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ABSTRACT OF THE DISSERTATION 

 

Genomics-Based Investigations of Marine Algae-Bacteria Interactions 

 

by 

Rachel E. Diner 

Doctor of Philosophy in Oceanography  

University of California San Diego, 2019 

Professor Andrew E. Allen, Chair 

 

Interactions between eukaryotic algae and bacteria play an important role in natural 

ecosystems. Defining the details of these interactions enables a better understanding of 

organismal distribution and evolution, and also presents an opportunity to further human well-

being via biotechnology and protect human health. In this thesis I utilize genomic techniques 

to elucidate interactions between bacteria and algae in the laboratory and the field. I 

demonstrate dynamic carbon and nitrogen-dependent interactions between model marine 

algae and bacteria in a newly developed genetically tractable model laboratory system. I then 

describe how horizontal gene transfer (HGT) from bacteria to diatoms can be used as a 

molecular tool for diatom genetic manipulation. The low-GC content of transferred DNA 
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sequences enables autonomous replication as a diatom episome, effectively expanding the 

diatom’s gene repertoire and providing opportunities for nuclear genome integration. Lastly, I 

discuss associations between pathogenic species of Vibrio bacteria along the San Diego coast 

and their abundant algal counterparts. I report the first quantitative survey of 

pathogenic Vibrio species in San Diego coastal waters, which are abundant during summer 

months and possess genes associated with human virulence. When examining the ecological 

interactions of these species, traditional grouping of diatoms at a high taxonomic level has led 

to conflicting reports of associations with pathogenic Vibrio species. I show that high-

resolution taxonomic grouping at the genus level or lower, based on 18S amplicon 

sequencing, reveals specific interactions that may have important consequences 

for Vibrio ecology and human health, yet would have been overlooked in previous 

studies. Together, these chapters demonstrate how new molecular tools, including next-

generation sequencing, can be used to gain a deeper understand of microbial interactions that 

are ecologically important on a global scale and also important to human health and well-

being. 
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INTRODUCTION 

Microbes inhabit virtually every region of the planet, from the deepest ocean basins to 

the clouds in our atmosphere. Attached and free-living, dynamic microbial ecosystems drive 

nutrient and biogeochemical cycling on global scales and form the base of nearly all food 

webs1–3. Furthermore, human health and well-being is profoundly impacted by microbes. 

Microbial pathogens cause up to a quarter of all global deaths each year4. Individual microbes 

rarely exist in isolation but as part of complex systems that form and change across myriad 

spatial and temporal scales, interacting with each other and with multicellular counterparts.  

Marine microbes, including bacteria, viruses, and unicellular photosynthetic and 

heterotrophic protists, are present in virtually every biological niche of the ocean. In the 

euphotic zone, phytoplankton interact frequently with heterotrophic bacteria in ways that are 

biogeochemically important on a global scale, yet poorly understood5–7. Eukaryotic algae 

known as phytoplankton contribute substantially to global carbon cycling via photosynthesis 

and primary productivity, supporting higher trophic levels and producing about 50% of 

Earth’s oxygen8. Diatoms alone are responsible for up to 40% of the ocean’s primary 

productivity.  Heterotrophic bacteria, which constitute the majority of oceanic biomass9–11, 

live around, on, and occasionally within these phytoplankton, relying on them for essential 

carbon and nutrients12–14. 

Given the great importance of algae-bacteria interactions, relatively little is known 

about how they work at the molecular level. Recent work has highlighted many types of 

relationships (e.g. mutualistic, predatory, competitive, commensal) and exchanges of small 

molecules and metabolites between these groups (reviewed in 6). For example, laboratory 

studies have shown that bacteria can stimulate phytoplankton growth via hormone signaling15 
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and provide or compete for essential nutrients such as nitrogen16,17, sulfonate compounds18, 

and vitamin B1219. They can also protect against high levels of reactive oxygen species20, 

help certain phytoplankton function during prolonged period of darkness21, or in some cases 

turn algicidal22. These studies are valuable, but probe only a limited number of the expansive 

potential metabolic exchanges and interactions on limited temporal and spatial scales. 

Furthermore, it is unclear if and to what extent these interactions occur in natural 

environments. 

In this thesis, I explore a myriad of new relationships between algae, primarily 

diatoms, and heterotrophic bacteria. My research approach includes both controlled laboratory 

studies exploring relationships between two individual species and natural environments 

comprised of complex communities relevant to human health. A common theme in my 

research is the use of genomic information, at the species and whole-community level, to 

elucidate these novel interactions. From molecular genetic engineering to next-generation 

sequencing (including RNA-sequencing, CHiP-sequencing, amplicon sequencing, and 

shotgun metagenomic sequencing) these novel tools and organismal information enable 

unprecedented explorations in to what cells do, who they interact with, and how. 

In Chapter 1 of my thesis, I used microbial co-culturing, genetic manipulation, and 

transcriptomics to examine how a ubiquitous marine gammaproteobacterial species, 

Alteromonas macleodii, can compete with diatoms (specifically, the model diatom 

Phaeodactylum tricornutum) for nitrate in a carbon-dependent manner. I also use nitrate 

reductase knockout mutants of both diatoms and bacteria to demonstrate that diatoms and 

bacteria likely exchange nitrogen substrates under certain conditions. A large accomplishment 

of this research was developing a genetically tractable model system for studying diatom-
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bacteria interactions. This research was published in Diner et al. 2016 (Frontiers in 

Microbiology).  

In chapters 2 and 3 of my thesis, I examined the horizontal transfer of genes from 

bacteria to diatoms via bacterial conjugation, and explored the implications of this transfer in 

terms of diatom nuclear gene acquisition and genetic tool development. After helping develop 

a method of delivering DNA into the diatoms P. tricornutum and Thalassiosira pseudonana 

using bacterial conjugation from the common laboratory model bacterium E. coli (Karas, 

Diner et al. 2015), we discovered an interesting feature of this DNA delivery system: foreign 

DNA containing yeast centromere and origin of replication sequences (an artifact of the 

cloning process) allowed delivered plasmids to replicate autonomously in the diatom nucleus.  

In chapter 2, I demonstrated that low GC content was the characteristic feature 

responsible for stable maintenance of the foreign DNA, and that the yeast centromere and 

origin of replication do not possess orthologous functions in the diatom. I also presented 

advancements in technical methods advancing the use of bacterial conjugation as a transgene 

delivery tool for diatoms. This research was published in Diner et al. 2016 (Frontiers in 

Biotechnology and Bioengineering).  

In chapter 3, I describe the sequence identity of native diatom centromeres, the first 

description of centromeres in the stramenopile lineage. I also demonstrate that DNA sequence 

similarity to native diatom centromeres allows DNA from many different sources, including 

bacterial conjugative plasmids and natural diatom plasmids, to become established as part of 

the diatom nuclear genome repertoire after being delivered by E. coli bacterial conjugation, 

essentially “hijacking” the diatom DNA replication machinery. This research was published 

in Diner et al. 2017 (Proceedings of the National Academy of Sciences) 
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 In chapter 4, I examined associations between pathogenic Vibrio bacteria along the 

San Diego coast and their abundant algal counterparts. I report the first quantitative survey of 

pathogenic Vibrio species in San Diego coastal waters, which are abundant during summer 

months and possess genes associated with human virulence. When examining the ecological 

interactions of these species, traditional grouping of diatoms at a high taxonomic level has led 

to conflicting reports of associations with pathogenic Vibrio species. I show that high-

resolution taxonomic grouping at the genus level or lower, based on 18S amplicon 

sequencing, reveals specific interactions that may have important consequences for Vibrio 

ecology and human health, yet would have been overlooked in previous studies. 
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CHAPTER 1 

Genetic manipulation of competition for nitrate between heterotrophic bacteria and 

diatoms 

Synopsis 

 This chapter is an original research project that uses microbial co-culturing, genetic 

manipulation, and transcriptomics to examine how a ubiquitous marine gammaproteobacterial 

species, Alteromonas macleodii, can compete with diatoms (specifically, the model diatom 

Phaeodactylum tricornutum) for nitrate in a carbon-dependent manner. I also use nitrate 

reductase knockout mutants of both diatoms and bacteria to demonstrate that diatoms and 

bacteria likely exchange nitrogen substrates under certain conditions. A large accomplishment 

of this research was developing a genetically tractable model system for studying diatom-

bacteria interactions.   

 This chapter is presented as a paper. “Genetic manipulation of competition for nitrate 

between heterotrophic bacteria and diatoms” was published as a research article in Frontiers 

in Microbiology in 2016.  
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Chapter 1, in full, is a reprint of the material as it appears in Diner, RE, Schwenck, 

SM, McCrow, JP, Zheng, H, & Allen, AE (2016) Genetic Manipulation of Competition for 

Nitrate between Heterotrophic Bacteria and Diatoms. Frontiers in Microbiology, 7, 880. The 

dissertation author was the primary investigator and author of this material.  
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CHAPTER 2 

Refinement of the diatom episome maintenance sequence and improvement of 

conjugation-based DNA delivery methods 

 

Synopsis 

In this chapter, I demonstrate that low GC content is the characteristic feature 

responsible for stable maintenance of foreign DNA episomes in diatom nuclei, and that yeast 

centromere and origins of replication do not possess orthologous functions in the diatom P. 

tricornutum. I also present advancements in technical methods advancing the use of bacterial 

conjugation as a transgene delivery tool for diatoms.  

This chapter is presented as a paper. “Refinement of the diatom episome maintenance 

sequence and improvement of conjugation-based DNA delivery methods” was published as a 

research article in Frontiers in Bioengineering and Biotechnology in 2016.  
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Chapter 2, in full, is a reprint of the material as it appears in Diner, RE, Bielinski, VA, 

Dupont CP, Allen, AE, Weyman, PW (2016) Refinement of the Diatom Episome 

Maintenance Sequence and Improvement of Conjugation-based DNA Delivery Methods. 

Frontiers in Biotechnology and Bioengineering. 4, 65. The dissertation author was the 

primary investigator and author of this material. 
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CHAPTER 3 

Diatom centromeres suggest a mechanism for nuclear DNA acquisition 

 

Synopsis 

 In this chapter, I describe the sequence identity of native diatom centromeres, the first 

description of centromeres in the stramenopile lineage. I also demonstrate that DNA sequence 

similarity to native diatom centromeres allows DNA from many different sources, including 

bacterial conjugative plasmids and natural diatom plasmids, to become established as part of 

the diatom nuclear genome repertoire after being delivered by E. coli bacterial conjugation, 

essentially “hijacking” the diatom DNA replication machinery 

 This chapter is presented as a paper. “Diatom centromeres suggest a mechanism for 

nuclear DNA acquisition” was published as a research article in Proceedings of the National 

Academy of Sciences in 2017.  
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Chapter 3, in full, is a reprint of the material as it appears in Diner, RE, Noddings, 

CM, Lian, NC, Kang, AK, McQuaid, JB, Jablanovic, J, Espinoza, JL, Nguyen, NA, 

Anzelmatti, MA, Jansson, J, Bielinski, VA., Karas, BJ, Dupont, CL, Allen, AE, and Weyman, 

PD (2017) Diatom Centromeres Suggest a Mechanism for Nuclear Gene 

Acquisition.  Proceedings of the National Academy of Sciences, 114(29), E6015-E6024. The 

dissertation author was the primary investigator and author of this material. 
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CHAPTER 4 

High-resolution taxonomic grouping reveals interactions between pathogenic Vibrio 

species and the planktonic community 

 

Synopsis 

 In this chapter I examined associations between pathogenic Vibrio bacteria along the 

San Diego coast and their abundant algal counterparts. I report the first quantitative survey of 

pathogenic Vibrio species in San Diego coastal waters, which are abundant during summer 

months and possess genes associated with human virulence. When examining the ecological 

interactions of these species, traditional grouping of diatoms at a high taxonomic level has led 

to conflicting reports of associations with pathogenic Vibrio species. I show that high-

resolution taxonomic grouping at the genus level or lower, based on 18S amplicon 

sequencing, reveals specific interactions that may have important consequences for Vibrio 

ecology and human health, yet would have been overlooked in previous studies.  
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Introduction 

Bacteria in the Vibrio genus occur naturally in coastal aquatic environments1–5. Many 

species can cause infection and represent an international human health concern. The disease 

cholera, caused by specific Vibrio cholerae serotypes, affects millions of people annually 

worldwide, causing thousands of deaths6,7. Cases have risen since 2005, most commonly in 

developing nations since and often acquired through contaminated drinking water. Most Vibrio 

infections in the United States are caused by two species, Vibrio parahaemolyticus and Vibrio 

vulnificus8, resulting in approximately 80,000 illnesses annually and more than 100 deaths. 

These species primarily infect via ingestion of contaminated seafood, causing gastroenteritis, 

or wound infections which can lead to rapid necrosis and septicemia9–13. V. vulnificus has one 

of the highest mortality rates of any bacterial pathogen, with an estimated 50% mortality rate 

for U.S. infections10,11,14. These are also the causative agent of many “flesh eating bacteria” 

reports, particularly in the Southeast United States. V. parahaemolyticus is one of the most 

common bacterial causes of human shellfish poisoning8,15,16. At least 12 other species can infect 

humans, and many others are well-known animal pathogens, some a particular threat to 

aquaculture operations 8.  

For many human pathogenic vibrios, the mechanisms of infection are poorly 

understood. In the best-studied species, V. cholerae, the lysogenic cholera toxin phage (the gene 

ctxAB encodes the toxin) is known to play a critical role in human infection17, though 

bacteremia infection can occur without it. For other species, genomic comparisons have led to 

the discovery of genes more common in clinically isolated strains than environmental strains, 

and other genes putatively involved in pathogenicity such as the vcgC gene in V. vulnificus18 

and the thermostable hemolysin (tdh) gene19 and TDH-related (trh)20,21 gene in V. 



 
 

69 

parahaemolyticus. Genes associated with virulence and antibiotic resistance can be transferred 

horizontally between strains, often a result of biotic interactions including contact with other 

bacterial species and with the abundant marine polysaccharide chitin22–24. Thus, non-pathogenic 

strains and/or species of Vibrio have the ability to become pathogenic, and species can quickly 

acquire traits for environmental persistence or avoiding antibiotic susceptibility in human 

hosts25,26. A further concern is the emergence of several pandemic strains, notably the X 

serotype of V. cholerae and the 03:K6 serotype of V. parahaemolyticus27–29.  

