessing genome quality) (Parks et al. 2014)

e DRep (Dereplicating genomes) (Olm et al. 2017)

e GTDB-Tk (Obtaining objective taxonomic assignments of genomes) (Chaumeil et al.

2019)

e DRAM (Annotating and distilling assemblies using the KEGG database) (Shaffer et

al. 2020)

In addition to Kbase, OmicsBox (Biobam Bioinformatics 2019), a bioinformatics
analysis platform, was used to process the annotated protein sequences from the resulting
dereplicated high-quality dereplicated bins using the following built-in tools:

e Blast2GO (Gotz et al. 2008)

e FatiGO (Al-Shahrour et al. 2004).

Gene Ontology (GO) elements were used within the above OmicsBox analyses. The
GO is a way to describe genetic data using three aspects: molecular function, cellular
components, and biological processes (Thomas 2016). A GO annotation includes possible
gene function along with its presumed ontology function (Thomas 2016). GO annotations

were assigned to each sequence within the dereplicated high-quality bins in OmicsBox.
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After assigning GO annotations, grouping patterns were investigated using a hierarchical
clustering calculation, within the heatmap.2 package in R (Warnes et al. 2015), of the
relative abundance of each Level-3 GO category within each sample. Any evidence of
grouping was tested with a two-tailed Fisher’s Exact configuration (Al-Shahrour et al.
2004) to show significant differences between two groups.
Results

16s Amplicon Sequencing

Upon basecalling the returned paired-end amplicon sequences from the Illumina
MiSeq system, individual fastq files were generated for both the forward and reverse
reads of every sample. The forward and reverse adapter sequences were removed using
Cutadapt and the resulting sequences were run through QIIME2 Demux Summary to
produce a demultiplexed summary table (Table 2). Based on the quality plots (Figures 5
and 6) and their corresponding parametric seven-number summary tables (Tables 3 and
4) created in QIIMEZ2, the forward and reverse reads were truncated at 258 bp and 170
bp, respectively, to ensure a median sequence quality score above 30. Upon truncation,
filtering, merging, and removal of chimeric sequences (Table 5), 10,680 unique amplicon

sequence variants (ASVs) were returned for all samples with varying lengths (Table 6).

Table 2. Demultiplexed sequence length summary.

Forward Reads Reverse Reads
Total Sequences Sampled 10000 | Total Sequences Sampled 10000
2% | 269 nts 2% | 257 nts
9% | 269 nts 9% | 258 nts
25% | 271 nts 25% | 259 nts
50% (Median) 274 nts 50% (Median) 261 nts
75% | 275 nts 75% | 264 nts
91% | 276 nts 91% | 265 nts
98% | 285 nts 98% | 285 nts
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Figure 5. Box and whisker plot of sequence quality scores according to sequence base length of forward reads.
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Figure 6. Box and whisker plot of sequence quality scores according to sequence base length of reverse reads.



Table 3. Parametric seven-number summary for forward reads at position 258.

Quality

Box plot feature Percentile score

(Not shown in box

plot) 2nd 8
Lower Whisker 9th 20
Bottom of Box 25th 33

50th

Middle of Box (Median) 35
Top of Box 75th 38
Upper Whisker 91st 38
(Not shown in box

plot) 98th 38

Table 4. Parametric seven-number summary for position 170.

Box plot feature Percentile Quality score

(Not shown in box plot) | 2nd 8
Lower Whisker 9th 9
Bottom of Box 25th 23
Middle of Box 50th (Median) 34
Top of Box 75th 37
Upper Whisker 91st 38
(Not shown in box plot) | 98th 38
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Table 5. Denoising statistics output generated in QIIME?.
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Percentage Percentage

of input Percentage of input
Sample passed of input Non- non-
Name Input Filtered filter Denoised Merged merged chimeric chimeric
ASO1 34546 29641 85.8 26001 12241 3543 10605 30.7
AS02 46179 40562 87.84 36955 19048 41.25 15959 34.56
AS03 36296 31518 86.84 28647 13501 372 10960 30.2
CONTROLI1 9524 8 0.08 1 0 0 0 0
CONTROL2 11336 9741 85.93 7783 3412 30.1 2995 26.42
CONTROL3 26583 22106 83.16 21264 12084 45.46 11302 42.52
CONTROLA4 12380 9957 80.43 9393 5003 40.41 4742 38.3
GCO01 55496 49117 88.51 44773 12959 23.35 11661 21.01
GC02 10 5 50 1 0 0 0 0
GCO03 52718 46534 88.27 43113 9768 18.53 8784 16.66
GC04 68579 61565 89.77 58306 15262 22.25 13184 19.22
GCO05 23873 19458 81.51 17239 8342 34.94 7542 31.59
GC06 20141 15728 78.09 13624 6835 33.94 6234 30.95
PLO1 27225 23383 85.89 20538 9698 35.62 8709 31.99
PLO2 41602 35414 85.13 30185 9387 22.56 7974 19.17
PLO3 43313 37560 86.72 32309 10519 24.29 8918 20.59
SB148 53717 47305 88.06 44978 21963 40.89 17720 32.99
SB160 52077 45761 87.87 43374 21065 40.45 16636 31.95
SB456 53552 47072 879 44735 13275 24.79 12158 22.7
SB460 42276 36659 86.71 34364 10340 24 .46 9224 21.82
SB508 67391 60213 89.35 56562 25844 38.35 22156 32.88
SB516 57120 51154 89.56 48078 21806 38.18 19882 34.81
SB596 59978 53091 88.52 49963 17812 29.7 16315 27.2
SB604 42312 37104 87.69 34193 12583 29.74 11513 27.21
SB666 8603 5952 69.19 4558 2100 2441 1793 20.84
SB670 31363 27460 87.56 24943 12845 40.96 11633 37.09
SB931 43016 21914 50.94 19990 9938 23.1 9206 214
SB935 5 2 40 2 0 0 0 0
SGO1 37514 33212 88.53 29696 10624 28.32 9294 24.77
SGO02 36882 32689 88.63 29394 11835 32.09 10571 28.66
SGO3 57136 50386 88.19 46634 19019 33.29 16925 29.62
SRAO1 46203 38518 83.37 34291 9979 21.6 8937 19.34
SRA02 80711 70521 87.37 65886 13592 16.84 12425 15.39
SRA03 22703 19442 85.64 17162 3852 16.97 3453 15.21
SRBO1 53339 46137 86.5 40266 13928 26.11 11454 2147
SRB02 57053 48645 85.26 43153 15754 27.61 12878 22.57
SRBO03 54710 47555 86.92 42957 18622 34.04 15291 27.95




33

Table 6. Representative Sequences Truncation Output

Sequence Mean Standard
Count Min Length | Max Length | Length Range Deviation
10680 258 416 404.73 158 11.99
Negative Controls

Overall, 13% of the total filtered and denoised ASVs were found within negative
control samples (Table 7). This resulted in a loss of 1,168 low abundance ASVs (Table
7). Upon removing the low abundance ASVs, the negative control samples were also

removed from the dataset before rarefaction.

Table 7. Negative control ASVs summary.

Number of ASVs Percentage of ASVs | Unique ASVs
found within found within Removed with 0
Total unique ASVs | Negative Controls Negative Controls reads

10680 1476 13 1168

Rarefaction

All experimental samples were rarefied at an even sampling depth of 3,000 reads
based on the resulting rarefaction curve (Figure 7). Rarefaction is a method used to adjust
for differences in library sizes between samples (Willis 2019). Rarefaction resulted in a
loss of 3 samples, GC02, SB666, SB35, due to total read numbers being below the 3,000
read sampling depth. Rarefied samples were assessed for alpha diversity, beta diversity,

and taxonomic classifications.
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Figure 7. Rarefaction curve of experimental sample total reads and observed species richness.

Alpha Diversity

Location and Comparison Category. Observed and Shannon diversity measure
values were highest within the CDPR Salinas Site and lowest within Goat Canyon
(Figure 8 and Table 9). After grouping samples based on comparison category (Table 8),
Observed and Shannon diversity values were highest within the polluted Salinas group
and comparison Tijuana group, respectively (Figure 9 and Table 10). Observed and
Shannon diversity values were lowest within the polluted Tijuana group (Table 9).
Results showed a significant difference in Observed and Shannon diversity values within
all location sites (Tables 11 and 12; p<0.05). Results also showed a significant difference
in Observed and Shannon diversity values within comparison categories (Tables 13 and

14; p<0.05).



Table 8. Comparison categories based on sample ID prefix.