Water temperature and salinity are major drivers of Vibrio species distribution 

(reviewed in 30). Vibrio populations, along with human infections, are often highest during 

warm summer months31–33. As global seawater and air temperatures increase world-wide, the 

metabolic growth capacity and the geographic and temporal range of pathogenic Vibrio species 

is expected to expand34–36, making Vibrio-related human illness an emerging health concern 

worldwide34,35,37–40. Most infectious Vibrio strains thrive in warm water temperatures (>20°C) 

and can also persist during unfavorable environmental conditions (e.g. <5°C) by entering a 

viable but nonculturable (VBNC) state41. V. cholerae infections and epidemics have been linked 

to environmental temperature increases on decadal scales, and have long been considered to be 

a case-study for understanding the link between environmental conditions and infectious 

diseases37,40. Perhaps as a result of global warming42,43, infections have recently been reported 

in new geographic regions including Israel44,Chile45, Peru46, Spain47 the Baltic Sea42, and the 

Pacific Northwest US9. Salinity also plays a strong role in species distribution. Among the most 

common pathogenic species, V. vulnificus and V. cholerae prefer fresher environments while 

V. parahaemolyticus is more halotolerant30,48. However, all species can be found in saline 
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environments and can be found simultaneously in the same coastal environments (present 

study).  

Biotic interactions between prokaryotic and eukaryotic community members also play 

an important role in Vibrio ecology and pathogenicity, however there are many unresolved 

relationships. Vibrios are known to attach to and form biofilms on particles and living or dead 

eukaryotic organisms. Bacterial species that interact with vibrios in these environments may 

impact virulence and environmental persistence through horizontal gene transfer, population 

dynamics via viral infection, and growth through competition or cooperation. Perhaps the best-

known example of Vibrio attachment to marine eukaryotes involves planktonic copepods. 

Likely due to their copious chitin production (they molt their chitinous exoskeletons frequently 

throughout their many life-cycle stages), they are often a characteristic feature of ecosystems 

with robust pathogenic V. cholerae populations, and attach to chitinous surfaces of both live 

and dead copepods in laboratory studies49–54. This attachment to chitin provides nutrition, serves 

as a  substrate for biofilm formation and subsequent protection from environmental stressors 

and predation, and triggers a suite of cellular interactions triggering bacterial competition via 

the Type VI secretion system (T6SS) and natural competence, which may be the mechanism 

for how non-virulent populations become virulent22,53,55–59.  

Associations with algae are another likely important but understudied ecological link. 

Besides serving as the base of coastal food webs and fueling zooplankton (including copepod) 

abundances, Vibrio bacteria have been shown to attach to dead and living live algal cells54,60. 

Phytoplankton typically reside in the same coastal aquatic environments where Vibrio thrive,60–

64, generating organic carbon via photosynthesis that enables heterotrophic bacteria growth65–

67. Blooms of Vibrio bacteria often succeed algal blooms, a common dynamic between marine 
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algae and bacteria; as algae blooms reach stationary phase and die, large amounts of organic 

carbon and nutrients are released into the environment for potential bacterial use62,67,68. Bacteria 

interact extensively with algae, exchanging vitamins and nutrients69, algicides70–72, and 

DNA73,74 Additionally, some diatoms including Thalassiosira and Cyclotella spp. produce 

chitin filaments extruding from the cell, and in association with the cell wall75–77, which may 

have the same physiological consequences as attachment to copepod chitin. Experimentally, 

Vibrios have been shown to attached to phytoplankton-produced chitin60, though much remains 

to be discovered about the mechanisms of these interactions and whether and how often they 

may occur in natural ecosystems. Furthermore, as with copepods, it is unclear except at a 

relatively coarse taxonomic level (i.e. typically class, occasionally genus) what algae co-occur 

with which species of Vibrio bacteria. 

While possible ecological relationships between these groups of organisms have been 

observed in multiple studies, conflicting results in different geographic regions complicate the 

ability to truly understand these relationships and their importance in terms of Vibrio ecology 

and physiology30,78–84. Many of these conflicting results likely stem from overly broad 

taxonomic groupings for both vibrios and other community members, which may mask true 

interactions. A meta-analysis by Takemura et al. found that across many studies, overall 

patterns regarding Vibrio organismal interactions are highly dependent on taxonomic 

resolution30.  Many studies group all Vibrio species together, though it is known that particular 

pathogenic species have distinct preferences: for example, while vibrios as a genus have been 

positively associated with temperature and salinity84–86, V. cholerae has a broad temperature 

range but prefers lower salinity. Co-occurring organisms with a low salinity niche would thus 

be overlooked in a genus-wide analysis, when in fact they could be positively correlated with 
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the pathogenic species causing the most infections.  The frequent practice of grouping algae 

together based on chlorophyll A concentrations or on pigment quantification also masks 

species-specific distinctions, such as the ability to produce chitin. Previous research 

methodologies have limited the taxonomic resolution achievable in certain studies as visual 

classification can be challenging as well as time and labor intensive. However, high throughput 

DNA sequencing technologies paired with highly curated databases presents a new opportunity 

to examine these important interactions at a high-resolution and within a single dataset spanning 

a wide range of environmental conditions. 

 In this study, we elucidate ecological links between pathogenic Vibrio species and co-

occurring prokaryotic and eukaryotic community members by combining Vibrio abundance 

quantified by digital droplet PCR and virulence-associated genes over a year of monthly 

sampling at three sites with high-resolution taxonomic composition derived from 16S and 18S 

amplicon sequencing. We observed distinct environmental preferences of each pathogenic 

species, all three of which were detected at all sites and in high abundances during the summer 

months, driven primarily by salinity. Concordantly, we identified genus and species-specific 

interactions between copepods, algae, and Vibrio species (some of which contained virulence 

genes), likely linked to shared environmental preferences and potentially additional biotic 

interactions.  Additionally, we use shotgun metagenomic sequencing of isolate Vibrio 

communities to better characterize the diversity of Vibrio bacteria present at these sites, along 

with closely related and also potentially pathogenic species. 
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Materials and Methods 

 

Environmental sampling and Vibrio isolate culturing 

 Monthly samples were collected from December 2015 to November 2016 at 3 sites in 

San Diego County: Los Peñasquitos Lagoon (LPL), the San Diego River (SDR), and the Tijuana 

River Estuary (TJ) (Figure 1a-d). For intra-site comparisons, two different locations at SDR 

(SDR1 and SDR2) and TJ (TJ1 and TJ2) were sampled, totaling 5 sampling locations. 

Temperature and salinity were measured between 12pm and 1pm using a YSI Pro 30 field 

instrument (YSI Inc.). Additionally, unfiltered water samples were collected in 4 L opaque 

bottles and processed in lab beginning no more than 2 hours after collection. These samples 

were kept in a cool area at roughly room temperature rather than at 4 °C to prevent a viable but 

not culturable (VBNC) state in Vibrio bacteria. 

 Water samples were gently filtered and flash-frozen in the lab for downstream 

processing. For chlorophyll A quantification, 10-100 ml samples were collected on GF/F filters 

(Whatman) and stored at -20 °C. Samples were later extracted in 90% acetone overnight and 

measured on a 10AU fluorometer (Turner), followed by addition of HCL and re-measurement 

to account for the chlorophyll A degradation product pheophytin87. For downstream nucleic 

acid extractions 50-400 ml samples were filtered onto 0.4 µm polycarbonate filters (Whatman) 

and stored at 80 °C until processing (details below). 

 Live Vibrio isolate communities were collected at 24 sampling points by filtering 10-

100 µl of whole seawater onto 0.45 µm polycarbonate filters, which were transferred to 

CHROMagar Vibrio (CHROMagar Microbiology) plates and incubated overnight at 37 °C. For 

two additional samples, TJ1 and TJ2 June, 7 presumed V. parahaemolyticus colonies were 
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isolated and pooled for each sample. These communities (plate examples in Figure 2a-c) were 

resuspended in 1 ml of either LB broth (Amresco) or Zobell Marine Broth 2216 (HiMedia), 

depending on sampling salinity and frozen as 15% glycerol stocks at -80 °C. Half of each 

glycerol stock was pelleted and used for downstream DNA extraction. 

 

DNA and RNA extraction and cDNA synthesis 

Nucleic acids were extracted from filter samples using the NucleoMag Plant kit (Macherey-

Nagel) for genomic DNA (gDNA) and the NucleoMag RNA kit (Macherey-Nagel) for RNA. 

Initial resuspension and vortexing of samples in lysis buffer was completed manually, and the 

remainder of the steps were completed using an epMotion liquid handling system (Eppendorf). 

RNA was reverse-transcribed into cDNA using the SuperScript III First-strand cDNA Synthesis 

Sytem (Invitrogen). gDNA was quantified using the Quant-iT PicoGreen dsDNA Assay Kit 

(Invitrogen) and RNA using the Quant-iT RiboGreen RNA Assay Kit. Nucleic acid integrity 

was confirmed using an Agilent 2200 TapeStation (Agilent). Duplicate filters were extracted 

for all RNA and DNA samples with the exception of SDR1 December and April, for which two 

RNA but only one DNA sample was extracted. Additionally, gDNA was extracted from Vibrio 

isolate pellets using a DNeasy Blood and Tissue Kit (Qiagen), with subsequent quantification 

and quality control as described above. 

 

Vibrio digital droplet and end-point PCR 

Select pathogenic Vibrio species and virulence genes were quantified using the QX200 

digital droplet PCR (ddPCR) System (BioRad), following the manufacturer’s protocols and 

recommended reagents. Previously published assays based on qPCR were optimized for 
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ddPCR, including running temperature gradients for each target to establish optimum reaction 

temperature. Results from technical replicates were merged for analysis, and more than 19,000 

droplets were measured per sample. Target-specific gBlocks (Integrated DNA Technologies) 

were used as positive controls for all ddPCR and end-point PCR targets. 

Single copy-number gene targets for the species V. parahaemolyticus, V. vulnificus, and 

V. cholerae were quantified and used to approximate cell number per 100 ml of sample (Table 

1). We targeted toxR for V. parahaemolyticus88, vvhA for V. vulnificus89, and ompW for V. 

cholerae90. We also quantified the virulence-associated V. vulnificus genes vcgC91 and pilF92.  

We were unable to reliably quantify the V. parahaemolyticus-associated virulence genes tdh93 

and trh94. In lieu, we used traditional end-point PCR to screen all samples for the presence or 

absence of the gene using a TruFi DNA Polymerase Kit (Azura) and Vibrio gBlock 1 as a 

positive control. Samples containing V. cholerae, indicated by ompW detection, were also 

screened by traditional PCR for the virulence-associated ctxA95 gene.  

 

Library construction and sequencing 

 Amplicon libraries were constructed and sequenced using cDNA template for whole 

community samples to investigate microbial community composition. The V4-5 region of the 

16S small subunit ribosomal RNA gene (SSU-rRNA) was targeted to characterize the 

prokaryotic community and plastid sequences using primers 515F-926R96 (Table 2). The V9 

region of the 18S rRNA gene was targeted for eukaryotic community composition using 

primers 1389F and 1510R97 (Table 2).  

TruFi DNA Polymerase Kits (Azura) were used for PCR amplifications, followed by 

1.5% agarose gel confirmation of the correct amplicon size. Reactions were then purified using 
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AMPure XP beads (Beckman Coulter Life Sciences) for cleanup and size selection on the 

epMotion and quantified with the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). After 

pooling samples in equimolar amounts (~ 10 ng µl-1) samples were sequenced using a dual-

barcode index on an Illumina MiSeq platform at either the Institute for Genomic Medicine 

(IGM, University of California, San Diego) or at the UC Davis Genome Center 

(https://dnatech.genomecenter.ucdavis.edu/) on an with 250-bp paired-end reads for the 16S 

amplicon and 150-bp paired-end reads for the 18S amplicon. To account for predicted low 

abundances of Vibrio ASVs in the samples, 16S libraries were sequenced in small runs (~60-

85 samples) to obtain a greater sequencing depth. 

For shotgun metagenomics libraries, gDNA extracted from Vibrio isolate pellets was 

fragmented to 400bp on an E210 Sonicator (Covaris). Sequencing libraries were prepared using 

the NEBNext Ultra II DNA Library Prep Kit (New England Biotechnologies), combined into 2 

equimolar concentration pools of 13 samples each and sequenced on an Illumina HiSeq4000 at 

the UC Davis Genome Center with 250-bp paired-end reads. 

 

Bioinformatic and statistical analyses 

Amplicon sequence analysis 

 Demultiplexed sequences were analyzed using the Qiime298 pipeline and additional 

analyses and visualizations were conducted using the R package phyloseq99. Sequences were 

quality filtered, chimeric sequences were removed, and exact amplicon sequence variants 

(ASVs)100 were defined using dada2101. Replicate samples were merged using the “qiime 

feature-table group” function. Feature classifiers were trained using the specific primers for 
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each amplicon and taxonomy was assigned using Silva102 version 132 for bacterial and archaeal 

16S sequences and PR2103 for 18S sequences. 

 Alpha and beta diversity metrics for community composition were calculated and 

statistically compared among samples and groups using Qiime2. Alpha rare-faction plots were 

generated to determine sampling depth, which was 152K for 37K for 16S and 18S sequences, 

respectively. All 60 samples were included for the 16S analyses, and 59 were included for 18S 

analysis as this enabled ASV abundance and alpha-diversity saturation. For alpha diversity, 

richness determined by Faith’s Phylogenentic Diversity104 (Faith PD) and evenness were 

compared across group and site (Krustkal-Wallis test), and were also examined for relationships 

with environmental variables (Spearman’s rank correlations). Beta diversity was calculated 

using both Bray-Curtis dissimilarity and Weighted Unirac methods for comparison, and 

dissimilarity was calculated between categorical variables site and month by group and also in 

pair-wise comparisons across all communities using a PERMANOVA test. Interactive and 

static emperor PCOA plots were generated using Qiime2. 

 Spearman rank correlations were calculated to explore relationships between 

environmental variables, Vibrio quantification data, and relative abundance of groups of interest 

in the amplicon sequencing. Data subsets were generated in phyloseq to characterize relative 

abundance of specific groups. For example, 16S sequences may belong to bacteria, archaea, or 

eukaryotes (particularly chloroplast sequences). For the purpose of exploring relative 

abundances of bacteria and archaea in the 16S community, eukaryotic sequences would be 

excluded from the analysis. Correlations were visualized as correlograms using the corrplot 

package in R105. 
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Shotgun metagenomic analysis of Vibrio isolate communities 

 Quality control was performed by checking sequence quality using FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), trimming poor-quality 

sequences using Trimmomatic106, then re-assessing quality with a subsequent FastQC 

analysis. Trimmed reads were then assigned taxonomy using Metaphlan2107, and visualized 

using Graphlan108. For some samples, raw reads were assembled using metaSPAdes109, and 

assembly quality was assessed and compared between samples using the tool QUAST110. 