Sample ID Location Site Comparison Category
AS Arroyo Seco Comparison Salinas
GC Goat Canyon Polluted Tijuana

PL Penasquitos Reserve Comparison Tijuana
SB Bioreactor Bioreactor

SG Smuggler's Gulch Polluted Tijuana

SRA Salinas River Wildlife Refuge Polluted Salinas

SRB Salinas CDPR Site Polluted Salinas

Table 9. Summary table median alpha diversity by location.

Alpha Diversity

Location Site Observed Shannon

Arroyo Seco 546 5.38
Bioreactor19 431 5.33
Bioreactor20 518 5.14
Bioreactor21 460 5.62
CDPR Salinas Site 638 6.01
Goat Canyon 391 4.58
Penasquitos Reserve 575 6
Salinas River Refuge 551 592
Smugglers Gulch 419 53

35
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Figure 8. Alpha diversity measures for samples based on location site and color-coded by comparison category.
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Table 10. Summary table of median alpha diversity measure values by comparison category.

Comparison Category

Figure 9. Alpha diversity measures for samples based on comparison category.

Alpha Diversity
Comparison Category | Observed Shannon
Bioreactor 469 5.35
Comparison Salinas 546 5.38
Comparison Tijuana 575 6
Polluted Salinas 593 592
Polluted Tijuana 412 4.94
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Table 11. One-way ANOVA results: Observed diversity values of location site.

Mean
Df Sum Square | Square F value P value
Location Site 8 177336 22167 3.409 0.0115
Residuals 21 136566 6503
Table 12. One-way ANOVA results: Shannon diversity values of location site.
Mean
Df Sum Square | Square F value P value
Location Site 8 6.122 0.7653 3.295 0.0135
Residuals 21 4877 0.2322
Table 13. One-way ANOVA results: Observed diversity values of comparison category.
Mean
Df Sum Square | Square F value P value
Comparison Category 4 103731 25933 3.085 0.0341
Residuals 25 210171 8407
Table 14. One-way ANOVA results: Shannon diversity values of comparison category.
Mean
Df Sum Square | Square F value P value
Comparison Category 4 4.633 1.1584 4.549 0.00673
Residuals 25 6.366 0.2546

Environmental Metadata. Environmental metadata collected during sampling
were analyzed through an Analysis of Covariance (ANCOVA) to measure the effect of
interactions between categorical and continuous variables. Environmental metadata
collected included temperature, dissolved oxygen, pH, phosphate and nitrate
concentrations, turbidity, and salinity which are all continuous variables. The first
assumption that needs to be met within the dataset is evidence of an independent
relationship between the covariates (environmental metadata) and the treatment (Location
Site). This assumption was tested using an ANOVA model where every environmental

measurement variable was analyzed with the Location Site variable. All environmental
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variables had a p-value of < 0.05 indicating that they were not independent from the
Location Site variable (Table A4). Because the environmental metadata was not proven
to be independent, continuing with an ANCOVA analysis would produce inaccurate
results when attempting to control the covariate, environmental metadata, within an
ANCOVA model that analyzes the response variable (Alpha Diversity) and the treatment
(Location Site) (Miller & Chapman 2001).
Beta Diversity

Principle Components Analysis. Several ordination and distance methods were
used to visualize beta diversity within all location sites and comparison category groups.
A principle components analysis (PCA) was used to visualize the dissimilarity between
samples taken at different location sites based on unique ASV abundances (Figure 10).

PC1 and PC2 together explained 75% of the variance (Table 15, Figure 11).
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Figure 10. Beta diversity of samples based on composition of unique ASVs using Principal Components Analysis (PCA)

method.

Table 15. Resulting principle component importance values.

Importance PC1 Importance PC2 Importance PC3
Eigen value 88404 52196 10724
Proportion Explained 047 0.28 0.06
Cumulative Proportion 047 0.74 0.8
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Location and Comparison Category. The Bray-Curtis Dissimilarity distance

method was used to calculate dissimilarity between samples, and represent beta diversity,

based on overabundant counts of ASVs within samples from different location sites.

Bray-Curtis dissimilarity values were then input into a PERMANOVA to understand how

different environmental factors affect beta diversity. Results showed a significant

difference in beta diversity within all location sites and comparison categories (Tables 16,

17; p<0.05).

Table 16. PERMANOVA results: Beta diversity values of location site.

Df Sum Square | Mean Square | F value P value
Location Site 8 7.587 0.64324 4.7328 1.00E-04
Residual 21 4.208 0.35676
Total 29 11.795 1




Table 17. PERMANOVA results: Beta diversity values of comparison category.
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Df Sum Square | Mean Square | F value P value
Comparison Category 4 4.3053 0.36501 3.5927 1.00E-04
Residual 25 7.4897 0.63499
Total 29 11.795 1

Environmental Metadata. All environmental metadata collected during
sampling was also put through a PERMANOVA to understand any relationships to beta
diversity. Nitrate concentrations, phosphate concentrations, dissolved oxygen, pH,
temperature, and turbidity had a significant effect on beta diversity values (Table 18;

p<0.05).

Table 18. PERMANOVA results: Beta diversity values of environmental metadata

Df Sum Square | Mean Square | F value P value
Nitrate 1 0.7431 0.063 1.8825 0.0075
Residual 28 11.052 0.937
Total 29 11.795 1
Phosphate 1 1.2448 0.10553 3.3035 1.00E-04
Residual 28 10.5503 0.89447
Total 29 11.795 1
Dissolved Oxygen 1 1.0205 0.08652 2.6519 0.0013
Residual 28 10.7746 0.91348
Total 29 11.795 1
pH 1 1.3343 0.11312 3.5715 1.00E-04
Residual 28 10.4607 0.88688
Total 29 11.795 1
Temperature 1 1.2987 0.11011 3.4645 1.00E-04
Residual 28 10.4963 0.88989
Total 29 11.795 1
Turbidity 1 0.9705 0.08228 2.5104 4.00E-04
Residual 28 10.8246 0.91772
Total 29 11.795 1

Non-Metric Multidimensional Scaling. A non-metric multidimensional scaling

(NMDS) ordination visualization method was used to show the dissimilarity between
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samples based on unique ASVs. An NMDS stress plot was first created to determine how
many dimensions would be appropriate for the ordination (Figure 12). The resulting
NMDS ordination had 3 dimensions and a stress value of 0.08 (Figure 13). The observed
dissimilarity was also plotted against the ordination distance to observe the fit of the
value (Figure 14). The R? value of the correlation between the ordination values and

predicted regression line ordination values line was 0.937 (Figure 14).

NMDS stress plot
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Figure 12. Stress related to the number of dimensions chosen for every unique trial NMDS ordination.
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Figure 13. Beta diversity of samples based on ASVs using Bray-Curtis dissimilarity distance method and the first two
dimensions of the NMDS ordination for location site and comparison categories (Dimensions: 3, Stress: 0.08983996).

Ellipses produced on the plot have a 95% confidence interval
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Figure 14. Stress plot of observed dissimilarity and NMDS ordination method.

Observed Dissimilarity

Principal Coordinates Analysis. The second ordination visualization method

used to show the Bray-Curtis Dissimilarity distance values was Principal Coordinates

Analysis (PCoA). PCoA was used to visualize the dissimilarity of samples taken at

different location sites (Figure 15). Axis1 and Axis2 together explained 28% of the

variance (Table 19, Figure 15).

Table 19. Resulting principle coordinates axes importance values.

Importance Importance Importance Importance Importance

Axis 1 Axis 2 Axis 3 Axis 4 Axis 5
Eigenvalue 1.78 1.593 1.239 0.984 0.825
Relative Eig 0.1509 0.1351 0.105 0.0834 0.07
Cumulative Eig | 0.151 0.286 0.391 0.474 0.544
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Figure 15. Beta diversity of samples based on ASVs using Bray-Curtis dissimilarity distance method and PCoA
ordination. Ellipses produced on the plot have a 95% confidence interval
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Taxonomic Classifications

A primer specific classifier was built and trained within QIIME2 using the Silva
138 99% OTUs full-length sequences with a confidence level of 70% and above. This
primer specific classifier was used to assign taxonomy to each unique ASV. After the top
20 taxonomic assignments were subset from the rarefied samples, 5 Level 2 (phylum)
taxonomic assignments and 9 Level 9 (Family-Genus) taxonomic assignments were

displayed (Figure 16, Figure 17).
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Figure 16. Top level 2 (Phylum) relative abundance taxonomic classifications of samples. Total ASVs (7418), total
assigned at Level 2 (7365), 53 unclassified at level 2 (99.2% assigned).
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Figure 17. Top level 9 (Family-Genus) relative abundance taxonomic classifications of samples. Total ASVs (7418),
total assigned at Level 9 (7066), 352 unclassified at level 9 (95.2% assigned).

Whole Metagenome Shotgun Sequencing

Upon receiving the shotgun sequencing data from Novogene, the quality scores of
the samples were assessed using a table provided by Novogene (Table 20). All samples
were selected for downstream analyses based on their low error percent and Q30 percent
being within 90-100 ensuring high quality input sequences (Table 20). The forward and
reverse adapter sequences were then removed using Cutadapt and the resulting sequences

were input into various tools within KBase for downstream analyses.
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Table 20. Summary table of sequencing data information provided by Novogene.

Location
Sample Site Raw reads Raw data | Effective(%) | Error(%) | Q20(%) | Q30(%) | GC(%)
Goat
GC4 Canyon 42228580 6.3 99.74 0.03 97.9 93.82 50.99
Goat
GC6 Canyon 53895040 8.1 99.76 0.02 98.14 94.42 50.27
Penasquitos
PL2 Reserve 68175136 10.2 99.8 0.02 97.95 94 .35 62.82
Penasquitos
PL3 Reserve 79882038 12 99.81 0.02 98.05 94.65 63.21
SB148 Bioreactor19 64512674 9.7 99.82 0.02 97.86 94 .45 63.52
SB160 Bioreactor19 70337882 10.6 99.85 0.03 97.77 94.26 64.34
SB456 Bioreactor19 64900930 9.7 99.79 0.03 97.79 94.07 58.85
SB460 Bioreactor19 56169934 84 99.77 0.02 97.99 94.64 59.33
SB508 Bioreactor20 64218388 9.6 99.8 0.02 97.95 94.36 61.5
SB516 Bioreactor20 80079828 12 99.84 0.03 97.83 94.3 60.91
SB596 Bioreactor20 67115462 10.1 99.79 0.03 97.75 93.79 60.83
SB604 Bioreactor20 60798524 9.1 99.81 0.03 97.69 93.93 60.42
SB666 Bioreactor21 72806202 10.9 99.82 0.03 97.85 94.18 64.31
SB670 Bioreactor21 69265510 104 99.8 0.03 97.81 93.97 63.36
SB931 Bioreactor21 65913716 9.9 99.8 0.03 97.79 94.28 61.53
SB935 Bioreactor21 74896116 11.2 99.71 0.02 98.01 94.51 61.24
Smugglers
SG2 Gulch 92284358 13.8 99.81 0.02 97.88 94.53 62.65
Smugglers
SG3 Gulch 50652200 7.6 99.73 0.03 97.89 94.2 60.92
Salinas
River
SRA1 Refuge 58769838 8.8 99.75 0.02 97.99 94.3 56.86
Salinas
River
SRA3 Refuge 52303720 7.8 99.73 0.03 97.83 93.93 58.57
CDPR
SRB2 Salinas Site 67211948 10.1 99.74 0.03 97.83 94.08 63.15
CDPR
SRB3 Salinas Site 57617388 8.6 99.76 0.02 97.95 94 .35 63.14

Assembling Genomes, Filtering, and Dereplication

Resulting sequences were input into the metaSPAdes tool in KBase to assemble
raw reads into contigs. The resulting number of contigs for every sample can be seen in
Table 21. After reads were assembled, the MetaBAT?2 tool in KBase was used to bin the
newly created contigs based on sequence similarity into metagenomically assembled

genomes (MAGs). The resulting MAGs were filtered based on completeness and
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contamination and only MAGs with a quality score of 40 or above were used within
further downstream analyses as were labeled as “high quality” (Table 22). The resulting
high-quality MAGs (n=217) were then input into the dRep tool in KBase to ensure
downstream analyses of unique dereplicated MAGs. This resulted in the 217 high-quality
MAGs being divided into 60 clusters with one unique MAG representing the cluster
based on completeness and contamination. The 60 high-quality dereplicated MAGs had a
number of sequences ranging from 28 to 1,497 with the MAGs from the bioreactor and
the Salinas River Wildlife Refuge being the top 10 in sequence number and summation

length of sequences (Table 23).

Table 21. Summary table of resulting contigs from metaSPAdes.

Sample Location Site Total Contigs

SRB02 CDPR Salinas Site 1066
SRBO03 CDPR Salinas Site 3605
PLO2 Penasquitos Reserve 4103
PLO3 Penasquitos Reserve 6582
SGO03 Smugglers Gulch 8137
SB670 Bioreactor21 11117
SGO02 Smugglers Gulch 14047
SB666 Bioreactor21 14362
GC04 Goat Canyon 15794
SRAO03 Salinas River Refuge 19375
SB931 Bioreactor21 21150
GCO06 Goat Canyon 23243
SB604 Bioreactor20 23262
SB935 Bioreactor21 23526
SB596 Bioreactor20 24505
SB508 Bioreactor20 26303
SRAO1 Salinas River Refuge 26521
SB148 Bioreactor19 28115
SB460 Bioreactor19 31784
SB516 Bioreactor20 33322
SB456 Bioreactor19 38487
SB160 Bioreactor19 38541




Table 22. Summary table of resulting bins from MetaBAT2.
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Sample Location Site Total MAGs High Quality MAGs
GC04 Goat Canyon 25 11
GC06 Goat Canyon 35 0
PLO2 Penasquitos Reserve 3 0
PLO3 Penasquitos Reserve 37 15
SB148 Bioreactor 33 7
SB160 Bioreactor 40 15
SB456 Bioreactor 55 27
SB460 Bioreactor 49 23
SB508 Bioreactor 36 21
SB516 Bioreactor 49 20
SB596 Bioreactor 40 15
SB604 Bioreactor 35 14
SB666 Bioreactor 20 3
SB670 Bioreactor 17 6
SB931 Bioreactor 26 9
SB935 Bioreactor 26 5
SGO02 Smugglers Gulch 21 6
SGO3 Smugglers Gulch 15 5
SRAO1 Salinas River Refuge 31 8
SRAO03 Salinas River Refuge 27 6
SRB02 CDPR Salinas Site 2 0
SRBO03 CDPR Salinas Site 3 1




Table 23. List of resulting high quality dereplicated MAGs.
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Number of Average