Sample binning was attempted using Vizbin111, but provided limited practical information, 

likely because the organisms are so similar in genome content. The metagenome assembly 

from the LPL May site was annotated by open reading frame using the J. Craig Venter 

Institute’s RAP pipeline, which incorporates blast queries of sequences against the NCBI 

database, to explore genes of interest in the context of the assembled contigs. Additional 

future work with these samples will attempt to further characterize genomic potential of these 

isolates, and potentially re-assemble bacterial genomes or mobile genetic elements. 

 

Results  

Environmental niche of pathogenic Vibrio species 

 All sites had similar temperatures which peaked in the Summer months of June and July 

(Figure 1). SDR1, SDR2, and LPL had similar annual salinity profiles, with the exception of 

low salinities at LPL from March to May, when lagoon closure (an annual event) presumably 

led to the accumulation of freshwater. The Tijuana Rivers sites had considerable higher salinity 

throughout the year. 
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Pathogenic Vibrio species were detected at temperatures below 15 °C but were not 

abundant (i.e. <216 copies/100ml) below 20 °C (Figure 3a-c). Sampling temperatures ranged 

from 13.2-33 °C. We observed a wide range of salinity, from a nearly freshwater sample of 2.6 

ppt to hypersaline conditions >40 ppt. Temperature and salinity were positively correlated 

across all sites (Figure 3d), likely because of evaporation during high temperatures and a 

corresponding lack of rainfall in the warmest months. V. cholerae were recorded in higher 

quantities than other species but were abundant only during three low salinity months (March 

through May) at Los Peñasquitos Lagoon (Figure 3c). More than 280,000 target gene copies 

per 100 ml were measured in May, while low abundance (<300 copies/100 ml) characterized 

LPL months with high salinity and all other sites. Spearman correlations, accordingly, revealed 

a negative association between V. cholerae and salinity, but no association with temperature. 

We observed a broader distribution with V. vulnificus, which also exhibited a negative 

correlation with salinity but was found across more sites and samples. V. vulnificus was highest 

during the summer months and detected at all sites, reaching highest abundances of >13,000 

copies/100 ml at both SDR sites during May. There was no correlation with temperature though 

notably none were detected below 20°C. V. parahaemolyticus was detected in 80% (50/60) of 

samples, and in contrast to the other two species showed no correlation with salinity but a 

positive correlation with temperature (Figure 3d). The highest concentrations were generally 

observed at the Tijuana river estuary sites at salinities above 30 ppt, with the highest recorded 

concentration of ~33k copies/100 ml found at a salinity of 39.9 ppt. Pathogenic species 

abundance across all samples was significantly associated with chlorophyll A concentrations, a 

proxy for total algal abundance, (Figure 3d): Vibrio parahaemolyticus and Vibrio vulnificus 
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with a positive association and Vibrio cholerae with a negative association/ Chlorophyll A was 

also significantly positively associated with temperature, but not salinity.  

 

Quantifying and detecting virulence-associated genes 

 We quantified two genes associated with V. vulnificus virulence, pilF and vcgC, using 

digital droplet PCR. Copies of vcvG were detected at all sites in low abundances, with a peak 

of 872 copies/100 ml at SDR2 during March (Figure 4a). Copies of pilF were most abundant at 

the San Diego River sites (Figure 4b) during April, May and June, reaching >7,000 copies/100 

ml in May at both sites. It was also detected at LPL during these months at slightly lower 

abundances, and not at all in the TJ sites, though only 4 were tested.  

 Of the 20 sites where V. vulnificus was detected based on the vvhA ddPCR assay, 

virulence genes were detected at 50% of the sites (Figure 4c). 15% of samples were positive for 

both pilF and vcgC, while 30% were positive for pilF alone and 5% positive for only vcgC. The 

ratio of pilF and vcgC genes to vvha, which putatively represents the number of virulence gene 

copies present per copy of the species, ranged from 0-2 (Figure 4d). 

 We determined the presence and absence of the virulence-associated genes ctxA for V. 

cholerae and tdh and trh for V. parahaemolyticus using traditional PCR (Figure 5). Of the 

samples that tested positive for V. cholerae, only one sample yielded a PCR product using 

primers designed to detect an 87-bp amplicon (Figure 5a). Notably, this sample (LPL May) had 

by far the highest abundance of V. cholerae of all samples (Figure 2c). The size of the amplicon, 

however, was considerably larger at ~600-700 bp. Attempts to sequence the amplicon after 

PCR purification were unsuccessful. 
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 Of the 50 samples that tested positive for V. parahaemolyticus, 48 were tested for the 

presence of tdh and trh. Of these, 16 (33%) produced bands for the trh assay and 13 (27%) 

produced bands for the tdh assay. Similar to the ctxA assay, none of the bands were the same 

size of the predicted amplicon and positive control sequence, which were ~200 bp for both 

targets (Table 1). Bands in the trh assay were typically 650-1000 bp, often with multiple bands 

amplified. For the tdh assay, many samples had single bands at ~850bp, though other samples 

had multiple bands of varying sizes. 

  

Vibrio community composition  

 The 16S amplicon sequencing revealed 116 distinct Vibrio ASVs. Few of the Vibrio 

ASV’s were assigned to a particular species (Figure 6A). ASV’s classified as Vibrio cholerae 

were predominant members of the Vibrio community at LPL during March and May, 

corresponding to peak detection of V. cholerae by the ddPCR assays (Figure 2c). 

 Across all samples, Vibrio bacteria comprised 0.04%-5.3% of the bacterial-archaeal 16S 

community. (Figure 6b). The highest community percentages were during July at SDR2 and 

September at TJ2, the latter occurring simultaneously with a high abundance of Vibrio 

parahaemolyticus (Figure 2a) Vibrio community relative abundance did not, however, 

significantly correspond to any environmental variables or Vibrio marker genes (Figure 2d). 

 

Metagenomics of Vibrio isolate communities 

To gain a better understanding of Vibrio diversity in these communities beyond the 16S 

amplicon, we isolated vibrios using CHROMagar Vibrio media and conducted shotgun 

metagenomic sequencing on these enriched communities. While this approach is not 
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quantitative because some species may grow faster than others during the culturing stage, it 

provides a fine-scale genomics-based characterization of Vibrio species and strain diversity.  

The isolate communities were predominantly comprised of Vibrio species (70-100%) 

(Figure 7a). One exception was the TJ2 site in February, where sequences mapped primarily to 

Vibrio phage vB_VpaM_MAR (85%) with only 15% mapping to Vibrio bacteria (Figure 7b, 

Table 3). We detected 26 unique Vibrio species across all samples (Figure 3), as well as the 

closely related bacterial species Grimontia hollisae (formerly classified V. hollisae), also a 

potential human pathogen, which was abundant in multiple samples (Table 3). Other less 

abundant species detected (up to 7% community abundance, but typically less than 2%) 

belonged to the Gammaproteobacterial genera Aeromonas, Pseudomonas, Shewanella, and 

Photobacterium. 

 Vibrio species were detected in all samples profiled. The species V. parahaemolyticus 

and V. sp. Ex25 were present in 100% of the samples (Table 3), including some samples where 

V. parahaemolyticus was not detected in the ddPCR assay: LPL February, SDR1 February, and 

SDR2 August. V. vulnificus and V. cholerae were detected in 74% and 61% of the samples, 

respectively. For these species, there was a link between community presence and relative 

abundance based on metagenomics and ddPCR quantification. Samples where the species were 

detected, particularly in high relative abundance, corresponded to higher ddPCR detection 

levels while low or no abundance within a metagenomic sample usually corresponded with low 

or no ddPCR detection (Table 3). Notably, although we did not quantify the species V. 

alginolyticus via ddPCR, it was detected in 96% of the isolate samples. 

 For the LPL site in May, which contained all three pathogenic Vibrio species detected 

by ddPCR (Figure 3) we annotated the assembled metagenome and identified genes of interest 
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in each species. Several genes with a potential role in human health were observed, including 

genes that may be involved in antibiotic resistance or virulence, though it is unclear whether 

many of the putative toxins would be involved in human, animal, or microbial virulence 

(Supplemental Tables 1-9). We also identified putative chitinase genes and chemotaxis genes 

present in all three pathogenic species, potentially originating from multiple strains of the same 

species, that may be involved in interactions with other community members. 

 

Prokaryotic diversity, community composition, and association with vibrios 

Both site and month significantly impacted 16S community beta-diversity (i.e. whether 

communities were dissimilar to each other) using both Bray-Curtis and Weighted Unifrac 

analyses (p<0.001 for site and month under both tests), however, clear groupings were not 

apparent in PCoA plots based on these factors alone (Table 4, Figure 8a-d). Site and the 

environmental variables temperature, salinity, and chlorophyll A significantly influenced site-

specific (i.e. alpha diversity) species richness, though sampling month had no significant effect 

(Table 4). Chlorophyll A was the only factor that significantly influenced community evenness 

(p<0.01). 

In pairwise comparisons, sites and months were typically similar in community 

composition to nearby sites and temporally close months, respectively. For locations with two 

sampling sites, those sites were similar to each other (p>0.05) in both the Bray-Curtis and 

Weighted Unifrac analyses, but different from all other sites (Table 5). For example, the SDR1 

site was significantly different from every other site except SDR2 (Table 5). Intra-site species 

richness was similar between the LPL and SDR sites, which differed from the TJ sites, and 
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species evenness only differed significantly between LPL and TJ1. Months temporally close to 

each other had more similar 16S microbial communities (Table 6). 

Nearly 32K ASV’s were classified for 16S sequences using dada2, which were reduced 

to ~29K ASV’s after removing eukaryotic, mitochondrial, and chloroplast sequences. Despite 

the large number of ASV’s, a few major classes dominated bacterial community composition 

across most sites, including Gammaproteobacteria (encompassing vibrios and related bacteria), 

Bacteroidia, and Alphaproteobacteria (Figure 9). During some months, the LPL and SDR sites 

had sizeable populations of Oxyphotobacteria, a class of Cyanobacteria. Other prominent 

classes include Campylobacteria (of the phylum Epsilonbacteraeota), and Verrucomicrobia. We 

also plotted relative abundance of the top 15 bacterial genera and observed that these genera 

covered the majority of the bacterial relative abundance across all samples.  

To investigate associations between pathogenic Vibrio species and dominant bacterial 

community members, we used spearman rank correlations to compare ddPCR results with the 

top 10 bacterial classes and top 15 genera (Figure 9).  At the class taxonomic level, V. 

parahaemolyticus and V. vulnificus were positively associated with Verrucomicrobiae, a class 

containing mostly bacteria isolated from freshwater, soil, and human feces. V. vulnificus, V. 

cholerae, and the V. vulnificus virulence-associated gene pilF were positively associated with 

Oxyphotobacteria and negatively associated with Camphylobacteria. This pattern is similar to 

the negative association between these three marker genes and salinity. Additionally, V. 

cholerae was negatively associated with Bacteroidia and Kirimatiellae. 

 Individual genera often exhibited associations that were not evident at the level of class. 

For example, the Alphaproteobacteria and Gammaproteobacteria classes had no significant 

associations with any of the species or virulence genes assayed (Figure 9). Among the most 



 
 

85 

abundant Alphaproteobacteria genera, however, a Rhodobacteraceae strain HIMB11 was 

negatively associated with V. vulnificus, and a SAR11 Clade 1a strain was negatively associated 

with both V. vulnificus and V. parahaemolyticus. Likewise, the common copiotrophic 

Gammaproteobacterium Alteromonas was positively linked to V. parahaemolyticus, while 

several other Gammaproteobacteria including Glaciecola, Marinibacter, and uncultured 

members of the Thiotrichaceae and Thiomicrospiraceae families were negatively associated 

with multiple marker genes. Additionally, an abundant Synechococcus strain of Cyanobacteria 

was abundant and positively associated with V. parahaemolyticus.  

 

Eukaryotic community diversity and community composition 

Like the 16S communities, site and month had a significant (p<0.05) effect on 

community dissimilarity between samples in both the Bray-Curtis and Weighted Unifrac 

analyses (Table 4). We observed a negative correlation between chlorophyll A concentrations 

and species richness and evenness. Temperature and salinity did not have an effect on species 

richness, and temperature impacted species evenness while salinity did not. Sites were different 

from all other sites except those at the same location, and species richness and evenness were 

significantly different when comparing the LPL and SDR sites to the TJ sites (Table 5). Also, 

like the 16S communities, months temporally close to each other had more similar 18S 

microbial communities (Table 7). 

 While common bacterial groups dominated 16S communities, 18S communities were 

considerably more diverse, with many rare species. For example, up to >50% of the taxonomic 

Classes at some sites were present at <5% abundance (Figure 10). Plotting the top 15 most 
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abundant community members by Class (Figure 10) gives a clearer view of the most common 

groups, which include numerous algal, animal, and non-photosynthetic protist groups.  

 Diatoms were the most common Eukaryotic organisms, comprising ~28% of the total 

18S reads (Table 8). They were abundant community members at the LPL and SDR sites during 

some months, but were particularly abundant at the TJ sites, where they frequently represented 

>75% of the 18S reads. The second most abundant group contained unicellular ciliates of the 

class Spirotrichea. These two classes had positive (Bacillariophyta) and negative (Spirotrichea) 

associations with both V. parahaemolyticus and temperature. Other abundant community 

members included the photosynthetic Cryptophyceae and the chitin-producing animals of the 

class Arthropoda, which were negatively correlated with the V. vulnificus virulence-associated 

gene pilF. Additionally, other ciliates and photosynthetic protists including Chrysophyceae, 

Dinophyceae, and Mamiellophyceae, were present, with both Chrysophyceae and 

Mamiellophyceae exhibiting a positive correlation with V. parahaemolyticus and a negative 

association with V. cholerae. 

 Like the bacterial-archaeal community, correlations between individual genera and 

Vibrio species did not always reflect trends of the class level. The most dominant 18S genus, 

the diatom Chaetoceros, had a positive correlation with V. parahaemolyticus, temperature and 

salinity, while another abundant diatom genus, Thalassiosira, had no correlation with V. 

parahaemolyticus but instead had a positive association with V. vulnificus and a negative 

association with temperature and salinity (Figure 10, Figure 11). Meanwhile, Cyclotella 

diatoms and a poorly characterized group of raphid pennate diatoms had no significant 

correlations in the comparisons. Investigating correlations with the top 15 diatom genera 
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(Figure 10), we observed similarly diverse correlations, however many genera were either 

positively or negatively correlated with both temperature and salinity. 

Beyond the diatom genera, poorly characterized Strombidiida ciliates in the 

Spirotricheae class were negatively correlated with V. parahaemolyticus, V. vulnificus, pilF, 

temperature, and chlorophyll A, while other ciliates in the Mesodinium genera had no 

associations with marker genes or environmental variables. Additionally, photosynthetic 

Teleaulax algae in Crysophyte class were positively associated with V. parahaemolyticus. 

We also examined genera-specific correlations with chitin-producing arthropods. 

Arthropods were one of the most abundant classes making up about 5% of the 18S reads (Table 

8), though no single genus was among the 10 most abundant overall. Copepods were the most 

abundant arthropods, including the genera Pseudodiaptomas, Canuella, Tigriopis, Sinocalanus, 

and Cyclops. With the exception of Pseudodiaptomas, these genera were significantly 

negatively associated with salinity and had no relationship to temperature (Figure 11). 

Additionally, many of them had positive associations with V. vulnificus, V. cholerae, and pilF. 

Notably, these genera also made up a small percentage (<1%) of the total 18S reads, because 

they were typically abundant only at specific sites or months. We also observed many positive 

correlations between the copepod and diatom genera discussed above. 

 

Discussion  

We observed distinct environmental niches amongst V. cholerae, V. vulnificus, and V. 

parahaemolyticus related to salinity and temperature (Figure 3a-c). While these environmental 

factors are known to drive Vibrio distribution30 many studies focus on individual species or on 

the Vibrio genus as a whole, preventing observed shifts in the abundance of multiple species as 
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the environment and community changes. We detected all three species at all sites, suggesting 

either a continuous presence at all times, occasionally in undetectable concentrations, or a 

temporal residence in the sediments or in a VBNC state, until conditions become ideal for 

proliferation in the water column (i.e. the “everything is everywhere, but the environment 

selects” ecological theory112). Peak abundances among the three species varied with salinity 

(Figure 3a-c), with V. cholerae highest at the lowest salinity sites (~2-5 ppt), V. vulnificus 

highest at moderate salinities (~17-25 ppt), and V. parahaemolyticus highest at high salinity 

sites (>30 ppt). The distribution patterns of these three species are also linked to site, with V. 

cholerae most abundant at LPL, V. vulnificus most common at the SDR sites, and V. 

parahaemolyticus most abundant at the TJ sites. It is unclear whether this is because those sites 

happened to present an ideal ecological niche for a particular species or strain at a given time, 

or if biotic interactions limit concentrations of species that would otherwise be abundant.  

V. cholerae and V. vulnificus were significantly associated with low salinity and had no 

significant association with temperature (Figure 3b,c). They were, however, generally found 

above 20 °C, a temperature regarded as a threshold for human concern regarding Vibrio 

infections (Blackwell 2008, Oliver 2015). We observed peak abundances during the warm 

summer months, reflecting previously reported temperature-associated seasonality of these 

species, though typically a month or two before the peak temperature. As temperature was 

inversely correlated with salinity, this may represent an intermediate condition where 

temperatures are warm, but salinity isn’t too high. While V. cholerae has been reported in high 

salinity conditions, it is most common in low salinities, and is well-known to contaminate 

drinking water (reviewed in Takemura et al., 2014). Likewise, V. vulnificus grows poorly if at 

all at salinities higher than 25 ppt and environmentally prefers salinities in the range of 10-18 
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ppt113,114 (Kaspar and Tamplin 1993, Oliver 2015). It has previously been suggested that salinity 

constraints on the V. vulnificus niche may be alleviated by increased temperatures115. We 

observed low abundances of V. vulnificus at some high salinity, high temperature sights, so 

generally this trend wasn’t apparent in our data, however biotic interactions likely  play a role 

in the observed ecological niche of Vibrio species116. 

Conversely, V. parahaemolyticus abundance was significantly associated with high 

temperatures, but not with salinity. This supports V. parahaemolyticus as a more halotolerant, 

though not necessarily halophilic, species. It also corresponds with the observation from the 

Takemura et al. meta-analysis which found that, in contrast to V. cholerae, V. parahaemolyticus 

was more broadly spread out in terms of salinity across a range of 3-35ppt, with a warmer, more 

narrow temperature range. We detected high abundances of V. parahaemolyticus at extremely 

high salinities (>40 ppt)(Figure 3a), which was out of the reported range in the meta-analysis 

and for other prior studies we examined. Potentially the strains we observed possess adaptations 

for life at extremely high salinities. This is supported by the finding that the fundamental 

ecological niche of many Vibrio species, particularly in terms of salinity, is often larger than 

realistic environmental conditions116. The peak abundance of V. parahaemolyticus (at TJ2 in 

September) occurred at 25 °C, a moderate temperature at which other pathogenic species were 

found at other sites, but with a salinity of 40 ppt. Thus, our findings may suggest that V. 

parahaemolyticus, through tolerating high salinity, can take advantage of fortuitous 

environmental conditions such as high temperature to proliferate when the other pathogenic 

species cannot due to salinity constraints. Since this peak abundance was observed during a 

moderate rather than a high temperature month, other factors may contribute to proliferation. 

Potentially fortuitous environmental conditions include temporal events such as the demise of 
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an algal bloom and concurrent release of organic matter, or a storm even bringing fresh nutrients 

into the site. Alternatively, species-specific predation, parasitism, viral infection, or other 

environmental conditions may play a role in controlling V. vulnificus and V. cholerae 

populations at the high-salinity sites. Our study, however, generally supports the well-

established temperature and salinity preferences previously observed in these species in an 

entirely different geographic region. 

The potentially pathogenic species we examined contained a high percentage of 

virulence genes, though PCR amplification results suggest the virulence genes of San Diego 

populations may be divergent from other regions (Figure 4, Figure 5). Along the North Carolina 

Coast, Williams et al. found that 5.3% of the V. vulnificus examined possessed the vcgC gene 

and 1.9% of V. parahaemolyticus harbored one or both of the virulence genes tdh and trh117. In 

samples collected from coastal Alaska, tdh and trh positive strains were isolated from 19% and 

26% of the samples collected, respectively93. The vcgC gene was detected in 20% of our 

samples, and 33% of the samples were positive for either tdh, trh, or both. In our tdh/trh assays 

detecting presence or absence of the marker gene, the band size was larger than expected, and 

multiple bands were present at times. This could potentially be caused by binding to a non-

specific or non-V. parahaemolyticus target, or the trh and tdh genes may have diverged in San 

Diego populations. These are known to be highly variable DNA regions21,118 which may also 

impact virulence potential. Further examination of these sequences in local strains may shed 

light on the evolution of these virulence genes and potential functional consequences.  

Our study presents the first quantification and ecological analysis of these species in 

the Southern California region, an area that due to warm coastal seawater conditions and high 

recreational use. Coastal southern California counties are among the most densely populated 
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areas in the United States, totaling more than 15 million people with rapidly increasing 

residential populations. These areas are also popular worldwide as beach tourism destinations. 

Furthermore, shellfish harvesting occurs recreationally, and historically has represented a 

common food source for these coastal communities119. The popularly eaten Pacific Oyster is 

found throughout southern California in addition to the native Olympia Oyster120 and may 

provide a sustainable food source for the rapidly growing population. Prior to the present 

study, there was limited information regarding the presence of potentially pathogenic species 

in Southern California, though water temperature conditions fall well within their known 

environmental range. A 1987 study isolated pathogenic V. vulnificus  from sediment in 

Mission Bay, San Diego121. In a more recent study122, several pathogenic Vibrio species 

including V. vulnificus, V. parahaemolyticus (virulent and non-virulent strains), and V. 

cholerae were detected, though not quantified, via PCR in Orange County, California and on 

Catalina Island off-shore. Additional genotyping conducted for the study proposed here 

identified V. parahaemolyticus and V. vulnificus at more sites, including several in San Diego 

County.  

 We detected high concentrations of V. cholerae at the LPL site, which are regionally 

concerning as there is no Vibrio monitoring system in place in the San Diego region. Only one 

sample tested positive for the ctxA gene, which amplified a larger DNA sequence than expected, 

however while ctxA is required for traditional cholerae infections, V. cholerae can infect 

immunocompromised humans without these virulence genes. Furthermore, Vibrio communities 

lacking these virulence genes can acquire them rapidly via viral infection or other horizontal 

gene transfer events. Low salinity resulting in high cholerae concentrations occurred in the LPL 

while the lagoon was closed naturally due to wave and tidal action and sandbar movement, 
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which consequently leads to a buildup of freshwater in the lagoon from surrounding residential 

and commercial developments. This is an annual event, and eventually the lagoon is manually 

dredged and drained in to the surrounding coastal ocean following permit application 

procedures through the Army Corps of Engineers. While this dredging and draining is intended 

to prevent anoxic conditions hazardous to human and wildlife health, it may also prevent high 

concentrations of V. cholerae bacteria. However, this comes at the risk of exposing local 

recreational ocean users to high bacterial concentrations released from the lagoon during 

dredging. Additionally, we found high concentrations of V. parahaemolyticus bacteria at both 

TJ sites. The Tijuana River Estuary has a long history of persistent pollution, and the 

surrounding waters of Imperial beach and beyond are often closed due to sewage overflows and 

high fecal coliform bacterial contamination. These local findings have important policy 

implications which demonstrate a need for future, potentially continuous, Vibrio sampling in 

the region. 

 Using shotgun metagenomics, we characterized a diverse Vibrio community containing 

far more species than suggested by 16S data alone, and also identified genes associated with 

Vibrio interspecies interactions and potentially virulence. A similar community-

characterization approach was employed in Jesser et al. where the HSP60 amplicon was used 

to determine relative abundance of different Vibrio community members, also revealing a much 

more diverse community than the 16S alone123. We hope to replicate this approach in future 

studies as our method for determining community composition is not amenable to determining 

relative abundance. Our samples displayed a wide-range of Vibrio and closely-related bacteria 

(Figure 7a). Of the 26 Vibrio species we identified across all samples, several were potential 

human (e.g. V. alginolyticus, V. furnissii, V. metschnikovii) or animal pathogens (i.e. V. harveyi 



 
 

93 

and V. anguillarum). We also identified what appears to be an active viral infection by the 

Vibrio phage vB_VpaM_MAR at TJ2 in February (Figure 7b). Based on the species identified 

at this site, it is likely that either V. parahaemolyticus or Vibrio strain EX25 is the intended 

target, though it is also possible that reads from the actual infected species have fallen below 

the detection limit as the result of the infection. This provides interesting information for future 

studies investigating Vibrio viral infections, which we may be able to answer using these 

preserved Vibrio communities. Community characterization of the LPL site in May (Figure 7c), 

where the highest abundance of V. cholerae was detected, confirms the presence of all 

pathogenic species quantified in this study at the same time, an interesting finding from a human 

health perspective. The skew towards V. parahaemolyticus sequences in the metagenomic 

sequences compared to the higher abundance of other species in the ddPCR data likely reflects 

a growth advantage of V. parahaemolyticus on CHROMagar Vibrio plates during sample 

isolation. 

 Our study also focuses on elucidating links between these pathogenic Vibrio populations 

and their surrounding planktonic community at a high-resolution taxonomic level. This is useful 

for understanding Vibrio ecology and distribution, virulence and environmental persistence, 

and to potentially develop specific bioindicators of Vibrio species abundance. We address this 

by focusing on the three Vibrio species most relevant to human health. Since Vibrio species 

occupy distinct ecological niches and unique physiological capabilities, exploring all vibrios as 

a genus may result in misleading associations. In one example, Turner et al. found that while 

vibrios were negatively correlated copepods in a particular size fraction (63-200um), the 

pathogenic species V. parahaemolyticus and V. vulnificus were actually positively associated 

with copepods. Our study allows us to explore correlations at both coarse and fine taxonomic 
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levels, and we found that the relative abundance of Vibrio genus bacteria based on 16S amplicon 

sequencing had no significant relationship to any Vibrio species or virulence gene-specific 

marker gene, temperature, salinity, or chlorophyll A (Figure 3d). However, individual species 

had many significant associations at broad and specific taxonomic levels. 

 We observed this “broad grouping” phenomenon while investigating the Vibrio-

associated prokaryotic microbial community. While the same broad groups of bacteria were 

present and abundant across most sites, particular genera exhibited more particular associations. 

These associations are important when trying to understand interspecific competitive or 

symbiotic interactions. For example, the class Oxyphotobacteria was negatively associated with 

V. vulnificus, V. cholerae, and pilF. But only one was among the most abundant bacterial 

genera, Syneccococus (with a closest hit of sp. CC9902), which was negatively associated with 

V. parahaemolyticus and temperature. It is possible that many, less abundant genera in 

Oxyphotobacteria are responsible for the observed associations, but reliance on this class level 

alone would miss the Synecoccocus relationship. One laboratory study examining the response 

of Synechococcus sp. WH8102 to co-culture with V. parahaemolyticus found significant 

transcriptional changes, including evidence of possible phosphate stress and utilization of 

specific nitrogen sources. Our study puts laboratory studies like this one in a relevant ecological 

context. Additionally, genera that were positively (e.g. Alteromonas or Thiomicrospoaceae sp.) 

or negatively (e.g. Marinobacterium, Glacielcola, SAR11 Clade 1a) associated with pathogenic 

species, relationships that were unclear at the class level, may be good candidates for 

investigating symbiotic or competitive interactions, particularly in the context of the broader 

community. 
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Our study also addresses the frequently overlooked eukaryotic community, focusing on 

phytoplankton and copepods. Diatoms are an example of example of an algal group frequently 

positively associated with Vibrio concentrations 78,80,124 but analyzed as a single group. The 

genetic distance, however, between the model pennate diatom Phaeodactylum tricornutum and 

the model centric diatom Thalassiosira pseudonana is equivalent to the difference between a 

human and a fish125 (Bowler). This taxonomic distinction is important as particular algal species 

are known to produce chitin, host distinct microbial communities126, release unique DOM127–

129, and be alternatively susceptible or immune to bacterial attack70,71,130,131. We observed that 

diatoms as a group, based on the class Bacilliarophyta, were positively associated only with V. 

parahaemolyticus, temperature, salinity, and chlorophyll A (Figure 10b), and not with the other 

species measured or Vibrio ASV relative abundance. This would seem to suggest that diatoms 

prefer warm, high salinity conditions (as does V. parahaemolyticus in our study), possibly 

leading to the finding that other species are not associated with diatoms. However, looking at 

the more resolved genus level, this affect appears to be driven by the most abundant diatom 

genus Chaetoceros. In particular, multiple ASVs of one species most closely related to 

Chaetoceros pumilus comprised the majority of Chaetoceros diatoms. 