MAG Location Site Sequences Sum Length Min Length Length Max Length

Concatenated MAGs All MAGs 20,813 213,613,447 2,500 10,263.50 621,844
GC4binl1 Goat Canyon 247 2,102,587 2518 8,512.50 38,999
GC4binl2 Goat Canyon 195 3,056,468 2,512 15,674 .20 91,785
GC4binl7 Goat Canyon 142 2,566,124 2,564 18,071.30 94,349
GC4bin23 Goat Canyon 169 1,336,956 2,503 7911 46,783
GC4bin3 Goat Canyon 236 1,781,117 2,528 7,547.10 42,751
GC4bin6 Goat Canyon 272 2,756,042 2,506 10,132.50 59,165
P13bin3 Penasquitos Reserve 362 2,708,654 2,512 7,482.50 42765
P13bin35 Penasquitos Reserve 308 3,346,823 2,502 10,866.30 92,556
SB148binl5 Bioreactor19 217 2,262,142 2,504 10,424.60 54491
SB148bin25 Bioreactor19 59 3,375,025 2,609 57,203.80 518,880
SB160binl1 Bioreactor19 485 2,623,361 2,501 5,409 23,901
SB160bin2 Bioreactor19 361 2,705,350 2,512 7,494 42,765
SB160bin3 Bioreactor19 224 2,188,170 2518 9,768.60 73,258
SB160bin32 Bioreactor19 234 2,881,647 2,542 12,314.70 47,209
SB160bin40 Bioreactor19 238 1,693,953 2,637 7,117.40 24,497
SB160bin6 Bioreactor19 218 3,118,513 2,534 14,305.10 57,774
SB456binl 1 Bioreactor19 602 5,826,228 2,500 9,678.10 51,527
SB456binl3 Bioreactor19 396 3,951,570 2,512 9,978.70 77,829
SB456bin23 Bioreactor19 131 3,356,086 2,666 25,619 174,375
SB456bin28 Bioreactor19 728 5413324 2,504 7.435.90 49,118
SB456bin35 Bioreactor19 221 1,727.919 2,622 7,318.60 36,518
SB456bin39 Bioreactor19 581 2,864,428 2,507 4,930.20 18,053
SB456bin4?2 Bioreactor19 384 2,022,548 2,510 5,267.10 29,960
SB456bin49 Bioreactor19 237 4,115,571 2513 17,365.30 134,855
SB456bin50 Bioreactor19 533 3,581,737 2,501 6,720 29,378
SB460bin3 Bioreactor19 99 1,174,231 2,722 11,860.90 62,378
SB460bin7 Bioreactor19 83 6,511,571 2,825 78.,452.70 441,255
SB508binl 1 Bioreactor20 704 3,830,573 2,509 544120 24,286
SB508binl5 Bioreactor20 44 3,356,849 10,053 76,292 284,020
SB508binl6 Bioreactor20 53 5,583,541 4,576 105,349.80 459917
SB508bin20 Bioreactor20 365 5,593,220 2,524 15,323.90 120,391
SB508bin26 Bioreactor20 406 4,856,119 2,515 11,960.90 89,547
SB508bin36 Bioreactor20 313 1,908,331 2,503 6,096.90 22,658
SB508bin9 Bioreactor20 28 4,069,208 2,721 145,328.90 621,844
SB516binl9 Bioreactor20 886 5,000,757 2,501 5,644 .20 30,408
SB516bin3 Bioreactor20 291 3,651,989 2,534 12,549.80 64,472
SB516bin30 Bioreactor20 463 3,265432 2,503 7,052.80 30,733
SB516bin43 Bioreactor20 166 4,586,550 2,731 27,629.80 190,057
SB516bin5 Bioreactor20 1,497 7,292,330 2,500 4,871.30 25,091
SB516bin9 Bioreactor20 154 3,996,255 2,517 25,949.70 251,909
SB596bin10 Bioreactor20 585 7,360,122 2,511 12,581.40 97,695
SB596binl6 Bioreactor20 454 2,699.453 2,507 5,945.90 24,093
SB596bin29 Bioreactor20 268 3477774 2,520 12,976.80 78,993
SB596bin34 Bioreactor20 478 3,127,550 2,511 6,543 25,955
SB596bin39 Bioreactor20 314 3,368,312 2,531 10,727.10 87,766
SB604bin27 Bioreactor21 192 3,080,846 2,503 16,046.10 113,005
SB604bin5 Bioreactor21 267 3,017,095 2,503 11,300 45270
SB931binl8 Bioreactor21 754 7,333,503 2,500 9,726.10 95,556
SB931bin3 Bioreactor21 222 4,797,199 2,530 21,609 147,562
SB935bin8 Bioreactor21 366 4,314,348 2,533 11,789.20 74,262
SG2binl9 Smugglers Gulch 229 1,605,672 2,511 7011.70 47,578
SG2bin4 Smugglers Gulch 418 2,517,364 2,502 6,022.40 29,876
SG2bin6 Smugglers Gulch 184 2,599,350 2,587 14,126.90 72,703
SG3binl0 Smugglers Gulch 384 2,299,830 2,510 5,989.10 28,335
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SRAIlbinl1 Salinas River Refuge 905 5,998,908 2,500 6,628.60 39,104

SRA1binl3 Salinas River Refuge 335 4,311,390 2,507 12,869.80 136,512

SRA1bin25 Salinas River Refuge 357 4,030,802 2,535 11,290.80 53,265

SRA1bin8 Salinas River Refuge 94 4,259,923 2,522 45,318.30 257877

SRA3binl0 Salinas River Refuge 206 2,747,779 2,524 13,338.70 96,115

SRA3binl1 Salinas River Refuge 469 2,626,428 2,506 5,600.10 25,557
Genome Annotation

The resulting 60 high-quality dereplicated MAGs were then input into the DRAM

tool in KBase for gene annotation using the KEGG Database (Kanehisa & Goto 2020).

The resulting MAG annotations were filtered based on genes that were necessary to

complete two KEGG metabolic pathways: denitrification and dissimilatory nitrate

reduction to ammonia (DNRA). Some MAGs from the Salinas River Wildlife Refuge and

the bioreactor had the presence of all genes needed to complete denitrification and

DNRA (Figures 18 and 19).
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Figure 18. MAGs, from the 60 high-quality dereplicated MAGs, with at least 1 gene required for the denitrification pathway to be
completed.
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Figure 19. MAGs, from the 60 high-quality dereplicated MAGs, with at least 1 gene required for the DNRA pathway to be
completed.
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Taxonomic Assignments

The resulting 60 high-quality dereplicated MAGs were then input into the GTDB-
Tk tool in KBase to assign taxonomies based on the comparison of all genes within a
reference genome database made up to ~25,000 genomes. Overall, Proteobacteria was
found in almost all location sites with the exception of Bioreactor21 (Figure 20). Within
Smuggler’s Gulch and Goat Canyon, the phyla Campylobacterota was unique when
compared to the phyla in all other location sites (Figure 20). A similar relationship was
seen with the phyla Myxococcota within the Bioreactor20 and the Salinas River National

Wildlife Refuge (Figure 20).

Taxonomic Classifications - Shotgun Sequencing
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Phylum

AABMS5-125-24
Actinobacteriota
Penasquitos Reserve - Bacteroidota

Campylobacterota

@

=

9] Chloroflexota

=

o Goat Canyon = Cyanobacteria

8 Krumholzibacteriota
o

- Myxococcota

Bioreactor 21 - Patescibacteria

Planctomycetota

Proteobacteria

Verrucomicrobiota
Bioreactor 20 -

Bioreactor 19 -
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Figure 20. Phylum level relative abundance taxonomic assignments of the 60 high-quality dereplicated MAGs within
each location site.
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GO Term Assignments

The protein sequences found within the dereplicated high-quality bins were
analyzed at Level 3 of the Biological Process GO category to assess metabolic function.
The raw sequence counts within Level 3 can be found in Table A6 in the Appendix.
Samples with total sequence counts above 2000 were assessed using relative abundance
of sequence counts per GO category on a heatmap (Figure 21). The resulting dendrogram
on the heatmap defined two main groups of samples: Group A and Group B (Table 24).
The three categories that had the greatest representation within the samples were primary
metabolic process, cellular metabolic process, and organic substance metabolic process
(Figure 21). The three categories that were represented the least within the samples were
regulation of metabolic process, signal transduction, and cell communication (Figure 21).
The GO annotations from both Group A and Group B were then separated into two lists
that were put through a two-tailed Fisher’s Exact Test to find any significant differences
between the two groups based on over or under representation of GO terms. If the
proportion of genes annotated with a GO term in Group A was significantly higher than
the proportion in the Group B, this GO term was be detected as overrepresented, and
otherwise, it was declared underrepresented. Overall, there were 17 total GO terms that
were underrepresented and 66 that were overrepresented (Table 25). After the Fisher’s
Exact Test was run on all the GO annotations, the GO terms found within the Level 3
Biological Process GO category were separated to further evaluate any trends in over or
underrepresentation (Table 26). The complete list of over and underrepresented Level 3

GO category terms can be found in Tables A7 and A8 in the Appendix.
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Figure 21. Relative abundance of Level 3 GO categories found within each sample
with over 2000 sequences assigned to GO terms.

Table 24. List of samples within the two hierarchical groups defined by the dendrogram.

Dendrogram Groups
Group A Group B
SB160 SB508
PL3 SB516
GC4 SB456
SG3 SB604
SB596 SG2
SB148 SB931
SRA1
SRA3




Table 25. Results of the pair-wise Fisher’s Exact Test in OmicsBox.

Total Number of Sequences
Group A 107193
Group B 83363
Total Number of GO terms 2227
Go terms with "Over" Tag 17
Go terms with "Under" Tag 66

Table 26. Results of the pair-wise Fisher’s Exact Test in OmicsBox for the Level 3 GO categories.
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Discussion

Alpha Diversity, Environmental Conditions, and Taxonomic Assignments

The effects of coastal pollution on bacterial community structure have been well
studied due to increasing anthropogenic activities taking place in nearby terrestrial
locations. The presence of different types of pollution and environmental conditions has
been shown to affect microbial diversity and significantly change the community
composition (Mendez-Garcia et al. 2014; Xiong et al. 2012, Yuan et al. 2016; Dai et al.
2013; Hu et al. 2017). Within this study, different sampling location sites had a
significant effect on alpha diversity (Observed and Shannon; Tables 11-14). Both
diversity measures had the lowest and highest diversity values within Goat Canyon
(Polluted Tijuana) and the CDPR Salinas Site (Polluted Salinas), respectively. Goat
Canyon was also observed to have the lowest dissolved oxygen levels compared to all
other location sites (Table A5).
Polluted Tijuana: Smuggler’s Gulch and Goat Canyon

A 2018 study drafted by the U.S. Customs and Border Patrol showed several
sampling locations within the Tijuana River Valley to have heavy metal concentrations
above EPA regional screening levels (U.S. Customs and Border Patrol n.d.). Increasing
levels of heavy metal contamination have been correlated to significant decreases in
alpha diversity of bacteria found in soils (Qi et al. 2022). The lowest observed diversity
values within two locations in the Tijuana River Valley, Smuggler’s Gulch and Goat
Canyon, could be explained by persisting high levels of heavy metals within the soil. In
addition to heavy metals, volatile organic compounds (VOCs) have also been observed

within the Tijuana River Valley (U.S. Customs and Border Patrol n.d.). According to
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Abis et al. 2020, VOC emissions in soils are positively correlated to two bacterial phyla:
Proteobacteria and Bacteriodetes. Samples collected within this study from both Goat
Canyon and Smuggler’s Gulch had a presence of the phylum Proteobacteria, which
could be an indication of persisting high levels of VOCs in Tijuana River Valley soils,
but data were not located that could verify this hypothesis.

Smuggler’s Gulch and Goat Canyon were also observed to have the presence of a
unique phylum not found in any of the other sampling locations: Campylobacterota.
Campylobacterota can survive in a diverse array of habitats ranging from marine
ecosystems to internal animal organs (Eppinger et al. 2004; Waite et al. 2017; Parks et al.
2018). Within the Campylobacterota phylum, the family Arcobacteraceae was observed
within Smuggler’s Gulch and Goat Canyon. The phyla Campylobacterota, and the family
Arcobacteraceae, have both been associated with human and animal illnesses (Venancio
et al. 2022; van der Stel and Wosten 2019). In Venancio et al. 2022, the geographic
distribution of Arcobacteraceae was studied to better understand any health risks due to
the presence of the taxonomic family. Bacteria within the family Arcobacteraceae had
the highest prevalence within raw sewage and wastewater when compared to seawater,
surface water, groundwater, and water processed in food processing plants (Venancio et
al. 2022). The presence of this family within the two sampling locations in the Tijuana
River Valley could suggest a presence of raw sewage or wastewater conditions similar to
those studied in Venancio et al. 2022. Further environmental monitoring and chemical

analyses should be performed to confirm this potential relationship.
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Polluted Salinas: CDPR Salinas Site

The CDPR monitoring site along the Salinas River at Davis Road had the highest
alpha diversity levels within all sampling locations (Table 10). According to a water
quality monitoring report drafted in 2020, the CDPR monitoring site was observed to
have acute and chronic concentrations of three different common pesticides (CCRWQCB
2020). According to Onwona-Kwakye et al. 2020, a presence of pesticides within soil
corresponded to lower levels of bacterial diversity and composition, with specific genera
increasing or decreasing based on pesticide exposure. Top genera found within the CDPR
monitoring site were not related to those that increased or decreased based on pesticide
exposure within Onwona-Kwakye et al. 2020.

Beta Diversity and Ordination Methods

All sampling location sites, as well as nitrate and phosphate concentrations, pH,
dissolved oxygen, temperature, and turbidity, were observed to significantly affect Bray-
Curtis beta diversity values. This is consistent with current literature which shows
significant differences in beta diversity between different sampling sites based on
physical and chemical variability within the environment (Hengy, et al. 2017).

Within this study, the NMDS was calculated with 3 axes and had a resulting stress
score below 0.1 (0.08). According to foundational literature (Clarke 1993), stress values
less than 0.1 correspond to appropriate ordination with “no real risk of drawing false
inferences.” Clarke 1993 emphasized the importance of using Shepard and scree plots to
further validate the ordination fit in addition to the stress value. These plots were
analyzed within this study showing appropriate fit based on R? values. These analyses

result in a reliable NMDS ordination of dissimilarity values for this study. The NMDS
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ordination showed clustering based on sampling location site. This clustering is expected
since PERMANOVA values showed a significant difference in beta diversity due to
sampling location site. The NMDS ordination also showed three larger clusters based on
comparison categories: bioreactor, polluted Tijuana, and polluted Salinas which could be
explained by the PERMANOV A showing significant differences in beta diversity based
on comparison categories.

Limitations of Ordination Methods

Because of the relatively low rarefaction sampling depth applied to all samples
when compared to the high number of unique ASVs, there were many zeros seen within
the working data set of ASVs. When PCA was used within this study, a “horseshoe”
visualization effect was observed within the plot, as described by other studies when
running this same statistical analysis on datasets with similar high zero abundances
(Legendre & Legendre 2012; ter Braak & Smilauer 2014). Although there was high
variance explained by the first two PCs, PCA would not be an appropriate method of
displaying beta diversity within this study unless certain transformations are applied to
the original dataset (Paliy & Shankar 2016). These transformations were not explored
within this study.

PCoA is different from NMDS in that it attempts to maximize a linear
relationship of ASV abundances along a gradient, which can also result in a “horseshoe”
visualization similar to that of PCA with high zero values within a working dataset
(Podani & Miklés, 2002). A “horseshoe” visualization can also be observed within the
resulting PCoA ordination of this study, suggesting an incorrect ordination of

dissimilarity values.



64

Presence of Metabolic Pathways of Interest
Denitrification

Within all high-quality dereplicated MAGs, no singular MAG had all genes
required to complete denitrification. Because microbes live within communities in their
environment, different species often rely on each other to complete metabolic pathways
and produce energy (Kouzuma et al. 2015). Through a mutualistic process known as
syntrophy, microbes excrete metabolites that promote growth within other microbes in
the same community (Kouzuma et al. 2015). This process has been seen within natural
and artificial ecosystems, giving unique microbes the ability to survive within their
environment (Kouzuma et al. 2015). With the understanding of syntrophy, all genes
within a sampling location site were analyzed together. When combining all genes from
all MAGs of a sampling location site, the two sites that had all necessary genes to
complete denitrification were the Salinas River Wildlife Refuge and the bioreactor.
Denitrification rates have been significantly affected by nitrate concentrations and
temperature of water within the environment (Tomasek et al. 2017; Allin et al. 2017).

Within this study, the bioreactor had the highest levels of nitrate concentrations
and temperature when compared to all other sampling locations (Table AS). Because
these conditions favor denitrification rates, the bioreactor could be promoting increased
levels of denitrification due to its closed system that allows for environmental conditions
to be minimally influenced by outside factors. In order to validate the levels of
denitrification within this study, an environment-specific method of measuring
denitrification could be used to estimate and compare denitrification rates among all

sampling location sites (Groffman et al. 2006). Because most other sampling locations



65

within this study have evidence of incomplete denitrification to ammonia based on the
absence of denitrifying genes, nitric oxide and nitrous oxide levels should also be
measured to quantify any affect they may have on greenhouse gas emissions of the
location (Tomasek et al. 2017; Ravishankara et al. 2009).

The second sampling location site that had a presence of all necessary genes to
complete denitrification is the Salinas River National Wildlife Refuge. The Salinas River
National Wildlife Refuge had the second lowest nitrate values out of all sampling
location sites which does not follow the relationship between nitrates and denitrification
outlined in Tomasek et al. 2017. According to current literature, other factors that
significantly affect denitrification of soils include organic carbon content, soil moisture,
oxygen concentrations, and water movement within an environment (Perryman et al.,
2011; Inwood et al., 2007; Pinay et al., 2007; O'Connor & Hondzo, 2008). These factors
could be measured to better assess the status of denitrification within this sampling
location.