A potentially important but poorly studied interaction involves Vibrio associations with 

chitin-producing diatoms. Experimentally, vibrios have been shown to attached to 

phytoplankton-produced chitin60, though much remains to be discovered about the mechanisms 

of these interactions and whether and how often they may occur in natural ecosystems. We 

observed 2 genera of chitin-producing diatoms in our samples: Thalassiosira and Cyclotella. In 

contrast to Chaetoceros, Thalassiosira was actually negatively associated with temperature and 

salinity, and positively associated with V. vulnificus. The primary contributing species is most 
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closely related to the model diatom species Thalassiosira pseudonana, which has been observed 

to have algicidal interactions with chitinase-producing bacterium in laboratory studies72. 

Another potentially chitin-producing diatom was also observed- a species most closely related 

to Cyclotella striata (the model species Cyclotella cryptica is known to produce chitin, but 

ability is unknown for this species75. Though this genus had no significant correlations with any 

Vibrio markers or environmental variables It was very abundant (>25% of the diatom 

community) at the two sampling points with the highest V. vulnificus concentrations: SDR1 and 

SDR2 in April. Other factors such as grazing pressures on the diatom or bacteria may influence 

these broad-scale correlations. Our findings demonstrate that assuming broad associations 

between diatoms as a group and Vibrio species based on any of these examples would lend 

itself to a false association and preclude potentially important investigations into species or 

even strain-specific environmental preferences and biotic interactions. Our findings also 

established an ecologically relevant framework for future laboratory experiments. In particular, 

for future studies investigating interactions between the low-salinity Vibrio species V. vulnificus 

and V. cholerae and chitin producing eukaryotes, our study points to Thalassiosira and 

Cyclotella spp., both diatom genera with extensive genetic tools available73,132–136, as excellent 

model organisms 

Of particular interest in Vibrio ecology is the interaction between pathogenic species 

and planktonic copepods. Given the importance of this relationship relatively little is known 

about what specific type of copepods different species of pathogenic vibrios attach to in the 

environment, and whether they are living or dead. In a classic study by Huq et al., V. cholerae 01 

and non-01 serovars were found to attach to living but not dead Acartia tonsa, Eurytemora 

affinis, and Scottolana spp. copepods from natural samples137. A laboratory study investigating 
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these same copepod species found that V. cholerae preferentially attached to Acartia tonsa 

copepods over Eurytemora affinis, and that individual V. cholerae strains exhibited different 

attachment efficiencies138. While this study was also conducted with live copepods, another 

study investigated an O1 V. cholerae serovar (strain N16961) and two non-O1/O139 V. 

cholerae isolates, finding that all three strains preferentially attached to dead, rather than living, 

Tigriopus californicus copepods, as well as dinoflagellates54. It is unclear whether this 

difference is due to experimental methodology, the copepod species, or the Vibrio strains. 

Associations in field samples are rare and inconclusive: one study found no association between 

V. cholerae and co-occurring Diaptomus and Cyclops genera copepods139, while others have 

reported qualitative associations in field samples, but quantitative significant relationships are 

poorly understood 50,52. This suggests that fine-scale taxonomic distinctions likely play a role 

in Vibrio-zooplankton interactions. 

In our environmental samples, we observed positive correlations between pathogenic 

Vibrio species and individual copepod genera. Sequences from copepods, and arthropods in 

general, were far less abundant than diatoms and other eukaryotic groups (Figure 11, Table 8). 

The most abundant copepod was the species Pseudodiaptamus inopinus, an invasive species 

originating in Asia140,141, which was not significantly associated with any Vibrio species across 

all samples (Figure 11d), but was highly abundant during the months where the highest levels 

of V. cholerae and V. vulnificus were detected at LPL and the SDR sites (Figure 3b,c). Other 

abundant copepods were the Harpacticoid genera Canuella and Tigriopus, which were both 

positively associated with V. vulnificus and the virulence-associated gene pilF. In laboratory 

studies, the type IV pilus (containing the pilF subunit) has been shown to be involved in chitin 

attachment to vibrios 142. Tigriopus was also positively associated with V. cholerae. Though we 
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could not obtain species-specific taxonomic resolution for Tigriopus in our sample, it is a well-

established laboratory model genus with gene-silencing capabilities and full or partially 

assembled genomes for several species including T. japonicus143, T. californicus144,145, and T. 

kingsejongens146. Thus, Tigriopus and Canuella spp. may be good candidate genera for future 

laboratory studies involving ecologically relevant Vibrio-plankton interactions. 

Beyond interactions between individual Vibrio species and groups of planktonic 

organisms, these planktonic organisms also interact with each other. For example, diatoms are 

a known food source for copepods147–149 , however, in some instances they have been shown to 

negatively impact copepod reproduction150. This highlights the need to taxonomically 

characterize the communities and define their interactions where pathogenic vibrios are 

abundant. Using the diatom and copepod groupings above, we found that several diatom and 

copepod species were significantly associated with each other. For example, Canuella copepods 

were negatively associated with Chaetoceros, but positively associated with Thalassiosira and 

other diatoms genera, while Tigriopus was significantly associated only with the less common 

diatoms. Further analysis of these community networks will provide a more detailed framework 

of potential interactions. 

 

Conclusion 

Our study quantifies for the first time potentially pathogenic Vibrio populations in 

Southern California, finding abundant populations that conform to previously observed 

temperature and salinity niches as well as additional potentially pathogenic species. High 

abundances in previously unstudied areas with high potential for human exposure, along with 
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the detection of multiple genes associated with human infection, suggest that future sampling 

and risk modelling for these areas may be appropriate. 

We also characterized the microbial and eukaryotic communities co-occurring with 

these individual Vibrio species and identified relationships that are apparent at high taxonomic 

resolution but masked based on the broader groupings applied in previous studies. Ultimately, 

our characterization of Vibrio communities, other community members, and their shared 

environmental preferences can be used to develop and test new hypotheses about the role of the 

environment and biotic interactions in Vibrio persistence, proliferation, and disease risk. 
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Tables 

Table 1. Target genes for digital droplet PCR (ddPCR), including the target species, target 
gene name, primer name, primer or probe sequences, annealing temperature conditions (Ta), 
amplicon size when reported, and study primers were obtained from. 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Assay Target Species Target 
Gene Primer name Sequence Ta (ºC) Amplicon Size 

(bp) Study

ddPCR V. vulnificus vcgC VVC-FW AAAACTCATTGARCAGTAACGAAA 60 Not reported Baker-Austin et al. 2010
ddPCR V. vulnificus vcgC VVC-REV AGCTGGATCTAAKCCCAATGC 60 Not reported Baker-Austin et al. 2010
ddPCR V. vulnificus vcgC VVC-Probe /5HEX/AATTAAAGC/ZEN/CGTCAAGCCACTTGACTGTAA/3IABkFQ/ 60 Not reported Baker-Austin et al. 2010
ddPCR V. vulnificus pilF PILF-FW GATTGACTACGAYCCACACCG 60 Not reported Baker-Austin et al. 2012
ddPCR V. vulnificus pilF PILF-REV GRCGCGCTTGGGTGTAG 60 Not reported Baker-Austin et al. 2012
ddPCR V. vulnificus pilF PILF-PROBE /56-FAM/TGCTCAACC/ZEN/TCGCTAAGTTGGAAATCGATA/3IABkFQ/ 60 Not reported Baker-Austin et al. 2012
ddPCR V. parahaemolyticus toxr TOXR-FW GAACCAGAAGCGCCAGTAGT 58 Not reported Taiwo et al. 2017
ddPCR V. parahaemolyticus toxr TOXR-REV AAACAAGCAGTACGCAAATCG 58 Not reported Taiwo et al. 2017
ddPCR V. parahaemolyticus toxr TOXR-Probe /5HEX/TCACAGCAG/ZEN/AAGCCACAGGTGC/3IABkFQ/ 58 Not reported Taiwo et al. 2017
ddPCR V. vulnificus vvhA VVHA-FW TGTTTATGGTGAGAACGGTGACA 58 Not reported Campbell and Wright 2003
ddPCR V. vulnificus vvhA VVHA- REV TTCTTTATCTAGGCCCCAAACTTG 58 Not reported Campbell and Wright 2003
ddPCR V. vulnificus vvhA VVHA-Probe /56-FAM/CCGTTAACC/ZEN/GAACCACCCGCAA/3IABkFQ/ 58 Not reported Campbell and Wright 2003
ddPCR V. cholerae ompW ompW-F TCAATGATAGCTGGTTCCTCAAC 58 87 Garrido-Maestu et al. 2014
ddPCR V. cholerae ompW ompW-R CGATGATAAATACCCAAGGATTGA 58 87 Garrido-Maestu et al. 2014
ddPCR V. cholerae ompW ompW-Probe /5HEX/TGGTATGCC/ZEN/AATATTGAAACAACG/3IABkFQ/ 58 87 Garrido-Maestu et al. 2014
Traditional PCR V. cholerae ctxA ctxA-F TTTGTTAGGCACGATGATGGAT 63 84 Blackstone et al. 2007
Traditional PCR V. cholerae ctxA ctxA-R ACCAGACAATATAGTTTGACCCACTAAG 63 84 Blackstone et al. 2007
Traditional PCR V. parahaemolyticus tdh TDHF (Fw) TCCCTTTTCCTGCCCCC 61 233 Nordstrom et al. 2007
Traditional PCR V. parahaemolyticus tdh TDHR (rev) CGCTGCCATTGTATAGTCTTTATC 61 233 Nordstrom et al. 2007
Traditional PCR V. parahaemolyticus trh TRHF (Fw) CCATCMATACCTTTTCCTTCTCC 60 207 Ward and Bej 2006
Traditional PCR V. parahaemolyticus trh TRHR (REV) ACYGTCATATAGGCGCTTAAC 60 207 Ward and Bej 2006
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Table 2. Primer sequences used to amplify 16S and 18S amplicon libraries. Color coded 
sequences represent the following: green and red = Illumina sequencing adaptor sequences, 
black = library specific 8-bp index sequences, orange = linker base pairs, blue = primer 
sequence for amplicon annealing.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amplicon Primer name Primer sequence
16S 515F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNXXXXXXXXGTGYCAGCMGCCGCGGTAA
16S 926R CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCGYCAATTYMTTTRAGTTT
18S 1389F AATGATACGGCGACCACCGAGATCTACACXXXXXXXXTATGGTAATTGTTTGTACACACCGCCC
18S 1510R CAAGCAGAAGACGGCATACGAGATXXXXXXXXAGTCAGTCAGGGCCTTCYGCAGGTTCACCTAC
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Table 3. Community statistics from shotgun metagenomic sequencing of Vibrio communities 
isolated on CHROMagar Vibrio plates compared to ddPCR quantification levels. Relative 
abundance in the community is reported for the three pathogenic Vibrio species quantified in 
this study, and other abundant community members including all Vibrio bacteria combined. 
ddPCR detection level categories are defined as follows: low = <100 copies/ml, medium = 
100-1000 copies/100ml, high = >1000 copies/100ml. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sampling 
site Month % relative abundance 

of isolate community

ddPCR 
detection 

level

relative abundance of 
isolate community

ddPCR 
detection 

level

relative abundance of 
isolate community

ddPCR 
detection level

Vibrio % 
community

Grimontia 
hollisae  % 
community

Vibrio phage 
vB_VpaM_MAR % 

community
LPL February 35 0 1 0 0 0 70 22 0
LPL March 78 Medium 0 0 16 High 97 0 0
LPL May 52 Medium 15 High 14 High 81 0 1
LPL July 79 Low 0 0 0 0 100 0 0
LPL August 34 Medium 3 Low 0 Low 97 0 0

SDR1 February 7 0 0 0 0 0 89 11 0
SDR1 March 79 Medium 0 0 0 Low 100 0 0
SDR1 May 48 High 25 High 0 0 99 0 0
SDR1 July 16 High 0 Medium 0 Low 100 0 0
SDR1 August 6 Medium 0 0 0 0 100 0 0
SDR2 February 63 Medium 0 0 0 0 96 3 0
SDR2 March 66 Medium 1 0 1 0 99 1 0
SDR2 May 5 High 26 High 5 Medium 99 0 0
SDR2 July 14 Medium 0 0 0 Low 100 0 0
SDR2 August 36 0 1 Low 0 0 100 0 0
TJ1 February 58 High 0 0 1 0 99 1 0
TJ1 March 14 Medium 0 Medium 0 0 98 2 0
TJ1 May 14 Medium 0 0 0 0 99 0 0
TJ1 July * 100 Medium 1 0 0 0 100 0 0
TJ1 August 4 Medium 0 0 0 0 100 0 0
TJ2 February 5 Medium 0 0 0 0 15 1 82
TJ2 March 6 Medium 2 Low 0 0 97 2 0
TJ2 May 32 High 0 Low 0 0 99 0 0
TJ2 July * 100 High 0 0 0 0 100 0 0
TJ2 August 56 Medium 0 0 0 0 100 0 0

V. parahaemolyticus V. vulnificus V cholerae Abundant community members. 
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Table 4. Alpha and beta diversity statistics for 16S and 18S communities. Significant 
differences (indicated by a p>0.05) are in bold.  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Diversity Type Diversity Metric Factor Method name Sample size Number of 
groups Test metric Test statistic p-value

Beta Weighted Unifrac Site PERMANOVA 60 5 pseudo F 4.52 0.0010
Beta Bray-Curtis Site PERMANOVA 60 5 pseudo F 2.39 0.0010
Beta Weighted Unifrac Month PERMANOVA 60 12 pseudo F 1.92 0.0010
Beta Bray-Curtis Month PERMANOVA 60 12 pseudo F 2.32 0.0010
Alpha Faith PD Temperature Spearman 60 NA Spearman -0.35 0.0067
Alpha Faith PD Salinity Spearman 60 NA Spearman -0.29 0.0241
Alpha Faith PD Chlorophyll A Spearman 60 NA Spearman -0.35 0.0062
Alpha Faith PD Site Krustkal-Wallis 60 5 H 16.31 0.0026
Alpha Faith PD Month Krustkal-Wallis 60 12 H 16.04 0.1396
Alpha Evenness Temperature Spearman 60 NA Spearman -0.11 0.4004
Alpha Evenness Salinity Spearman 60 NA Spearman -0.03 0.8280
Alpha Evenness Chlorophyll A Spearman 60 NA Spearman -0.40 0.0016
Alpha Evenness Site Krustkal-Wallis 60 5 H 5.09 0.2786
Alpha Evenness Month Krustkal-Wallis 60 12 H 16.93 0.1099