The completion of denitrification within the Salinas River National Wildlife
Refuge could also be influenced by hydrologic connectivity of the location. Hydrologic
connectivity is the transfer of energy within an ecosystem through the hydrologic cycle
(Pringle 2003). Increased biogeochemical cycling has been linked to environments
characterized as having greater hydrologic connectivity which has been linked to
increased rates of denitrification (Wantzen & Junk 2006; McClain et al. 2003). In order to
better understand this relationship, a future study could quantify hydrologic connectivity

within all sites to further investigate any factors affecting denitrification.
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Dissimilatory Nitrate Reduction to Ammonia (DNRA)

Within all high-quality dereplicated MAGs, no singular MAG had all genes
required to complete DNRA. When combining all genes from all MAGs of a sampling
location site, the two sites that had all necessary genes to complete DNRA were the
Salinas River National Wildlife Refuge and the bioreactor. DNRA in sediments has been
shown to be affected by various environmental factors including nitrates, iron, sulfide,
organic carbon, temperature, pH, and precipitation (Dong et al. 2011; Laverman et a.
2007; Cheng et al. 2022). Current literature shows that precipitation is the main driver of
DNRA in soil (Cheng et al. 2022). Precipitation was not measured within sampling
locations but should be considered within future studies to better analyze DNRA
completion within a location. In a study by van den Berg et al. 2016, microbes
responsible for DNRA were observed to increase when limited amounts of nitrate were
also observed within the environment. This trend could explain the completion of DNRA
within the Salinas River National Wildlife Refuge since the nitrate concentrations within
the location site were some of the lowest compared to all other sampling locations.
Similar to the relationship between temperature and denitrification, DNRA has also been
observed to increase with rising temperatures within different environments (Lai et al.
2021). Similar to the relationship between temperature and denitrification within the
bioreactor, the completion of DNRA could be due to higher temperatures within the

closed system when compared to all other sampling locations.
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Taxonomic Classifications Related to Nitrate Reduction — 16S rRNA and shotgun
metaG

Bacterial phyla that are most well-known for reducing nitrate within the
environment include Proteobacteria, Bacteroidota, Bacteroidetes, Firmicutes, and
Actinobacteria (Jones et al. 2008; Nelson et al. 2016). Analyzing 16S rRNA taxonomic
classifications, Actinobacteria and Proteobacteria were two of the top phyla observed
within all sampling location sites. Proteobacteria had a higher abundance within the
bioreactor system, which could explain the presence of both metabolic nitrate reduction
pathways found within the system. The bacterial phylum most abundant within the
Salinas River National Wildlife Refuge was observed to be Actinobacteria, but this trend
was also observed within other location sites. Analyzing whole metagenome shotgun
taxonomic classifications, Proteobacteria, Actinobacteria, and Bacteroidota were present
within almost all sampling location sites, with higher frequencies observed within the
bioreactor and the Salinas River National Wildlife Refuge. A unique phylum was found
within the bioreactor and the Salinas River National Wildlife Refuge and was classified
as Myxococcota. Within current literature, cultured Myxococcota have been categorized
as aerobic soil microbes that have unique predation strategies (Murphy et al. 2021).
Uncultured Myxococcota found within anaerobic environments have been observed to
have smaller genomes with less genes than their cultured counterparts (Murphy et al.
2021). These unculture Myxococcota have also been observed to exclusively rely on
fermentation and nitrate and sulfate reduction to produce energy due to evolution of
predation in changing soils (Murphy et al. 2021). The presence of Myxococcota within

the bioreactor and the Salinas River National Wildlife Refuge could explain the
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completion of both nitrate reducing pathways and evidence of evolution of predation
within the uncultured phylum.
GO Term Annotations

The dendrogram produced within the heatmap showing relative abundance of
sequences within the Level 3 GO categories produced two main hierarchical groups.
Group A consisted of sequences from samples collected from Bioreactor 2019,
Penasquitos Reserve, Goat Canyon, Smuggler’s Gulch, Bioreactor 2020, and the Salinas
River National Wildlife Refuge. Group B consisted of sequences from samples collected
from Bioreactor 2020, Bioreactor 2019, Smuggler’s Gulch, and Bioreactor 2021. Goat
Canyon, Penasquitos Reserve, and the Salinas River National Wildlife Refuge were the
locations not represented by the samples in Group B but were present in Group A. Group
B included sequences from samples collected from Bioreactor 2019 that were not
represented in Group A. Level 3 GO category terms within the different sample locations
were analyzed to understand the functional potential of specific GO terms.

Group A had overrepresentation of only two Biological Process Level 3
Categories: Transmembrane Transport and Biosynthetic Process (Table 26). The
Transmembrane Transport Level 3 GO category was the only category that was
overrepresented while also not being underrepresented by samples within Group A. The
GO term most overrepresented within the Transmembrane Transport category was
Amino Acid Transmembrane Transport (p=6.81E-04, GO:0003333, Table A7). Amino
Acid Transmembrane Transport involves the movement of an amino acid across a cell
membrane (Carbon et al. 2009). Within microbial systems, amino acids are responsible

for maintaining cell structure, as well as the internal environment of the organism to
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allow it to survive (Zeden et al 2021). In a recent study, a specific bacterium was
observed to change its amino acid concentrations as a response to different environmental
factors, specifically pH and oxygen content (Zeden et al. 2021). Overrepresentation of
Amino Acid Transmembrane Transport could be an indication of significant differences
in environmental conditions between location sites represented by the samples in Group
A and Group B. Included only within Group A, Salinas River National Wildlife Refuge,
Penasquitos Reserve, and Goat Canyon location sites had the highest pH observations
when compared to the other location sites represented by Group B. Increased pH within
these location sites could be driving the bacteria to extract more amino acids from the
environment, as seen similarly within S. aureus in Zhu et al. 2007. Coupled with the
adaptive strategy to acquire specific amino acids from the environment, bacteria also
redirect energy necessary for growth from Amino Acid Biosynthesis (Zu et al. 2007),
another GO term that was overrepresented within Group A (GO:0008652, p=3.74E-05,
Table A7). Similar to S. aureus, the phylum Campylobacterota found only within Goat
Canyon and Smuggler’s Gulch is associated with human and animal illnesses (Venancio
et al. 2022; van der Stel and Wosten 2019). The MAGs assigned as Campylobacterota in
this study, from both Goat Canyon and Smuggler’s Gulch, could be investigated further
to understand the specific amino acids extracted from the environment. This could give
more information explaining the overrepresentation of the Transmembrane Transport
Level 3 GO category.

Group A had underrepresentation of 8 Biological Process Level 3 Categories: Cell
Communication, Regulation of Cellular Process, Cellular Response to Stimulus, Primary

Metabolic Process, Biosynthetic Process, Organic Substance Metabolic Process, and
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Cellular Metabolic Process (Table 26). The most underrepresented GO term in Group A
was cell communication (GO:0007154, p=4.12E-41, Table A8). Cell-to-cell
communication has also been referred to as quorum sensing and has been observed to
affect the expression profile of particular genes within a microbial community (Hirakawa
and Tomita 2013). Quorum sensing occurs with the help of “autoinducers” or chemical
compounds that drive and suppress certain behaviors in bacteria (Hirakawa and Tomita
2013). Quorum sensing was first studied in the context of bioluminescence (Nealson et
al. 1970) but is now extensively being studied within pathogenic bacteria and has led to
the theory that bacteria might be regulating their viral genes (Hirakawa and Tomita
2013). Although Group B had no location sites represented that completed the two
pathways of interest within this study, the introduction of genes responsible for
completing the pathways could be regulated and expressed with the help of quorum
sensing that was overrepresented in the group. Quorum sensing is also related to
Regulation of Cellular Process (GO:0050794), which was the second-most
underrepresented GO term in Group A (overrepresentation in Group B, p= 3.82E-28,
Table A8), and involves any modification of frequency, rate, or extent of cellular
processes that occur at the cellular level and are not limited to single-cell activity (Carbon
et al. 2009). Different environmental features have been observed to affect cell-to-cell
communication (Mukherjee and Bassler et al. 2019) and should continue to be studied to

understand how bacteria will respond to changing environments related to pollution.
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Conclusions and Future Directions

This study reveals significant differences in bacterial diversity and community
composition within sampling locations in two historically polluted coastal environments
in California. Within sampling locations of this study beta diversity was affected by
nitrate, phosphate, dissolved oxygen, pH, temperature, and turbidity. The presence of two
complete nitrate-reducing metabolic pathways were found within two sampling locations:
the bioreactor and the Salinas River National Wildlife Refuge. Nitrate and temperature
observations, in addition to the presence of specific bacterial phyla, within these sampling
locations could explain the completion of the nitrate reducing metabolic pathways when
compared to all other sampling locations.