Beta Weighted Unifrac Site PERMANOVA 59 5 pseudo F 2.80 0.0010
Beta Bray-Curtis Site PERMANOVA 59 5 pseudo F 2.12 0.0010
Beta Weighted Unifrac Month PERMANOVA 59 12 pseudo F 1.66 0.0010
Beta Bray-Curtis Month PERMANOVA 59 12 pseudo F 1.75 0.0010
Alpha Faith PD Temperature Spearman 59 NA Spearman -0.24 0.0661
Alpha Faith PD Salinity Spearman 59 NA Spearman -0.17 0.2107
Alpha Faith PD Chlorophyll A Spearman 59 NA Spearman -0.52 0.0000
Alpha Faith PD Site Krustkal-Wallis 59 5 H 15.46 0.0038
Alpha Faith PD Month Krustkal-Wallis 59 12 H 21.36 0.0298
Alpha Evenness Temperature Spearman 59 NA Spearman -0.33 0.0112
Alpha Evenness Salinity Spearman 59 NA Spearman -0.13 0.3275
Alpha Evenness Chlorophyll A Spearman 59 NA Spearman -0.72 0.0000
Alpha Evenness Site Krustkal-Wallis 59 5 H 13.45 0.0093
Alpha Evenness Month Krustkal-Wallis 59 12 H 21.94 0.0248

16S Amplicon

18S Amplicon
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Table 5. Pairwise diversity analysis (alpha and beta) comparisons between sites for 16S and 
18S communities. Both Bray-Curtis and Weighted Unifrac methods were employed for beta 
diversity, as well as both species richness (Faith PD) and evenness for Alpha diversity. 
Significantly differences between sites (p>0.0.5) are indicated in bold font. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group 1 Group 2 pseudo-F p-value q-value pseudo-F p-value q-value H p-value q-value H p-value q-value
LPL SDR1 2.558 0.002 0.003 4.295 0.002 0.003 0.563 0.453 0.503 2.430 0.119 0.397
LPL SDR2 2.253 0.004 0.005 2.122 0.041 0.051 0.750 0.386 0.483 1.080 0.299 0.747
LPL TJ1 2.502 0.001 0.002 6.060 0.001 0.003 4.813 0.028 0.082 4.083 0.043 0.397
LPL TJ2 2.639 0.001 0.002 7.403 0.001 0.003 4.563 0.033 0.082 3.000 0.083 0.397

SDR1 SDR2 0.626 0.829 0.829 0.962 0.376 0.376 3.630 0.057 0.113 0.270 0.603 0.754
SDR1 TJ1 2.719 0.001 0.002 4.428 0.004 0.006 11.603 0.001 0.007 0.403 0.525 0.751
SDR1 TJ2 3.240 0.001 0.002 6.152 0.001 0.003 8.670 0.003 0.016 0.120 0.729 0.810
SDR2 TJ1 2.981 0.002 0.003 5.128 0.002 0.003 3.000 0.083 0.139 0.480 0.488 0.751
SDR2 TJ2 3.454 0.001 0.002 6.512 0.001 0.003 2.430 0.119 0.170 0.653 0.419 0.751
TJ1 TJ2 0.825 0.630 0.700 1.552 0.142 0.158 0.000 1.000 1.000 0.000 1.000 1.000

Group 1 Group 2 pseudo-F p-value q-value pseudo-F p-value q-value H p-value q-value H p-value q-value
LPL SDR1 2.591 0.001 0.001 3.703 0.001 0.003 2.970 0.085 0.141 2.970 0.085 0.121
LPL SDR2 2.346 0.001 0.001 2.469 0.001 0.003 1.080 0.299 0.332 1.920 0.166 0.207
LPL TJ1 1.824 0.002 0.003 3.179 0.006 0.008 5.333 0.021 0.052 6.453 0.011 0.065
LPL TJ2 2.346 0.001 0.001 3.309 0.004 0.007 2.613 0.106 0.151 6.163 0.013 0.065

SDR1 SDR2 0.847 0.674 0.749 1.532 0.122 0.136 1.367 0.242 0.303 0.004 0.951 0.951
SDR1 TJ1 2.070 0.001 0.001 2.817 0.004 0.007 7.004 0.008 0.039 4.125 0.042 0.094
SDR1 TJ2 2.913 0.001 0.001 4.059 0.001 0.003 6.367 0.012 0.039 3.640 0.056 0.094
SDR2 TJ1 2.444 0.001 0.001 3.004 0.006 0.008 7.363 0.007 0.039 3.853 0.050 0.094
SDR2 TJ2 3.327 0.001 0.001 3.692 0.001 0.003 4.563 0.033 0.065 4.563 0.033 0.094
TJ1 TJ2 0.519 0.969 0.969 0.574 0.820 0.820 0.213 0.644 0.644 0.030 0.862 0.951

18S Amplicon

16S Amplicon
Bray-Curtis Weighted Unifrac

Beta Diversity - PERMANOVA Alpha Diversity - KRUSTKAL-WALIS
Faith PD Evenness
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Table 6. Pairwise diversity analysis (alpha and beta) comparisons between months for 16S 
communities. Both Bray-Curtis and Weighted Unifrac methods were employed for beta 
diversity, as well as both species richness (Faith PD) and evenness for Alpha diversity. 
Significantly differences between months (p>0.0.5) are indicated in bold font. 

Group 1 Group 2 pseudo-F p-value q-value pseudo-F p-value q-value H p-value q-value H p-value q-value
Apr Aug 2.457 0.015 0.025 1.315 0.239 0.329 0.011 0.917 0.917 0.098 0.754 0.917
Apr Dec 3.097 0.009 0.023 4.034 0.013 0.061 0.273 0.602 0.778 0.273 0.602 0.863
Apr Feb 2.179 0.016 0.026 1.524 0.207 0.318 0.535 0.465 0.767 0.098 0.754 0.917
Apr Jan 2.333 0.017 0.027 1.796 0.189 0.304 1.320 0.251 0.662 0.011 0.917 0.917
Apr Jul 2.016 0.025 0.038 1.761 0.124 0.234 0.273 0.602 0.778 0.011 0.917 0.917
Apr Jun 1.773 0.069 0.091 1.029 0.343 0.419 0.273 0.602 0.778 0.535 0.465 0.863
Apr Mar 1.566 0.13 0.153 0.775 0.404 0.460 0.098 0.754 0.803 0.273 0.602 0.863
Apr May 1.332 0.161 0.183 0.523 0.57 0.603 0.011 0.917 0.917 1.320 0.251 0.752
Apr Nov 3.223 0.01 0.023 4.061 0.003 0.059 2.455 0.117 0.483 6.818 0.009 0.099
Apr Oct 2.999 0.009 0.023 3.724 0.008 0.059 0.273 0.602 0.778 0.535 0.465 0.863
Apr Sep 2.694 0.012 0.023 2.971 0.011 0.061 0.098 0.754 0.803 0.273 0.602 0.863
Aug Dec 4.062 0.007 0.023 3.704 0.019 0.078 0.884 0.347 0.764 0.098 0.754 0.917
Aug Feb 3.280 0.009 0.023 1.170 0.356 0.421 1.320 0.251 0.662 0.273 0.602 0.863
Aug Jan 3.423 0.006 0.023 1.658 0.14 0.243 2.455 0.117 0.483 0.098 0.754 0.917
Aug Jul 1.052 0.37 0.394 0.665 0.576 0.603 0.273 0.602 0.778 0.011 0.917 0.917
Aug Jun 1.636 0.058 0.081 0.718 0.659 0.680 0.535 0.465 0.767 0.884 0.347 0.863
Aug Mar 2.534 0.011 0.023 1.251 0.324 0.411 0.098 0.754 0.803 0.098 0.754 0.917
Aug May 2.059 0.009 0.023 1.653 0.217 0.320 0.011 0.917 0.917 1.320 0.251 0.752
Aug Nov 2.691 0.007 0.023 3.034 0.021 0.082 3.938 0.047 0.312 6.818 0.009 0.099
Aug Oct 1.642 0.081 0.103 2.320 0.061 0.134 0.098 0.754 0.803 0.273 0.602 0.863
Aug Sep 0.830 0.645 0.645 1.863 0.139 0.243 0.535 0.465 0.767 0.273 0.602 0.863
Dec Feb 1.579 0.072 0.093 1.572 0.096 0.198 0.273 0.602 0.778 0.011 0.917 0.917
Dec Jan 1.162 0.263 0.294 1.268 0.218 0.320 0.884 0.347 0.764 0.011 0.917 0.917
Dec Jul 3.257 0.008 0.023 2.341 0.038 0.113 4.811 0.028 0.311 0.011 0.917 0.917
Dec Jun 3.610 0.012 0.023 3.875 0.007 0.059 0.098 0.754 0.803 0.884 0.347 0.863
Dec Mar 2.676 0.012 0.023 3.197 0.012 0.061 0.273 0.602 0.778 0.011 0.917 0.917
Dec May 3.186 0.008 0.023 4.023 0.007 0.059 1.844 0.175 0.524 0.273 0.602 0.863
Dec Nov 3.371 0.01 0.023 2.637 0.023 0.084 3.938 0.047 0.312 3.938 0.047 0.260
Dec Oct 3.761 0.01 0.023 2.106 0.041 0.113 1.320 0.251 0.662 0.011 0.917 0.917
Dec Sep 4.444 0.01 0.023 2.831 0.041 0.113 0.884 0.347 0.764 0.011 0.917 0.917
Feb Jan 1.073 0.321 0.347 0.409 0.824 0.824 0.098 0.754 0.803 0.273 0.602 0.863
Feb Jul 2.607 0.011 0.023 1.015 0.369 0.427 3.938 0.047 0.312 0.098 0.754 0.917
Feb Jun 2.402 0.007 0.023 1.065 0.357 0.421 0.098 0.754 0.803 0.535 0.465 0.863
Feb Mar 1.404 0.118 0.142 0.975 0.457 0.494 0.535 0.465 0.767 0.273 0.602 0.863
Feb May 2.217 0.013 0.023 1.936 0.119 0.231 1.844 0.175 0.524 1.320 0.251 0.752
Feb Nov 2.725 0.014 0.024 1.836 0.033 0.104 0.273 0.602 0.778 2.455 0.117 0.516
Feb Oct 2.985 0.005 0.023 1.592 0.096 0.198 0.884 0.347 0.764 0.098 0.754 0.917
Feb Sep 3.475 0.008 0.023 1.944 0.056 0.134 0.535 0.465 0.767 0.273 0.602 0.863
Jan Jul 2.795 0.013 0.023 1.316 0.239 0.329 3.938 0.047 0.312 0.273 0.602 0.863
Jan Jun 2.828 0.01 0.023 1.391 0.256 0.345 0.273 0.602 0.778 1.320 0.251 0.752
Jan Mar 2.011 0.011 0.023 1.205 0.281 0.364 1.844 0.175 0.524 0.884 0.347 0.863
Jan May 2.514 0.008 0.023 2.124 0.139 0.243 2.455 0.117 0.483 1.844 0.175 0.678
Jan Nov 3.293 0.01 0.023 2.006 0.014 0.062 0.098 0.754 0.803 5.771 0.016 0.108
Jan Oct 3.377 0.005 0.023 1.771 0.031 0.104 2.455 0.117 0.483 0.535 0.465 0.863
Jan Sep 3.741 0.01 0.023 1.933 0.061 0.134 1.844 0.175 0.524 0.273 0.602 0.863
Jul Jun 0.829 0.645 0.645 0.696 0.692 0.703 0.535 0.465 0.767 1.320 0.251 0.752
Jul Mar 2.193 0.018 0.028 1.557 0.15 0.254 1.844 0.175 0.524 0.011 0.917 0.917
Jul May 1.203 0.293 0.322 1.618 0.181 0.299 1.844 0.175 0.524 0.273 0.602 0.863
Jul Nov 2.590 0.008 0.023 2.662 0.007 0.059 6.818 0.009 0.149 6.818 0.009 0.099
Jul Oct 1.783 0.059 0.081 1.911 0.11 0.220 3.153 0.076 0.417 0.535 0.465 0.863
Jul Sep 1.326 0.15 0.174 1.457 0.223 0.320 3.153 0.076 0.417 0.535 0.465 0.863
Jun Mar 1.846 0.038 0.056 0.905 0.425 0.475 0.535 0.465 0.767 3.153 0.076 0.385
Jun May 0.836 0.539 0.556 1.052 0.333 0.415 0.535 0.465 0.767 4.811 0.028 0.170
Jun Nov 2.591 0.008 0.023 3.533 0.011 0.061 0.098 0.754 0.803 0.273 0.602 0.863
Jun Oct 2.065 0.04 0.057 2.969 0.004 0.059 0.273 0.602 0.778 0.273 0.602 0.863
Jun Sep 1.688 0.069 0.091 2.249 0.053 0.134 0.273 0.602 0.778 0.011 0.917 0.917
Mar May 1.661 0.114 0.139 0.795 0.434 0.477 0.535 0.465 0.767 0.011 0.917 0.917
Mar Nov 2.438 0.01 0.023 2.948 0.007 0.059 6.818 0.009 0.149 5.771 0.016 0.108
Mar Oct 2.466 0.005 0.023 2.502 0.005 0.059 0.098 0.754 0.803 1.844 0.175 0.678
Mar Sep 2.578 0.011 0.023 2.039 0.032 0.104 0.098 0.754 0.803 2.455 0.117 0.516
May Nov 3.096 0.007 0.023 4.395 0.008 0.059 6.818 0.009 0.149 6.818 0.009 0.099
May Oct 2.495 0.008 0.023 3.864 0.011 0.061 0.535 0.465 0.767 5.771 0.016 0.108
May Sep 2.212 0.027 0.041 2.734 0.059 0.134 0.884 0.347 0.764 5.771 0.016 0.108
Nov Oct 1.686 0.09 0.112 1.277 0.203 0.318 6.818 0.009 0.149 6.818 0.009 0.099
Nov Sep 2.467 0.008 0.023 2.235 0.053 0.134 4.811 0.028 0.311 6.818 0.009 0.099
Oct Sep 0.970 0.378 0.396 1.174 0.274 0.362 0.011 0.917 0.917 0.098 0.754 0.917