Other immediate analyses that could be completed to further understand the
trends seen within this study include metagenomic read mapping and gene expression
profiling. Read mapping allows for the relative abundance of each individual MAG to be
calculated within every metagenomic sample (Desai et al. 2013). This can give insight
into which specific MAGs could be contributing to the nitrate-reducing metabolic
potential of the different sampling locations based on gene relative abundances (Sharpton
2014). Gene expression is analyzed within microbial studies to understand the synthesis
of the product of a functional gene (Bervoets 2019). Incorporating this analysis within a
future study could provide information on the use of nitrate reducing genes within

microbes found in the sampling locations and their roles within the specific environment.
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SCIENTIFIC PROTOCOLS

Aline Biosciences

PCRClean DX
Retrieved from: https://alinebiosciences.com/wp-content/uploads/2017/03/Protocol-
PCRClean-DX-v2.10_2-1.pdf

ThermoFisher

Qubit dsDNA HS Assay Kit

Retrieved from: https://www .thermofisher.com/document-connect/document-
connect.html?url=https%3 A %2F%2Fassets.thermofisher.com%2FTFS-
Assets%2FLSG%2Fmanuals%2FQubit_dsDNA_HS_Assay_UG.pdf&title=VXNIciBHd
WIkZTogUXViaXQgZHNETkKEgSFMgQXNzY XkgS210cw==

Illumina

MiSeq System: Denature and Dilute Libraries

Retrieved from: https://support.illumina.com/content/dam/illumina-
support/documents/documentation/system_documentation/miseq/miseq-denature-dilute-
libraries-guide-15039740-10.pdf
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Sample ID Study Area Sample Location DNA Conc (ng/uL) 260/280

ASO1 Salinas River Valley Arroyo Seco 73 2.97
AS02 Salinas River Valley Arroyo Seco 224 1.84
AS03 Salinas River Valley Arroyo Seco 173 2.04
GCO01 Mexican/US Border Goat Canyon A 10 1.89
GC02 Mexican/US Border Goat Canyon A 8.2 1.89
GC04 Mexican/US Border Goat Canyon B 4.6 2.19
GC03 Mexican/US Border Goat Canyon A 90.6 1.92
GCO05 Mexican/US Border Goat Canyon B 38.3 191
GC06 Mexican/US Border Goat Canyon B 1074 1.86
PLO1 Mexican/US Border Penasquitos Reserve 459 1.92
PLO2 Mexican/US Border Penasquitos Reserve 66.3 191
PLO3 Mexican/US Border Penasquitos Reserve 784 191
SRBO1 Salinas River Valley CDPR Salinas Site 61.8 1.98
SRB02 Salinas River Valley CDPR Salinas Site 88.1 1.93
SRBO03 Salinas River Valley CDPR Salinas Site 154.7 191
SRAO1 Salinas River Valley Salinas River Refuge 109.6 1.95
SRA02 Salinas River Valley Salinas River Refuge 76.9 191
SRAO03 Salinas River Valley Salinas River Refuge 186.1 191
SGO1 Mexican/US Border Smugglers Gulch 248 1.95
SGO02 Mexican/US Border Smugglers Gulch 25 1.92
SGO03 Mexican/US Border Smugglers Gulch 373 1.92
SB148 Bioreactor Bioreactor19 103.4 1.65
SB160 Bioreactor Bioreactor19 60.1 1.87
SB456 Bioreactor Bioreactor19 146.7 1.82
SB460 Bioreactor Bioreactor19 177.8 1.82
SB508 Bioreactor Bioreactor20 71.7 1.93
SB516 Bioreactor Bioreactor20 104.1 191
SB596 Bioreactor Bioreactor20 29.5 1.93
SB604 Bioreactor Bioreactor20 230.6 1.87
SB666 Bioreactor Bioreactor21 34.8 202
SB670 Bioreactor Bioreactor21 43.4 1.97
SB931 Bioreactor Bioreactor21 31.6 2.1
SB935 Bioreactor Bioreactor21 47.7 1.98
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Table A2. Samples chosen to be sent in for whole metagenome shotgun sequencing.

DNA Conc Notes
Sample ID | Study Area Sample Location (ng/uL) 260/280
SB148 Bioreactor Bioreactor19 1034 1.65 Pre dosing
SB160 Bioreactor Bioreactor19 60.1 1.87 Pre dosing
SB456 Bioreactor Bioreactor19 146.7 1.82 After dosing
SB460 Bioreactor Bioreactor19 177.8 1.82 After dosing
SB508 Bioreactor Bioreactor20 71.7 1.93 Pre dosing
SB516 Bioreactor Bioreactor20 104.1 191 Pre dosing
SB596 Bioreactor Bioreactor20 274 2 After dosing
SB604 Bioreactor Bioreactor20 230.6 1.87 After dosing
SB666 Bioreactor Bioreactor21 34.8 202 Pre dosing
SB670 Bioreactor Bioreactor21 434 1.97 Pre dosing
SB931 Bioreactor Bioreactor21 31.6 2.1 After dosing
SB935 Bioreactor Bioreactor21 47.7 1.98 After dosing
PL2 Mexican/US Border Penasquitos Reserve 66.3 191
PL3 Mexican/US Border Penasquitos Reserve 784 191
GC4 Mexican/US Border Goat Canyon 90.6 1.92
GC6 Mexican/US Border Goat Canyon 1074 1.86
SG2 Mexican/US Border Smuggler’s Gulch 25 1.92
SG3 Mexican/US Border Smuggler’s Gulch 373 1.92
SRA1 Salinas River Valley Salinas River Wildlife | 109.6 1.95

Refuge
SRA3 Salinas River Valley Salinas River Wildlife | 186.1 191
Refuge
SRB2 Salinas River Valley Salinas CDPR Site 88.1 1.93
SRB3 Salinas River Valley Salinas CDPR Site 154.7 191
AS2 Salinas River Valley Arroyo Seco 224 1.84 Failed
Novogene QC
AS3 Salinas River Valley Arroyo Seco 173 204 Failed
Novogene QC




Table A3. DNA Qubit concentrations and corresponding volumes for final DNA pool.
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Volume to Add to

Sample ID Study Area Sample Location DNA Conc (ng/uL) Library Pool (uL)
PL1 Mexican/US Border | Penasquitos 0.682 26.00
PL2 Mexican/US Border | Penasquitos 0.389 26.00
PL3 Mexican/US Border | Penasquitos 0.664 26.00
GCl1 Mexican/US Border | Goat Canyon 1.31 15.27
GC2 Mexican/US Border | Goat Canyon Too Low 26.00
GC3 Mexican/US Border | Goat Canyon 1.07 18.69
GC4 Mexican/US Border | Goat Canyon 0457 26.00
GC5 Mexican/US Border | Goat Canyon 0.443 26.00
GC6 Mexican/US Border | Goat Canyon 042 26.00
SGl1 Mexican/US Border | Smuggler’s Gulch 1.33 15.04
SG2 Mexican/US Border | Smuggler’s Gulch 1.12 17.86
SG3 Mexican/US Border | Smuggler’s Gulch 131 1527

. . Salinas River
SRAI Salinas River Valley | gy qjife Refuge | 155 12.90

. . Salinas River
SRA2 Salinas River Valley |y qiie Refuge | Too Low 26.00

. . Salinas River
SRA3 Salinas River Valley | g4 qjife Refuge | 0.725 27.59
SRB1 Salinas River Valley | Salinas CDPR Site | 2.54 7.87
SRB2 Salinas River Valley | Salinas CDPR Site | 1.17 17.09
SRB3 Salinas River Valley | Salinas CDPR Site | 0.99 20.20
AS1 Salinas River Valley | Arroyo Seco 2.98 6.71
AS2 Salinas River Valley | Arroyo Seco 1.26 15.87
AS3 Salinas River Valley | Arroyo Seco 0.938 21.32
SB148 Bioreactor bioreactor19 1.83 10.93
SB160 Bioreactor bioreactor19 2.09 9.57
SB456 Bioreactor bioreactor19 3.87 5.17
SB460 Bioreactor bioreactor19 0.764 26.00
SB508 Bioreactor Bioreactor20 245 8.16
SB516 Bioreactor Bioreactor20 1.66 12.05
SB596 Bioreactor Bioreactor20 097 20.62
SB604 Bioreactor Bioreactor20 1.86 10.75
SB666 Bioreactor Bioreactor21 0.236 26.00
SB670 Bioreactor Bioreactor21 Too Low 26.00
SB931 Bioreactor Bioreactor21 0.118 26.00
SB935 Bioreactor Bioreactor21 0.213 26.00
Control1 Negative Control Negative Control Too Low 26.00
Control2 Negative Control Negative Control 0.536 26.00
Control3 Negative Control Negative Control 1 26.00
Control4 Negative Control Negative Control 0.268 26.00




Table A4. ANOVA covariate assumption I table.
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Df Sum Square g/f;:l;_e F value P value
Nitrate
LocationSite 8 22113 2764.1 3.875 0.00601
Residuals 21 14980 7133
Phosphate
LocationSite 8 372.7 46.59 983.4 | <2e-16
Residuals 21 1 0.05
Dissolved
Oxygen
LocationSite 8 17338 2167.3 4572 | <2e-16
Residuals 21 100 4.7
pH
LocationSite 8 7.076 0.8845 30.09 8.05E-10
Residuals 21 0.617 0.0294
Temperature
LocationSite 8 672.1 84.01 23.79 7.2E-09
Residuals 21 742 3.53
Turbidity
LocationSite 8 1834.3 229.29 37.84 9.06E-11
Residuals 21 127.3 6.06
Salinity
LocationSite 8 1259.8 157.5 519 | <2e-16
Residuals 21 6.4 0.3