16S Amplicon
Beta Diversity - PERMANOVA  Alpha Diversity - KRUSTKAL-WALIS

Bray-Curtis Weighted Unifrac Faith PD Evenness
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Table 7. Pairwise diversity analysis (alpha and beta) comparisons between months for 18S 
communities. Both Bray-Curtis and Weighted Unifrac methods were employed for beta 
diversity, as well as both species richness (Faith PD) and evenness for Alpha diversity. 
Significantly differences between months (p>0.0.5) are indicated in bold font. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Group 1 Group 2 pseudo-F p-value q-value pseudo-F p-value q-value H p-value q-value H p-value q-value
Apr Aug 1.936 0.033 0.062 0.793 0.526 0.620 0.240 0.624 0.749 0.060 0.806 0.873
Apr Dec 2.005 0.009 0.034 2.500 0.008 0.066 0.540 0.462 0.653 0.540 0.462 0.697
Apr Feb 1.864 0.006 0.034 1.109 0.431 0.558 0.960 0.327 0.653 0.240 0.624 0.824
Apr Jan 2.094 0.006 0.034 1.846 0.059 0.139 2.160 0.142 0.425 0.240 0.624 0.824
Apr Jul 1.772 0.056 0.086 0.731 0.673 0.705 0.540 0.462 0.653 0.000 1.000 1.000
Apr Jun 1.818 0.049 0.079 0.791 0.614 0.677 1.500 0.221 0.551 0.000 1.000 1.000
Apr Mar 1.599 0.146 0.182 1.361 0.280 0.393 0.540 0.462 0.653 0.060 0.806 0.873
Apr May 1.472 0.266 0.293 0.747 0.620 0.677 0.060 0.806 0.902 0.960 0.327 0.637
Apr Nov 2.731 0.012 0.034 3.616 0.006 0.066 4.860 0.027 0.156 3.840 0.050 0.206
Apr Oct 2.193 0.007 0.034 2.649 0.005 0.066 2.160 0.142 0.425 2.160 0.142 0.443
Apr Sep 1.871 0.035 0.062 1.487 0.154 0.275 0.540 0.462 0.653 0.240 0.624 0.824
Aug Dec 1.973 0.009 0.034 2.623 0.024 0.093 0.098 0.754 0.858 1.844 0.175 0.443
Aug Feb 1.876 0.002 0.034 1.303 0.279 0.393 1.320 0.251 0.551 0.884 0.347 0.637
Aug Jan 2.157 0.007 0.034 2.087 0.036 0.119 1.320 0.251 0.551 0.884 0.347 0.637
Aug Jul 1.186 0.284 0.307 0.605 0.771 0.783 0.273 0.602 0.735 0.098 0.754 0.843
Aug Jun 1.462 0.127 0.168 0.712 0.650 0.692 0.535 0.465 0.653 0.273 0.602 0.824
Aug Mar 1.935 0.016 0.036 1.561 0.131 0.247 0.011 0.917 0.917 0.098 0.754 0.843
Aug May 1.562 0.106 0.146 0.908 0.482 0.589 0.011 0.917 0.917 0.098 0.754 0.843
Aug Nov 2.389 0.006 0.034 3.219 0.012 0.066 5.771 0.016 0.119 4.811 0.028 0.156
Aug Oct 1.306 0.154 0.188 2.053 0.056 0.139 2.455 0.117 0.387 5.771 0.016 0.119
Aug Sep 1.008 0.367 0.391 1.154 0.319 0.430 0.273 0.602 0.735 0.884 0.347 0.637
Dec Feb 1.216 0.231 0.258 1.892 0.085 0.187 1.320 0.251 0.551 1.320 0.251 0.534
Dec Jan 1.476 0.069 0.104 2.328 0.032 0.111 0.273 0.602 0.735 1.320 0.251 0.534
Dec Jul 1.956 0.009 0.034 2.069 0.014 0.066 0.273 0.602 0.735 1.844 0.175 0.443
Dec Jun 2.040 0.007 0.034 2.912 0.007 0.066 0.273 0.602 0.735 1.320 0.251 0.534
Dec Mar 1.765 0.035 0.062 2.262 0.009 0.066 0.884 0.347 0.653 5.771 0.016 0.119
Dec May 2.028 0.010 0.034 2.698 0.010 0.066 1.320 0.251 0.551 6.818 0.009 0.099
Dec Nov 1.900 0.012 0.034 1.751 0.048 0.132 5.771 0.016 0.119 2.455 0.117 0.387
Dec Oct 1.850 0.026 0.050 2.049 0.022 0.091 4.811 0.028 0.156 0.535 0.465 0.697
Dec Sep 1.835 0.013 0.034 1.267 0.233 0.358 0.011 0.917 0.917 0.535 0.465 0.697
Feb Jan 1.279 0.167 0.200 0.774 0.626 0.677 0.011 0.917 0.917 0.098 0.754 0.843
Feb Jul 1.799 0.018 0.040 1.159 0.319 0.430 0.535 0.465 0.653 0.098 0.754 0.843
Feb Jun 1.694 0.039 0.066 0.855 0.568 0.646 0.011 0.917 0.917 0.098 0.754 0.843
Feb Mar 1.468 0.140 0.178 1.317 0.210 0.338 1.320 0.251 0.551 0.273 0.602 0.824
Feb May 1.642 0.042 0.069 0.937 0.491 0.589 1.844 0.175 0.480 1.320 0.251 0.534
Feb Nov 1.971 0.026 0.050 1.987 0.027 0.099 3.938 0.047 0.223 3.153 0.076 0.294
Feb Oct 1.725 0.007 0.034 1.285 0.176 0.298 0.273 0.602 0.735 1.844 0.175 0.443
Feb Sep 1.868 0.007 0.034 1.514 0.075 0.171 0.098 0.754 0.858 0.535 0.465 0.697
Jan Jul 2.013 0.012 0.034 1.457 0.245 0.368 3.153 0.076 0.278 0.098 0.754 0.843
Jan Jun 1.991 0.025 0.050 1.438 0.164 0.285 0.011 0.917 0.917 0.011 0.917 0.945
Jan Mar 1.893 0.037 0.064 1.632 0.101 0.208 3.938 0.047 0.223 0.098 0.754 0.843
Jan May 2.053 0.005 0.034 1.900 0.047 0.132 6.818 0.009 0.119 0.535 0.465 0.697
Jan Nov 2.247 0.010 0.034 2.904 0.013 0.066 4.811 0.028 0.156 3.938 0.047 0.206
Jan Oct 2.057 0.016 0.036 1.948 0.041 0.123 2.455 0.117 0.387 2.455 0.117 0.387
Jan Sep 2.196 0.014 0.036 1.766 0.096 0.204 0.884 0.347 0.653 0.535 0.465 0.697
Jul Jun 0.621 0.704 0.704 0.541 0.847 0.847 0.535 0.465 0.653 0.011 0.917 0.945
Jul Mar 1.706 0.085 0.122 1.415 0.181 0.299 0.011 0.917 0.917 0.535 0.465 0.697
Jul May 0.787 0.551 0.568 0.922 0.542 0.628 0.098 0.754 0.858 1.844 0.175 0.443
Jul Nov 2.329 0.009 0.034 2.853 0.004 0.066 5.771 0.016 0.119 4.811 0.028 0.156
Jul Oct 1.403 0.134 0.173 1.666 0.151 0.275 3.153 0.076 0.278 2.455 0.117 0.387
Jul Sep 1.298 0.215 0.249 0.918 0.487 0.589 0.884 0.347 0.653 0.273 0.602 0.824
Jun Mar 1.767 0.073 0.107 1.408 0.219 0.344 0.535 0.465 0.653 0.098 0.754 0.843
Jun May 0.618 0.678 0.688 0.666 0.703 0.725 0.535 0.465 0.653 1.320 0.251 0.534
Jun Nov 2.291 0.007 0.034 3.302 0.010 0.066 3.153 0.076 0.278 3.938 0.047 0.206
Jun Oct 1.474 0.097 0.136 2.153 0.038 0.119 0.535 0.465 0.653 1.844 0.175 0.443
Jun Sep 1.260 0.208 0.245 1.506 0.105 0.210 0.273 0.602 0.735 0.535 0.465 0.697
Mar May 1.573 0.111 0.150 1.241 0.277 0.393 0.535 0.465 0.653 0.011 0.917 0.945
Mar Nov 2.485 0.016 0.036 2.882 0.012 0.066 6.818 0.009 0.119 6.818 0.009 0.099
Mar Oct 1.901 0.013 0.034 2.093 0.054 0.139 6.818 0.009 0.119 6.818 0.009 0.099
Mar Sep 1.780 0.020 0.043 1.162 0.341 0.450 0.535 0.465 0.653 5.771 0.016 0.119
May Nov 2.568 0.011 0.034 3.399 0.010 0.066 6.818 0.009 0.119 6.818 0.009 0.099
May Oct 1.711 0.051 0.080 2.305 0.007 0.066 6.818 0.009 0.119 6.818 0.009 0.099
May Sep 1.381 0.228 0.258 1.606 0.121 0.235 1.844 0.175 0.480 6.818 0.009 0.099
Nov Oct 1.980 0.007 0.034 2.302 0.019 0.084 0.884 0.347 0.653 0.884 0.347 0.637
Nov Sep 2.143 0.009 0.034 1.629 0.058 0.139 5.771 0.016 0.119 4.811 0.028 0.156
Oct Sep 0.984 0.415 0.435 0.984 0.467 0.589 3.153 0.076 0.278 3.938 0.047 0.206

18S Amplicon
Beta Diversity - PERMANOVA  Alpha Diversity - KRUSTKAL-WALIS

Bray-Curtis Weighted Unifrac Faith PD Evenness
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Table 8. Number of reads and percent of the total 18S eukaryote community for the top 15 
diatom genera and top 10 arthropod genera, with the total for each group. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Top 15 Diatom Genera Number of reads Percent of 18S reads Top 10 Arthopod Genera Number of reads Percent of 18S reads
Chaetoceros 572864 9.51 Pseudodiaptomus 171032 2.84
Unknown Raphid-pennate 400271 6.64 Canuella 46937 0.78
Thalassiosira 259223 4.30 Tigriopus 46874 0.78
Cyclotella 178982 2.97 Unknown Maxillopoda 23371 0.39
Unknown Bacillariophyta_X 71066 1.18 Sinocalanus 6259 0.10
Cymbella 66816 1.11 Cyclops 6024 0.10
Pleurosigma 62031 1.03 Paracalanus 3027 0.05
Minutocellus 30973 0.51 Ishizakiella 1364 0.02
Navicula 19098 0.32 Cyclopina 1150 0.02
Unknown Araphid-pennate 11441 0.19 Oithona 1133 0.02
Unknown Polar-centric-Mediophyceae8410 0.14 Remaining genera combined 3338 0.06
Melosira 8337 0.14
Amphora 8134 0.14
Pseudogomphonema 8045 0.13
Cylindrotheca 6263 0.10
Remaining genera combined 17214 0.29
TOTAL 1729168 28.70 TOTAL 310509 5.16
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Figures 
 
 

 
 
Figure 1. Location of the sampling sites (A-C), mapped in the context of the (D) San Diego 
region using Google Earth. Environmental conditions, including  (E) temperature, (F) salinity, 
and (G) chlorophyll A, a proxy for photosynthetic organism abundance, were measured 
monthly at each site for one year from December 2015-November 2016. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Imagery ©2019 Google, Data USGS, Data SIO, NOAA, U.S. Navy, NGA, GEBCO, Data LDEO-Columbia, NSF, NOAA, Map data ©2019 Google,
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Figure 2. Isolates of putative pathogenic Vibrio species on CHROMagar Vibrio agar plates 
(filters are cellulose nitrate membranes, 0.45 µm pore size). (A) a 2 ml sample collected from 
LPL, (B) 2 ml volume collected from SDR1, both during May 2016. Both putative Vibrio 
parahaemolyticus (mauve) and putative Vibrio vulnificus (dark blue) colonies are evident, as 
are light blue colonies that may be Vibrio cholerae. (C) shows a 10 ml sample from TJ1 
during December 2015, representing a sample where discerning between colony color is 
difficult, and illustrating the usefulness of genotyping.  
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Figure 3. Number of single-genome copy genes (a proxy for cell numbers) per 100 ml 
detected by digital droplet PCR for (A) the Vibrio parahaemolyticus (Vp) species-specific 
gene target toxR (B) the Vibrio vulnificus (Vv) species-specific target vvhA, and (C) and the 
Vibrio cholerae species-specific target ompW, with marker size corresponding to copy number 
and color corresponding to site, plotted against temperature and salinity. (D) Spearman’s rank 
correlation coefficients of associations between environmental variables temperature, salinity, 
and chlorophyll A, and Vibrio species and virulence gene targets. Blue represents a strong 
positive correlation, while red represents a strong negative correlation, and significant 
correlations (p<0.05) are denoted with an *. 
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Figure 4. Number of copies detected per 100 ml by digital droplet PCR for the Vibrio 
vulnificus virulence-associated genes (A) vcgC and (B) pilF, plotted against temperature and 
salinity. (C) The percent of V. vulnificus samples where no virulence gene was detected, either 
vcgC or pilF were detected, or both were detected. (D) the ratio of the number of pilF and 
vcgC copies detected to total V. vulnificus determined by vvhA copy number. 
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Figure 5. PCR gels depicting presence or absence of the Vibrio virulence-associated genes 
(A) ctxA (associated with Vibrio cholerae), (B) trh, and (C) tdh (both associated with V. 
parahaemolyticus) in DNA from collected environmental samples. The ctxA gene (A) was 
assayed for samples positive for V. cholerae as determined by ddPCR assays, and reactions 
were run with an Invitrogen 50-bp ladder with the following sizes (in bp), smallest to largest:  
50, 100,150,200,250,300,350,400,450,500,550,600,650,700,750,800,2,500). The trh and tdh 
genes, specific to V. parahaemolyticus, were assayed for all samples except SDR1 Dec and 
SDR1 Apr, and reactions were run with an Invitrogen 1 Kb plus ladder, with the following 
sizes (in bp), smallest to largest: 
(100,200,300,400,500,650,850,1,000,1,500,2,000,3,000,4,000,5,000,6,000,7,000,8,000, 
10,000,15,000). 
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Figure 6.  Vibrio relative abundance and community composition based on 16S sequences (A) 
The names and relative abundance of each Vibrio species in the Vibrio community classified 
through 16S sequencing using the SILVA database. Bars of the same color indicate different 
ASVs with the same species classification, with size indicating OTU relative abundance (B) . 
The percent of the 16S bacterial and archaeal community comprised of Vibrio bacteria for 
each month and site.  
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Figure 7.  Composition and phylogenetic relationships of bacteria isolated on CHROMagar 
Vibrio plates. (A) The most abundant bacterial genera and species from all 26 samples 
combined, (B) Species composition of the LPL May site, which had high abundance of 
pathogenic Vibrio species and (C) TJ2 February, which had a high abundance of Vibrio 
bacteria and the Vibrio phage vB VpaM MAR. 
 
 

 

Aeromonas

ShewanellaHalomonas

Enterobacter
Ps
eu
do
mo
na
s

Vibrio

Unk
now

n

Vib
rion

ale
s

Ge
nus

Grimon
tia

Photo
bacte

rium

Ha
pu
na
-lik
e

Vi
rus

M
yo
vir
id
ae

(S) Vibrio kanaloae
(T) Vibrio parahaemolyticus
(U) Vibrio sp. 16
(V) Vibrio harveyi
(W) Vibrio ordalii
(X) Vibrio alginolyticus
(Y) Vibrio brasiliensis
(Z) Vibrio owensii
(a) Vibrio cholerae
(b) Vibrio vulnificus
(c) Vibrio sp. 712i1
(d) Vibrio sp. Ex25
(e) Vibrio rotiferianus
(f) Vibrio campbellii
(g) Vibrio metschnikovii
(h) Photobacterium damselae
(i) Vibrionales SWAT 3

(A) Vibrio phage VP882
(B) Vibrio phage vB VpaM MAR
(C) Halomonas stevensii
(D) Enterobacter cloacea
(E) Aeromonas hydrophila
(F) Aeromonas veronii
(G) Aeromonas caviae
(H) Aeromonas unclassified
(I) Pseudomonas alcaliphila
(J) Pseudomonas mendocina
(K) Pseudomonas unclassified
(L) Pseudomonas alcaligenes
(M) Pseudomonas putida
(N) Pseudomonas stutzeri
(0) Shewanella unclassified
(P) Grimontia hollisae
(Q) Vibrio furnissii
(R) Vibrio proteolyticus

A

B

(A) Vibrio phage vB VpaM MAR
(B) Aeromonas hydrophila
(C) Aeromonas veronii
(D) Vibrio parahaemolyticus
(E) Vibrio vulnificus
(F) Vibrio cholerae
(G) Vibrio albensis
(H) Vibrio sp. Ex25
(I) Shewanella unclassified
(J) Pseudomonas unclassified
(K) Pseudomonas alcaliphila
(L) Pseudomonas mendocina

C

(0) Vibrio albensis
(P) Vibrio anguillarium
(Q) Vibrio parahaemolyticus
(R) Vibrio vulnificus
(S) Vibrio alginolyticus
(T) Vibrio harveyi
(U) Vibrio natriegens
(V) Vibrio proteolyticus
(W) Vibrio ordalii
(X) Photobacterium damselae
(Y) Shewanella unclassified
(Z) Pseudomonas unclassified
(a) Pseudomonas mendocina



 
 

128 

 

 

 

Figure 8. PCoA plots of community dissimilarity based on (A) Bray-Curtis dissimilarity of 
the 16S community, (B) Weighted Unifrac analysis of the 16S community, (C) Bray-Curtis 
dissimilarity of the 18S community, and (D) Weighted Unifrac analysis of the 18S 
community. Each dot represents a merged replicate sample for the 60 and 59 samples included 
in the 16S and 18S diversity analyses, respectively. The dot color indicates the site where the 
sample was collected: red = LPL, blue = SDR1, orange = SDR2, green = TJ1, and purple = 
TJ2 
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Figure 9. (A) Relative abundance of classes comprising >1% of the bacterial and archaeal 
16S community for all sites and months, classified using the SILVA database, and (B) 
Spearman’s rank correlations for the top 10 bacterial classes, Vibrio marker genes, and 
environmental factors. Blue indicates a positive correlation while red depicts a negative 
correlation, with significant (p<0.05) correlations denoted by *. (C) Top 15 most abundant 
bacterial genera by month and site, and (D) Spearman’s rank correlations between these 
genera, Vibrio marker genes, and environmental variables16S  
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Figure 10. (A) Relative abundance of classes comprising >5% of the eukaryotic 18S 
community for all sites and months, classified using the PR2 database, and (B) Spearman’s 
rank correlations for the top 10 eukaryote classes, Vibrio marker genes, and environmental 
factors. Blue indicates a positive correlation while red depicts a negative correlation, with 
significant (p<0.05) correlations denoted by *. (C) Top 15 most abundant eukaryotic genera 
by month and site, and (D) Spearman’s rank correlations between these genera, Vibrio marker 
genes, and environmental variables. 
 
 
 

 

 

 

 

LPL SDR1 SDR2 TJ1 TJ2

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

0.00

0.25

0.50

0.75

1.00

Month

Ab
un

da
nc

e

Genus

Chaetoceros

Cyclotella

Kryptoperidinium

Mesodinium

Pseudodiaptomus

Teleaulax

Thalassiosira

Unknown Cryptophyceae_X

Unknown Dinophyceae

Unknown Eukaryota

Unknown Hypotrichia

Unknown Ochrophyta

Unknown Prymnesiaceae

Unknown Raphid−pennate

Unknown Strombidiida

* * **
* ***
*

***

*

*

**
*

*
*

*

**
*

*

**
*
*

**
*
*
*

*

*

****
**

*

**

*

*
*

*

*

*

**
***

*

*

**

*
**
*

*

**

*

*
**
***

*

**

*
*

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1tox
r
vvh
a
om
pw
pilf vvc Te

mp
era
tur
e

Sa
lini
ty

Ch
lor
op
hyl
l.A

Ch
ae
toc
ero
s

Un
kn
ow
n.R
ap
hid
.pe
nn
ate

Un
kn
ow
n.C
ryp
top
hyc
ea
e

Un
kn
ow
n.E
uk
ary
ota

Th
ala
ssi
os
ira

Ps
eu
do
dia
pto
mu
s

Cy
clo
tel
la

Un
kn
ow
n.S
tro
mb
idii
da

Te
lea
ula
x

Me
so
din
ium

Un
kn
ow
n.H
yp
otr
ich
ia

Un
kn
ow
n.P
rym
ne
sia
ce
ae

Un
kn
ow
n.D
ino
ph
yce
ae

Kr
yp
top
eri
din
ium

Un
kn
ow
n.O
ch
rop
hyt
a

toxr
vvha
ompw

pilf
vvc

Temperature
Salinity

Chlorophyll.A
Chaetoceros

Unknown.Raphid.pennate
Unknown.Cryptophyceae

Unknown.Eukaryota
Thalassiosira
Pseudodiaptomus

Cyclotella
Unknown.Strombidiida

Teleaulax
Mesodinium

Unknown.Hypotrichia
Unknown.Prymnesiaceae

Unknown.Dinophyceae
Kryptoperidinium
Unknown.Ochrophyta

B

C

R
el

at
iv

e 
Ab

un
da

nc
e

Month

A
LPL SDR1 SDR2 TJ1 TJ2

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

0.00

0.25

0.50

0.75

1.00

Month

Ab
un

da
nc

e

Class

< 5% Abundance

Apicomplexa_X

Arthropoda

Bacillariophyta

Bicoecea

Chlorodendrophyceae

Choanoflagellatea

Chrysophyceae

Ciliophora_X

CONThreeP

Cryptophyceae

Dictyochophyceae

Dinophyceae

Euglenozoa

Filosa−Thecofilosea

Labyrinthulea

Mamiellophyceae

MAST

Mollusca

Oligohymenophorea

Oomycota

Oxyrrhea

Phyllopharyngea

Prymnesiophyceae

Pyramimonadales

Raphidophyceae

Rotifera

Spirotrichea

Trebouxiophyceae

Unknown Alveolata

Unknown Archaeplastida

Unknown Ciliophora

Unknown Eukaryota

Unknown Metazoa

Unknown Ochrophyta

Unknown Stramenopiles

LPL SDR1 SDR2 TJ1 TJ2

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

De
c

Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

No
v

0.00

0.25

0.50

0.75

1.00

Month

Ab
un

da
nc

e

Class

< 5% Abundance

Apicomplexa_X

Arthropoda

Bacillariophyta

Bicoecea

Chlorodendrophyceae

Choanoflagellatea

Chrysophyceae

Ciliophora_X

CONThreeP

Cryptophyceae

Dictyochophyceae

Dinophyceae

Euglenozoa

Filosa−Thecofilosea

Labyrinthulea

Mamiellophyceae

MAST

Mollusca

Oligohymenophorea

Oomycota

Oxyrrhea

Phyllopharyngea

Prymnesiophyceae

Pyramimonadales

Raphidophyceae

Rotifera

Spirotrichea

Trebouxiophyceae

Unknown Alveolata

Unknown Archaeplastida

Unknown Ciliophora

Unknown Eukaryota

Unknown Metazoa

Unknown Ochrophyta

Unknown Stramenopiles

Month

R
el

at
iv

e 
Ab

un
da

nc
e

*
* *
*

*
*
*
*

*

*
*
*

*

*
*

*

*
*

*
*
*

*

* *
*

*
*
*

*

*
*

*

*
*

*

*
*
*

*

*

*

*

*

*

*

*

*

*

*

*

*
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1tox
r

vvh
a
om
pw

pilf vvc Te
mp
era
tur
e

Sa
lini
ty

Ch
lor
op
hyl
l.A

Ga
mm
ap
rot
eo
ba
cte
ria

Alp
ha
pro
teo
ba
cte
ria

Ba
cte
roi
dia

Ox
yp
ho
tob
ac
ter
ia

De
lta
pro
teo
ba
cte
ria

Ca
mp
ylo
ba
cte
ria

Ve
rru
co
mi
cro
bia
e

Ac
tin
ob
ac
ter
ia

Kir
itim
ati
ella
e

An
ae
rol
ine
ae

toxr

vvha

ompw

pilf

vvc

Temperature

Salinity

Chlorophyll.A

Gammaproteobacteria

Alphaproteobacteria

Bacteroidia

Oxyphotobacteria

Deltaproteobacteria

Campylobacteria

Verrucomicrobiae

Actinobacteria

Kiritimatiellae

Anaerolineae

Month

Vp species (toxR)
Vv species (vvhA)

Vc species (ompW)

Temperature

Salinity

Chlorophyll A

*
* *
*

*
*
*
*

*

*
*
*

*

*

*
*
*

*

*

*
*

*
*
*

*

*

*

*
*

*

*

*

*

*
*
*
*

*

*

*
*

*
*

*

*

*

*

*

*

*
*

*

*
*

*
*

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1tox
r

vvh
a
om
pw

pilf vvc Te
mp
era
tur
e

Sa
lini
ty

Ch
lor
op
hy
ll.A

Ba
cill
ari
op
hy
ta

Sp
iro
tric
he
a

Cr
yp
top
hy
ce
ae

Ar
thr
op
od
a

Un
kn
ow
n.E
uk
ary
ota

Ch
rys
op
hy
ce
ae

Din
op
hy
ce
ae

MA
ST

Cil
iop
ho
ra

Ma
mi
ello
ph
yce
ae

toxr

vvha

ompw

pilf

vvc

Temperature

Salinity

Chlorophyll.A

Bacillariophyta

Spirotrichea

Cryptophyceae

Arthropoda

Unknown.Eukaryota

Chrysophyceae

Dinophyceae

MAST

Ciliophora

Mamiellophyceae

* * *
* ***
**
*
*
**

−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
1Te

mp
era
tur
e

Sa
lini
ty

Ch
lor
op
hy
ll.A

tox
r..V
..p
ara
ha
em
oly
ticu
s.s
pe
cie
s.

vvh
a..
V..
vu
lnif
icu
s.s
pe
cie
s.

om
pw
..V
..c
ho
ler
ae
.sp
ec
ies
.

pilf
..V
.vu
lnif
icu
s.v
iru
len
ce
.

vvc
..V
..v
uln
ific
us
.vir
ule
nc
e.

Vib
rio
.16
S.C
om
mu
nit
y.A
bu
nd
an
ce

Temperature
Salinity

Chlorophyll.A
toxr..V..parahaemolyticus.species.

vvha..V..vulnificus.species.
ompw..V..cholerae.species.

pilf..V.vulnificus.virulence.
vvc..V..vulnificus.virulence.

Vibrio.16S.Community.Abundance

Vv virulence-associated (pilF)
Vv virulence-associated (vvc)

D

Vp species (toxR)

Vv species (vvhA)
Vc species (ompW)

Vv virulence-associated (pilF)

Vv virulence-associated (vvc)
Temperature

Salinity

Chlorophyll A

* * *
* ***
**
*
*
**

−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
1Te

mp
era
tur
e

Sa
lini
ty

Ch
lor
op
hyl
l.A

tox
r..V
..p
ara
ha
em
oly
ticu
s.s
pe
cie
s.

vvh
a..
V..
vu
lnif
icu
s.s
pe
cie
s.

om
pw
..V
..c
ho
ler
ae
.sp
ec
ies
.

pilf
..V
.vu
lnif
icu
s.v
iru
len
ce
.

vvc
..V
..v
uln
ific
us
.vir
ule
nc
e.

Vib
rio
.16
S.C
om
mu
nit
y.A
bu
nd
an
ce

Temperature
Salinity

Chlorophyll.A
toxr..V..parahaemolyticus.species.

vvha..V..vulnificus.species.
ompw..V..cholerae.species.

pilf..V.vulnificus.virulence.
vvc..V..vulnificus.virulence.

Vibrio.16S.Community.Abundance

LPL SDR1 SDR2 TJ1 TJ2

D
ec Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

N
ov

D
ec Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

N
ov

D
ec Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

N
ov

D
ec Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

N
ov

D
ec Ja
n

Fe
b

M
ar

Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

N
ov

0.00

0.25

0.50

0.75

1.00

Month

Ab
un

da
nc

e

Genus

Chaetoceros

Cyclotella

Kryptoperidinium

Mesodinium

Pseudodiaptomus

Teleaulax

Thalassiosira

Unknown Cryptophyceae_X

Unknown Dinophyceae

Unknown Eukaryota

Unknown Hypotrichia

Unknown Ochrophyta

Unknown Prymnesiaceae

Unknown Raphid−pennate

Unknown Strombidiida



 
 

131 

 

 

Figure 11. (A) Relative abundance of diatom genera comprising >1% of the eukaryotic 18S 
community for all sites and months, classified using the PR2 database, and (B) Spearman’s 
rank correlations for the top 15 diatom genera, Vibrio marker genes, and environmental 
factors. Blue indicates a positive correlation while red depicts a negative correlation, with 
significant (p<0.05) correlations denoted by *. (C) Relative abundance of arthropod genera 
comprising >1% of the eukaryotic 18S community for all sites and months, classified using 
the PR2 database, and (D) Spearman’s rank correlations between the top 10 most abundant 
arthropod genera, Vibrio marker genes, and environmental variables. A “?” denotes samples 
were the gene marker was not measured 
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Figure 12. Spearman’s rank correlations between the top 15 diatom genera and the top 10 
arthropod genera. Blue indicates a positive correlation while red depicts a negative 
correlation, with significant (p<0.05) correlations denoted by *.  
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