Table A5. All environmental metadata
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Dissolved
Sample Nitrate Phosphate Temperature | Salinity | Oxygen Turbidity
ID Location Site (mg/L) (mg/L) pH C (sal) (mg/L) (g/L)
SB670 Bioreactor21 167 0.83 741 16.389 1.74 0.29 0
SB666 Bioreactor21 152 0.8 7.37 16.37 1.78 0.08 10
SB516 Bioreactor20 112 1 7 17.7 2 54 0
SB508 Bioreactor20 90 13 6.97 17.8 3 2.1 0
SB596 Bioreactor20 64 0.28 721 17.94 1.59 0.62 9
SB160 Bioreactor19 594 1.14 74 17.6 0 7.5 11
SB604 Bioreactor20 57.59 0.3 7.19 19.1 1.57 0.2 6
SGO1 Smugglers Gulch 41 12.5 8.4 18.54 0.25 8.39 0.329
SG02 Smugglers Gulch 41 12.5 8.4 18.54 0.25 8.39 0.329
SGO03 Smugglers Gulch 41 12.5 8.4 18.54 0.25 8.39 0.329
SB460 Bioreactor19 36.2 1.11 75 26.8 3 14 14
SB456 Bioreactor19 33 1.08 75 19.8 2 19 17
GCO01 Goat Canyon 30 4.7 8.81 21.15 0.52 5.26 0.679
GC02 Goat Canyon 30 4.7 8.81 21.15 0.52 5.26 0.679
GCO03 Goat Canyon 30 4.7 8.81 21.15 0.52 5.26 0.679
GC04 Goat Canyon 28 5 8.18 204 0.6 0.35 0.778
GCO05 Goat Canyon 28 5 8.18 204 0.6 0.35 0.778
GC06 Goat Canyon 28 5 8.18 204 0.6 0.35 0.778
SB935 Bioreactor21 27.69 0.61 7.36 19.427 1.55 1.17 2.69
SB148 Bioreactor19 174 1.29 7.8 15.8 1 10 22
CDPR Salinas
SRBO1 Site 15 29 7.81 9.74 0.83 84.8 1.066
CDPR Salinas
SRB02 Site 15 29 7.81 9.74 0.83 84.8 1.066
CDPR Salinas
SRBO03 Site 15 29 7.81 9.74 0.83 84.8 1.066
ASO1 Arroyo Seco 13 0.49 7.96 6.39 0.13 12.47 0.175
AS02 Arroyo Seco 13 0.49 7.96 6.39 0.13 12.47 0.175
ASO03 Arroyo Seco 13 0.49 7.96 6.39 0.13 12.47 0.175
Salinas River
SRAO1 Refuge 11 2.5 7.69 11.69 22.51 6.98 2322
Salinas River
SRA02 Refuge 11 2.5 7.69 11.69 22.51 6.98 2322
Salinas River
SRAO03 Refuge 11 2.5 7.69 11.69 22.51 6.98 2322
SB931 Bioreactor21 10.83 0.44 7.32 18.64 1.55 1.02 1
Penasquitos
PLO1 Reserve 2.4 048 8.5 14.54 1.07 7.02 1.347
Penasquitos
PLO2 Reserve 2.4 048 8.5 14.54 1.07 7.02 1.347
Penasquitos
PLO3 Reserve 2.4 048 8.5 14.54 1.07 7.02 1.347
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Table A6. Sequence counts of Level 3 GO categories within high-quality dereplicated bins found in corresponding

samples.

small organic ccllular
cellular lecul d b regulation of  [oellular component regulation of

boli metabolic metabolic establishment |oellular response to signal organization or metabolic Sequence total
Sample process process process ization |prooess stimulus d bi i process per sample
GC4 394 1116 1823 700 1618 1962 1789 490 313 10205
PL3 290 814 1330 545 1150 1378 1224 346 234 7311
SB148 143 458 746 283 635 664 736 170 128 3963
SB160 677 1938 3091 1302 2683 3239 2866 824 545 17165
SB456 907 3045 4965 1959 4367 5428 4900 1129 960 831 28491
SB460 0 211 323 118 307 346 311 0 0 1616
SB506 927 2589 4266 1529 3715 4404 3943 1147 923 765 24208
SB516 688 1732 3008 1077 2597 3270 2974 850 715 533 17444
SB5% 380 1226 1949 709 1688 1973 1740 503 357 10525
SB6O4 178 412 727 252 580 707 606 225 151 4079
SB931 307 806 1367 458 1151 1415 1273 368 400 297 23 8317
SB935 0 37 60 15 59 63 60 7 14 326
SG2 354 1193 1850 701 1646 1897 1665 466 390 10745
SG3 148 417 673 248 607 691 602 198 107 3691
SRAI 200 723 1227 475 1050 1251 1115 287 0 6328
SRA3 260 974 1480 575 1325 1509 1323 352 0 8025
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Table A7. Level 3 GO category terms that were overrepresented within Group A.

Overrepresented GO Terms

Adj. P-
GO Term GO Name GO Level 3 Group value P-value
GO0:000333 | Amino Acid Transmembrane Transmembrane 0.02333834
3 Transport Transport 2 6.81E-04
GO:190382 | Organic Acid Transmembrane Transmembrane 0.03728577 | 0.00130592
5 Transport Transport 7 3
GO:190503 | Carboxylic Acid Transmembrane | Transmembrane 0.03728577 | 0.00130592
9 Transport Transport 7 3
GO:190156 | Organonitrogen Compound
6 Biosynthetic Process Biosynthetic Process 1.49E-05 1.07E-07
GO:000865 0.00260489
2 Amino Acid Biosynthetic Process | Biosynthetic Process 8 3.74E-05
GO0:004360 0.01164455
4 Amide Biosynthetic Process Biosynthetic Process 7 3.03E-04
GO:004304
3 Peptide Biosynthetic Process Biosynthetic Process | 0.02649818 7.97E-04




Table AS. Level 3 GO category terms that were underrepresented within Group A.
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Underrepresented GO Terms
GO Term GO Name GO Level 3 Group Adj. P-value | P-value
Chlorophyll Biosynthetic
G0O:0015995 | Process Biosynthetic Process 4 49E-04 4.63E-06
Cyclic Nucleotide
G0:0009190 | Biosynthetic Process Biosynthetic Process 4 49E-04 4.54E-06
Regulation of Biosynthetic
GO:0009889 | Process Biosynthetic Process 0.002604898 3.86E-05
Regulation of Cellular
GO0:0031326 | Biosynthetic Process Biosynthetic Process 0.002699697 4.12E-05
Regulation of Macromolecule
GO:0010556 | Biosynthetic Process Biosynthetic Process 0.003101809 543E-05
Regulation of RNA
GO:2001141 | Biosynthetic Process Biosynthetic Process 0.003347523 6.16E-05
GO0:0032774 | RNA Biosynthetic Process Biosynthetic Process 0.004985604 1.03E-04
Alginic Acid Biosynthetic
GO0:0042121 | Process Biosynthetic Process 0.020975691 5.88E-04
Bacteriochlorophyll
G0:0030494 | Biosynthetic Process Biosynthetic Process 0.046470888 | 0.001711097
Regulation of Cellular Cellular Metabolic
G0:0031323 | Metabolic Process Process 0.003504583 6.77E-05
Regulation of Nitrogen Nitrogen Compound
GO0:0051171 | Compound Metabolic Process | Metabolic Process 0.002208303 2.97E-05
Organic Substance Metabolic | Organic Substance
GO:0071704 | Process Metabolic Process 0.002452314 341E-05
Primary Metabolic
G0:0044238 | Primary Metabolic Process Process 2.61E-04 2.34E-06
Regulation of Primary Primary Metabolic
GO0:0080090 | Metabolic Process Process 0.0014085 1.71E-05
Regulation of Cellular
G0:0050794 | Regulation of Cellular Process | Process 1.42E-25 3.82E-28
Cellular Response to
GO0:0051716 | Cellular Response to Stimulus | Stimulus 5.66E-25 1.78E-27
Regulation of Cell
G0:0010646 | Communication Cell Communication 0.010028144 249E-04
G0:0007154 | Cell Communication Signal Transduction 3.06E-38 4.12E-41
Regulation of Metabolic Regulation of
G0:0019222 | Process Metabolic Process 0.013465121 3.57E-04
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